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Abstract: Metal Organic Frameworks (MOFs) are a unique family of tailor-made porous
materials that have gained significant attention for their properties and their applications in
various fields, including agriculture and agrifood. The aim of this review is to explore the
potential of MOFs as smart carriers and delivery mediums of essential oils (EOs) and/or
aromatic volatiles. Emphasis is given to their potential to be applied in crop protection
and fresh food preservation. MOFs indeed present highly promising physicochemical
characteristics in order to be applied in such sectors. To name a few, their high surface area,
tunable porosity, and customizable functionalities, make them ideal carriers for EOs, which
are established for their antimicrobial properties but their wider practical applications are
limited by their volatility and chemical sensitivity. The encapsulation of EOs in MOFs
enhances their stability, controlled release, and bioavailability, providing effective solutions
for sustainable agriculture and food safety. Furthermore, in this review we discuss various
MOF types, emphasizing the most recent literature references, including cyclodextrin-based
MOFs, Cu?* based MOFs, Zn?* based MOFs as well as Zr** MOFs. In this work, we attempt
to highlight the interactions and physicochemical characteristics (e.g., pore size and pore
functionality), that contribute to the encapsulation of different EOs within MOFs. We focus
on a detailed discussion of the external stimuli that can trigger the targeted release of EOs,
such as pH changes caused by pathogenic microbial activity. Additionally, we examine the
potential benefits of the EOs encapsulation in MOFs, including the reduction of premature
evaporation due to their volatile nature and their improved delivery to targeted sites. These
aspects are explored within the frameworks’ food safety enhancement, extended shelf life
and the promotion of sustainable food preservation alternatives. Furthermore, we address
MOFs’ limitations such as biocompatibility, scalability and chemical stability under field
conditions to further comprehend their potential as EO carriers in agrifood applications,
emphasizing food preservation and protection. Finally, this work aims to contribute to
global challenges in nutrition and sustainable agriculture.

Keywords: metal-organic frameworks; essential oils; agrifood; food packaging; smart
delivery

1. Introduction

Metal-organic frameworks (MOFs) are a class of tailor-made porous materials that
have attracted attention across several scientific fields. Their unique physicochemical
properties, resulting from the meticulous combination of inorganic and organic building
blocks towards porous networks, have made them excellent candidates for a wide range
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of applications [1,2]. This versatility has brought them to the forefront of chemical and
materials science. More specifically, their high surface area, tunable porosity, and the
ability to introduce specific functionalities make them ideal candidates for various fields,
including the storage and separation of molecules ranging from gases to vapors, volatiles,
and even larger pharmaceutical compounds [3-5]. MOFs can particularly serve as smart
carriers of active compounds as they can adsorb and carry sensitive active compounds
until they are released under specific external stimuli. More specifically, with the term
“smart carriers”, we usually refer to nanostructured delivery systems, such as MOFs, that
are engineered to enhance the stability of active ingredients and minimize their premature
release. These systems enable controlled release, meaning the active compounds (e.g.,
pesticides, fertilizers, or drugs) are gradually and predictably released over time in response
to environmental or biological stimuli. This not only improves delivery efficiency but also
reduces the overall chemical input and the frequency of application. MOFs, in particular,
offer tunable porosity and responsive degradation behavior, making them highly suitable
as smart carriers for controlled release applications [6,7].

Over the past few decades, MOFs have played a leading role in environmental and
energy-related applications, such as the storage of gases like H, and CO,, establishing their
prominence in these fields [7-9]. However, their versatile nature and the freedom offered
by their customizable building blocks have paved the way for their use in alternative
sectors [8,10]. Leveraging their tunability, MOF networks can be synthesized with specific
characteristics, such as pore shape and size, and can include functional groups at their
backbone. These tailored features allow MOFs to serve as hosts for targeted molecules,
either to protect and store them or to release them slowly into a specific environment under
controlled conditions or specific triggers [10-12]. This unique behavior sets MOFs apart
from other porous materials, making them promising candidates for innovative solutions
to pressing global challenges. As such, their applications have expanded beyond energy
and environmental fields into areas such as agriculture and agrifood science [13-15].

The constantly growing global population has increased the demand for crop produc-
tion and has highlighted the need for novel and effective food storage approaches [6,7],
particularly for post-harvest crops [16,17]. While synthetic chemicals have provided an
effective solution for many years, their widespread use has led to a range of side effects,
with bioaccumulation being the main concern [18,19]. To achieve more sustainable solu-
tions, alternative approaches have been explored, with essential oils (EOs) and fragrances
emerging as promising candidates [17,19,20]. EOs have been used for centuries and are
well-known for their pharmaceutical properties, including strong antimicrobial activity,
as they can inhibit the growth of pathogens such as fungi and bacteria [21,22]. More-
over, due to their chemical nature, EOs pose less risk of bioaccumulation and have less
impact on non-pathogenic organisms, which can be beneficial to crop growth and soil
health [20]. However, their highly volatile nature, combined with chemical sensitivity (e.g.,
degradation under specific conditions or photodegradation), limits their broader use and
creates a need for smart carriers that can facilitate their application [22,23]. This is where
MOFs, with their porous structure, offer a promising solution, as they can encapsulate
diverse aromatic compounds, protecting them and enabling their controlled release under
specific conditions.

In this review, we particularly emphasize the employment of MOFs for the encapsula-
tion and targeted delivery of EOs and their active components (e.g., terpenes) in agrifood
applications. Our objective is to provide a critical analysis of the physicochemical charac-
teristics that make certain MOFs suitable for encapsulating volatile compounds as EOs,
as well as the mechanisms that govern their controlled release under specific external
stimuli. To this end, we review the types of MOFs that have been explored to date in this
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context. To enhance clarity, we categorize the discussed materials into different families,
highlighting the specific advantages of each family. This classification is based on the
building blocks of each MOF, which directly influence their physicochemical behavior. We
place particular emphasis on applications related to crop protection and food preservation.
Additionally, we aim to identify key current limitations that these formulations fase and
propose future directions to address these challenges. Overall, through this work, we aim
to support the development of more effective and sustainable strategies for food safety and
agricultural productivity.

2. Metal-Organic Frameworks

MOFs are hybrid inorganic-organic open frameworks with potential high porosity.
More specifically, they are built through the combination of organic linkers and inorganic
building blocks, which can either be metal ions or polynuclear metal clusters, also de-
scribed as secondary building units (SBUs) [24-26]. The combination of these building
blocks towards the formation of a porous framework is governed by reticular chemistry
principles [27,28], which have been proven to be a powerful tool for the design and syn-
thesis of materials with specific structural characteristics and installed functionality to
enhance their interactions with specific chemical moieties and improve their performance
in targeted applications.

In detail, the organic building blocks of a MOF are usually organic carboxylate or
azolate polytopic linkers of diverse geometry, which are pre-synthesized [26,29]. This makes
them a robust building block that can dictate the structure of the final framework to a great
extent, in contrast to the inorganic building block, which is rarely pre-synthesized [30,31],
but usually forms in situ under specific reaction conditions. So, in this way the fact that the
organic linker acts as an actual preformed building unit [26], not only allows us to a great
extent to control and therefore target specific structural characteristics to the synthesized
material but also to ensure that specific chemical groups are present to the backbone of
the material [29,32]. This is very important because in this way we can synthesize porous
materials that not only present specific pore shapes and sizes towards the storage of targeted
molecules, but also through the presence of specific chemical groups. Thus, the affinity of
the framework with the targeted molecules can be increased, achieving in this way high
storage percentages.

Regarding the inorganic building blocks, also described as SBUs, they can be polynu-
clear oxo-metal clusters, one-dimensional metal-oxo chains, or single metal cations [28].
However, MOFs based on polynuclear metal oxo clusters have gained the attention of the
scientific community in the last decade, and a plethora of groups have been dedicated
to the exploratory synthesis of such novel frameworks. This is due to two main factors.
Firstly, polynuclear metal clusters are known to adopt specific geometrical shapes, which is
a crucial parameter as in this way the prediction of the final network can be more accurate
by employing reticular chemistry principles [33-36]. Also, the increased connectivity that
these kinds of inorganic moieties allow with the organic linkers enhances the stability of the
final network, in a plethora of environments, including water, which is a crucial prerequisite
for various applications concerning the environment, human health, and agriculture.

Recently, MOFs have been at the forefront of materials science due to a combina-
tion of key features, as their remarkable chemical stability, their unique tunability, their
high surface area, and their modular synthesis [37,38]. These properties have established
MOFs as a unique family of tailor-made highly porous materials that can be designed and
synthesized for targeted applications across diverse fields. Also, their highly crystalline
nature allows their detailed structural characterization and better understanding of their
structure-property interactions, paving the way for future innovations [39]. Therefore,
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MOFs have found widespread use in a broad range of applications as gas storage and sep-
aration [40], photoluminescence [41,42], sensing [41,43], magnetism [44] catalysis [45,46],
optoelectronics [47] drug delivery [48-50], bioimaging [51,52], conductivity [53], energy
storage [54-56], among others.

A full profile characterization of MOFs includes a combination of structural, morpho-
logical, and spectroscopic characterization methods employing state-of-the-art methodol-
ogy. One of the most important characteristics of MOFs, which has brought them to the
forefront of porous materials, is their crystallinity and the ability to be isolated in the form
of single crystals. This allows their detailed structural characterization and the in depth
understanding of their structure while enabling the strong correlation between structure
and properties. This is enabled through Single Crystal X-ray Diffraction (XRD) [57], which
is usually combined with Powder X-ray Diffraction (XRD), contributing to the verification
of phase purity, especially in up-scaled reactions, as well as the estimation of the structure
stability under different environments (e.g., solvents, temperature, air) [58]. Furthermore,
the porosity of these materials, which usually present complex porous networks with
smaller and larger interconnected cavities, is mapped through detailed Ar or N, sorp-
tion experiments at 87 K and 77 K, respectively. Through these measurements we can
calculate the total pore volume of the materials, their specific surface area employing the
Brunauer-Emmett-Teller (BET) method [59] and their pore size distribution. Addition-
ally, the morphology of the materials can be studied using microscopy methods, such
as Scanning Electron Microscopy (SEM). Also, their thermal stability in air or under an
inert atmosphere is studied employing Thermogravimetric Analysis. Spectroscopic studies
as Fourier transform infrared (FT-IR) and UV-Vis spectroscopy can also be employed to
further comprehend the physicochemical characteristics of such materials. Furthermore,
as far as their antimicrobial assay is concerned, microscopy as SEM or Transmission elec-
tron microscopy (TEM) can also be employed to study the damage on the pathogens’
cells after their treatment with MOF formulations. Furthermore, protocols such as ASTM
E2149-13a [60] and the microtiter broth dilution technique [61,62] can be utilized.

In this framework, MOFs’ utilization in agriculture and pesticide technology repre-
sents a rapidly expanding area of application [63]. Specifically, their controlled pore size,
high surface area, ease of chemical modification, and unique network structure render them
promising candidates for the loading and controlled release of pesticides and other plant-
protective compounds [64,65]. Also, their physicochemical profile allows the potential
for “smart” combination with a multitude of functional ingredients [66], such as nanopar-
ticles, active organic molecules (photosensitizers, catalysts), and polymers, allowing for
the development of intelligent platforms with improved stability and enhanced respon-
siveness under specific conditions, related to the soil and plant growth environment (e.g.,
pH, salinity, temperature). These characteristics make them suitable for loading selected
active substances and releasing them under controlled conditions to ensure maximum
effectiveness [37,38].

Additionally, the freedom afforded by these materials regarding the selection of
their building blocks enables not only the design of efficient active substance release
systems but also the incorporation of molecules with desirable plant-protective action (e.g.,
aspartic acid, coumarin, fumaric acid, amino acids, zinc, copper) into their very framework,
thereby enhancing the development of multifunctional systems with simultaneous action in
different targeting areas [67]. To date, the international literature is continuously enriched
with promising MOF-based materials aiming to crop protection through the control of
phytopathogens, pest management, and weed management [68].

The first report on the use of MOFs as carriers for pesticide release dates back to
2015 (OPA-MOF, OPA: oxalate-phosphate—amine) for the gradual release of nutrient trace
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elements such as nitrogen (N) and phosphorus (P) [69]. Another significant contribution to
the field was the MOF-1201 ([Cay4(l-lactate),g(acetate)8X] (X: C,H50H, H,O)), based on
the organic substituent L-Lactate and calcium metal ions. This material was used for the
controlled release of the active substance cis-1,3-dichloropropene (1,3-DCPP) [70]. Beyond
the gradual and slow-release rate of the active substance, the biodegradable nature of the
material played a crucial role in its application, making it efficient and environmentally
friendly, turning the research community’s attention towards materials with these charac-
teristics. Recent literature has a plethora of interesting MOF-agrochemicals hybrids for the
prevention and treatment of different pathogens such as: (i) fungicides: diniconazole [71],
prochloraz [72], tebuconazole, and zoxystrobin [73,74]; (ii) insecticides: chlorantranilip-
role [75], A-cyhalothrin [76], dinotefuran [77], imidacloprid [78], and thiamethoxam;
(iii) fertilizers: urea; and (iv) plant growth regulators: gibberellin [67].

Apart from their direct applications in the field, MOFs are also starting to be employed
in various areas related to food quality preservation (Figure 1), with examples regarding
the extension of shelf life of fresh-cut fruits and vegetables, as it will also be presented
in this work. Also, they are related to applications which are contributing to healthier
soil and water conditions that indirectly enhance crop quality as it is presented in the
following examples.
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Figure 1. Examples of the most common MOFs used in agriculture and agrifood according to the
literature [79]. Adapted with permission from Ref. [79] ©Elsevier 2021.

MOFs like HKUST-1 and ZIF-67 were found to be highly efficient for the removal
of organic dyes through electrostatic and 7-7r interactions [43,80,81]. More specifically
magnetic hybrids of HKUST-1, MnFe,O4-NH,-HKUST-1 [81-83] were found remark-
ably productive for the removal of dyes found in industrial pollutants. In this work,
it is presented that the hybrid magnetic HKUST-1 exhibits adsorption capacities of
108.69 mg/g for malachite green (MG), 70.42 mg/g for crystal violet (CV), and 156.25 mg/g
for methylene blue (MB) [83,84]. Optimal dye removal—exceeding 75%—was achieved
under specific conditions: pH levels of 5.5 for MG, 5 for CV, and 7 for MB; contact time of
5 min; and adsorbent dosages of 10 mg, 5.5 mg, and 1 mg, respectively. At the same time
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due to its magnetic nature the adsorbent can be quickly and easily retrieved from the
solution using an external magnet, thus eliminating the need for more labor-intensive sepa-
ration methods like centrifugation [81] Furthermore, ZIF-67 has been also found relatively
effective for the removal of dyes, especially anionic ones along with pharmaceuticals and
other organic molecules [43]. Actually ZIF-67 has been tested for the removal of a plethora
of dyes, both anionic and cationic ones, such as Methyl Orange [80,85], Acid Orange-7 [86],
Amaranth dye [87], Congo Red [88], Direct Blue-86 [89], Malachite Green [90], and Brilliant
Green [91]. A magnetic ZIF-67 (Fe304-PSS@ZIF-67) has been established for the removal
of Methylene Orange [80] from MB. This specific hybrid presented a 92% removal rate
and 96% separation efficiency [85]. Also, pristine ZIF-67 presents among the highest re-
moval capacities for acid orange at 738 mg/g at pH = 8 compared to ZIF-8, UiO-66 and
UiO-66-NH; [86]. The same MOF, presents also an excellent adsorption capacity for Congo
Red at 714.3 mg/g at 301 K [92]. A similar behavior is recorded also for cationic dyes. For
example ZIF-67 presents better performance that conventional adsorbents in the case of
MG, with an adsorption capacity at 2430 mg/g [90]. Also, Zr-MOFs, as BUT-12 [93] and
PCN-224 [94] and Cu-MOFs, like HKUST-1 [95], demonstrate high adsorption capacities for
antibiotics, addressing the critical issue of antibiotic contamination in agricultural wastew-
ater. BUT-12 exhibits a high adsorption capacity for the antibiotics nitrofurazone (NZF)
and nitrofurantoin (NFT), whereas BUT-13 demonstrates rapid adsorption for NZF, NFT,
oxazolidinone (ODZ), sulfonamide (SAM), and chloramphenicol (CAP). The variation in
adsorption behavior between BUT-12 and BUT-13 is likely attributed to differences in their
pore structures [93]. For PCN-224 particles with a diameter of 300 nm serve as an effective
adsorbent for the removal of tetracycline (TC) and ciprofloxacin (CIP) from water. To
better understand the adsorption process, kinetic, thermodynamic, and isotherm analyses
were conducted for both antibiotics. The material demonstrated impressive adsorption
capacities, reaching 354.81 mg/g for TC and 207.16 mg/g for CIP—values that are notably
higher than those reported in previous studies [96]. Furthermore, MOFs like MIL-101-NHj
and magnetic core-double-shell composites are effective in removing heavy metal ions,
enhancing food safety by reducing environmental contamination [97]. Beyond remedia-
tion, luminescent MOFs, such as Eu(BTC)-MIP [98] and LMOF-241 [99], serve as sensitive
sensors for detecting pollutants like antibiotics and aflatoxins, providing valuable tools for
food quality monitoring [50,51].

In parallel with food preservation is concerned, MOFs offer innovative solutions for
controlling ripening, preventing spoilage, and delivering antimicrobial agents. For example,
they can regulate the production of ethylene which can directly affect the quality of pack-
aged food. This can be achieved through storage and controlled release, as demonstrated
by Cu-TPA MOF and Al-MOF encapsulated in alginate-Fe3* composites [100]. MOFs
like HKUST-1 and MIL-101@GO composites also function as effective moisture and oxy-
gen scavengers, preventing pathogen contamination and lipid oxidation [101]. Moreover,
MOFs can encapsulate and release antimicrobial essential oils, such as thymol, providing
high-efficiency delivery and sustained antimicrobial activity. Also Ag-MOFs, for example,
control the release of Ag+ ions, exhibiting strong antimicrobial activity [102]. Au@ZIF-8
SERS paper [103] and Ce-PEDOT/GCE [104] serve as sensors for detecting biogenic amines
and active substances, respectively, ensuring food quality monitoring. y-CD-MOF-K and
MgF embedded in films control ethylene levels, delaying fruit ripening [105]. While, Cat-f3-
CD-MOFs [106] and MOE-801 function as moisture and oxygen scavengers, maintaining
food quality through smart packaging systems [107]. UiO-66-NH,; and HKUST-1@CMCS
control the release of antimicrobial agents [60,61,108], providing long-term antibacterial
effects. Finally, Zr-MOF (BUT-17) detects toxic substances like polychlorinated dibenzo-
p-dioxins (PCDDs), ensuring food safety [109]. These promising results have positioned
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MOFs at the forefront of alternative agrochemical and agrifood solutions, broadening their
applications beyond the environmental and energy sectors to the fascinating realm of
storing and releasing chemical compounds, in response to specific triggers for plant, soil,
or crop protection. The integration of these smart porous materials not only introduces
a new area of interest but also presents a viable solution for employing natural, green
substances in agrifood applications. Until now, the volatile nature and chemical sensitivity
of these substances have limited their use despite their profound benefits in comparison to
traditionally used chemical compounds

In general, MOFs are complicated tailor-made coordination polymers that can be
synthesized from a plethora of metal ions and diverse organic linkers, which directly
affects their toxicity regarding mammals and living organisms. Their biocompatibility
is directly connected to that of their building blocks, but also to the physicochemical
characteristics of the framework that they form [110]. Based on that, over the years, a
plethora of attempts have been made towards the development of biocompatible MOFs,
and indeed, an interesting category of bio-MOFs has emerged [111]. Recent advancements
have focused on synthesizing MOFs using biocompatible metals such as Ca?*, Mg?*, Fe?*,
and Zn?*, combined with endogenous organic linkers such as amino acids, peptides,
and cyclodextrins (CDs). These building blocks are generally recognized for their low
toxicity and compatibility with living organisms [110]. Importantly, CD-MOFs, synthesized
from y-CD and alkali metals (Na*™ and K*), have demonstrated potential for food-related
applications due to their biodegradability and edibility [112]. However, it is also important
to note that even MOFs composed of the same metal ions can exhibit different toxicity
profiles depending on the nature of their linker (Figure 2). For example, hydrophobic linkers
such as nitro- or methyl-functionalized terephthalic acids are proven to increase toxicity in
some cell lines, whereas hydrophilic linkers like 1,3,5-benzenetricarboxylic acid (BTC) show
reduced cytotoxicity. Furthermore, toxicity does not always correlate directly with the
individual toxicity of the organic linker, as the synthesized MOF and its physicochemical
properties (e.g., surface charge, and hydrophilicity) can modify cellular interactions [113].
In vivo studies have further demonstrated that different linkers affect the biodistribution
and clearance of MOFs in organs such as the liver and spleen, highlighting their potential
influence on systemic toxicity. Although some linkers have been implicated in elevated
toxicity (e.g., fumaric acid or BDC-NO3), others like BTC or functionalized imidazolates
have shown better biocompatibility depending on the context and host model [114,115].
Overall, while organic linkers do not unilaterally determine toxicity, their selection and
combination with the appropriate metal ions is a critical design parameter for developing
safe MOFs for agrifood applications.
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TAZB: MIL-127

3. Essential Oils, Terpenes and Terpenoids in Agrifood

The constantly increasing worldwide need for food and the consequent necessity
for well-preserved crops and edibles have dictated the need to seek effective, sustainable,
and biocompatible preservation methods. Currently, essential oils (EOs) have emerged
as a highly promising alternative. Their antimicrobial properties enable them to ef-
fectively address issues caused by pests, weeds, fungi, and bacteria without harming
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crops or causing bioaccumulation, a significant concern with commonly used chemical
synthetic compounds.

More specifically, EOs are secondary metabolites produced by various plants in order
to survive under extreme environmental conditions, such as high or low temperatures and
non-optimal pH levels. These oils are rich in bioactive low molecular weight compounds,
such as terpenes, aldehydes, ketones, esters, oxides, and alcohols (Figure 3) [113]. The
chemical composition of EOs varies significantly across plant families and even within the
same species, according to external environmental factors [116].
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Figure 3. Bioactive low molecular weight components of Essential Oils.

For centuries, EOs are known for their antimicrobial properties and for this they have
been studied in depth. Their diverse chemical nature enables them to be effective against
various pathogens, such as bacteria, fungi, and viruses. For example, thyme (Thymus
vulgaris) [117], oregano (Origanum vulgare) [118], and cinnamon (Cinnamomum zeylanicuim)
are known for their antibacterial [119] and antifungal activities [120]. This antimicrobial
activity can be attributed to EOs” ability to disrupt cell membranes, interfere with ion
transport within microorganisms, and induce leakage of cellular contents, that leads to
cell death [68,69,121]. Furthermore, due to their natural origin, EOs do not present the risk
of bioaccumulation, and for this reason the GRAS (Generally Recognized As Safe) status
by the United States Food and Drug Administration has been attributed to them, making
them a promising alternative in various agrifood sectors, including food preservation and
sustainable biopesticides [122].

However, despite their potential, several challenges hinder their wider application as
antipathogenic agents. To name a few, their intense aroma, high volatility, hydrophobicity,
and potential interactions with food components can negatively impact organoleptic prop-
erties [123]. Additionally, their instability and limited solubility reduce their effectiveness as
preservatives. It is important to note that in agricultural applications, biomass availability,
chemical stability, formulation, and phytotoxicity present significant obstacles [124].
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These promising characteristics necessitate scientific efforts to overcome these limi-
tations, offering safe, economical, and environmentally friendly alternatives that address
health hazards and contribute to food security in the face of a growing global population.

To mitigate these challenges, advanced delivery strategies such as nanoencapsulation,
active packaging, and polymer-based coatings have been developed. Through these meth-
ods the EO stability is enhanced along with solubility, and controlled release, improving
bio-efficacy and minimizing impacts on food sensory attributes [73,74]. In agriculture,
novel application methods have been introduced. For example, seed coating with EOs, has
demonstrated potential for inducing durable plant defenses with long-term effects using
small amounts of EOs [124].

The aforementioned inherent challenges associated with the wider utilization of EOs,
primarily their volatility and chemical instability, can be effectively addressed through
encapsulation within porous materials. This route offers a multifaceted approach to en-
hancing the applicability of EOs across various sectors including that of agrifood. Through
EOs’ encapsulation in porous materials, these compounds can be protected against envi-
ronmental stressors such as heat, light, oxygen, and moisture, significantly enhancing their
stability and preventing the degradation of their active components. This protection is
crucial for maintaining the efficacy of EOs over extended periods either in the field or on
the shelf [24,125].

Furthermore, encapsulating aromatic volatiles, specifically EOs, in porous materials
facilitates a controlled release, which provides a slow and continuous delivery of their
active components [126]. This controlled release approach not only extends the effective
duration of EOs but also minimizes the need for frequent reapplication. In this way a more
efficient, practical and cost-effective solution is introduced. Encapsulation also effectively
reduces the volatility of EOs, preventing rapid evaporation and ensuring that their valuable
properties are retained for prolonged periods [127].

Beyond stability and controlled release, porous materials can improve the bioavail-
ability of EOs, by enhancing their effectiveness in targeted applications such as in food
preservation, or agriculture. Additionally, the encapsulation process can protect EOs from
chemical degradation, including oxidation, isomerization, cyclization, and dehydrogena-
tion, which can occur when they are exposed to harsh environments [128].

There are examples where encapsulated EOs demonstrate enhanced antimicrobial
activity, inhibiting and eliminating more effectively pathogens. This enhanced activity,
combined with their improved stability and controlled release is paving the way for
versatile applications for EOs in various industries.

Thus, the use of porous materials for encapsulating EOs effectively mitigates the
limitations posed by their volatility and instability, thereby significantly broadening their
range of applications and enhancing their overall effectiveness. For example, several
studies have demonstrated that encapsulation of EOs in mesoporous silica nanoparticles
(MSNs) enhances their antimicrobial activity. For instance, peppermint EO encapsulated in
SBA-15 silica exhibited improved efficacy against Colletotrichum species [129]. Similarly,
cinnamon EO encapsulated in MSNs showed reduced volatility and prolonged antimi-
crobial effects [130]. Eugenol-loaded MSNs incorporated into PHBV films maintained
sustained antimicrobial activity against foodborne bacteria over 15 days [131]. Additionally,
cinnamaldehyde immobilized onto MSNs effectively eliminated over 99% of bacterial
growth in various phytopathogens [132]. Such advancements pave the way for the more
widespread and efficient utilization of EOs in diverse fields, leveraging their natural benefits
for a variety of practical purposes.

MOFs can serve as effective porous matrices to protect and deliver these volatile and
chemically sensitive compounds to their target. However, the physicochemical character-
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istics of the MOFs used for this purpose must be carefully determined. Therefore, this
review examines key MOF representatives that have been employed for EO encapsulation
for them to be applied in the constantly expanding agrifood sector, aiming to elucidate the
fundamental principles regarding the choice or even the design of a MOF for this purpose,
along with their mechanisms of action and facilitate the development of improved systems.

4. MOFs as Smart Carriers and Delivery Systems of Sensitive
Volatile Compounds

While MOFs exhibit unique physicochemical characteristics, several fundamental pre-
requisites must be considered before employing them for the encapsulation and controlled
delivery of sensitive volatile chemical compounds. The vast diversity of organic ligands
and inorganic building blocks available for MOF synthesis allows for tailored designs;
however, the following key physicochemical characteristics are essential for successful
application in this context.

Thus, in order to serve as effective encapsulation and delivery agents for volatile com-
pounds in food and agrochemical-related applications MOF must fulfil the
following prerequisites:

1.  Biocompatibility: Ensuring safety in agrifood applications requires MOFs to be non-
toxic and compatible with biological systems, to ensure the safety of consumers and
avoid side effects caused by the ingredients of MOFs. This can be achieved through the
utilization of biocompatible ligands such as cyclodextrins, amino acids, or nucleobases
as well as the use of metals with low toxicity and a low hazard of bioaccumulation in
the human body as K* or Na* [111].

2. Stability under Physiological Conditions: In the same framework, MOFs must main-
tain structural integrity and functionality across varying pH levels and temperatures
encountered in the environments to that they will be exposed [133,134].

3. High Porosity and Tunable Pore Size: Efficient encapsulation and controlled release
of the EO/volatile molecules necessitate high porosity and adjustable pore sizes to
accommodate diverse molecular dimensions [135].

4. High EO/volatile-Loading Capacity: Maximizing antimicrobial efficacy demands
a high capacity for loading and retaining substantial amounts of the EO/volatile
compound. Also, high loading of MOFs ensures the employment of smaller mass of
MOE which is both cost effective as well as safer for humans and other nonpathogenic
living organisms consuming the targeted product [135].

5. Controlled Release Mechanisms: Achieving sustained and targeted delivery requires
mechanisms for controlled release, such as pH-sensitive or stimuli-responsive release.
Many pathogens cause alterations in the physiological pH levels of the environment
they parasitize. The immediate detection and action towards such a stimuli can
be crucial [6].

6.  Functionalization Capabilities: The ability to modify the surface or internal structure of
MOFs enables improved targeting, solubility, and interaction with
biological molecules [136].

Since these requirements are fulfilled, the advantages offered by MOFs as carriers
for such compounds significantly underscore their potential. Encapsulation within MOFs
can markedly enhance the solubility and stability of volatile bioactive compounds such
as EOs, safeguarding them from degradation. Moreover, freedom in functionalization
of their backbone, enables the design of MOFs that target the encapsulation or even the
separation of EOs or their chemical components at a molecular level enabling the isolation
of targeted active compounds e.g., terpenes and terpenoids [133,134,137]. Furthermore, the
provision of controlled and sustained release of encapsulated compounds, maintaining
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therapeutic levels over extended periods, is another key advantage. The versatility of MOFs,
demonstrated by their capacity to encapsulate a broad spectrum of biological molecules,
including drugs, enzymes, and nucleic acids, makes them suitable for diverse biomedical
applications [138]. In the context of volatiles, these advantages translate to improved
protection, controlled release, and enhanced stability, making MOFs promising platforms
for their effective delivery and application.

In the last few years MOFs indeed have attracted the attention of scientists of the
agrifood field. Various families of MOFs are currently explored regarding their capability
to encapsulate a plethora of EOs targeting their delivery to specific environments under
specific triggers which are in general related to the action of different pathogens (Table 1).
Herein we attempt to review some of the key examples that have been reported up until
today emphasizing on the issue of food pathogens.

Table 1. MOFs utilized for EOs controlled release, targeting food pathogens.

MOF Essential Oil Crop Targeted Pathogens
v-CD MOF [139] Eugenol Wheat F-graminearum
v-CD MOF [140] Cinnamaldehyde Cantaloupes E. coli

IRMOEF-3 [141] Eugenol Strawberries E. coliand S. aureus
Magnaporthe oryzae,
ZIF-8 [142] Citral EO Rice Botryosphaeria dothidea, and
Fusarium oxysporum
Zn-ascorbate MOF [135] Marjoram EO - E. coliand S. aureus
v-CD MOF [143] Oregano EO - -

Cu-H;BTC [144]

CD MOFs («,B,v) [145]
v-CD-MOFs [146]

Ui0-66,67,68 [147]

v-CD MOF [148]

[149]
IRMOF-3 [150]
IRMOF-3 [151]

Ag-MOF [152]
IRMOF-3 [153]

v-CD MOF@PCL [154]

HKUST-1@ALG [155]

B-CD-MOF [156]
ZIF-67 [157]
Zn-BDC-NH, [158]
NH,-UiO-66 [159]
ZIF-8 [160]
Ui0-66-(COOH), [160]

S. aureus, S. enterica, E. coli,
and L. monocytogenes
Menthol - -
Thymol Cherry Tomatoes -
d-limonene (Lim),
a-terpinene (Terp),
myrcene (Myr), and
a-pinene (Pine)

Cinnamon EO Meat preservation

E. coli, S. aureus and B.

Carvacrol Strawberries .
cinerea
Thymol - E. coli, S. aureus
Carvacrol - E. coli, S. aureus
Carvacrol Pork preservation E. coli, S. aureus
Eugenol Zucchini Staphylococcu§ aureus,
E. coli
Botrytis cinerea, Ralstonia,
Eugenol Post harvest Strawberries Sphingomonas, Erwinia,
Rhodotorula
Limonene Preservation of fresh cut E. coliand S. aureus
apples
Tea Tree Oil Fresh-cut piie apple E.coliand S. aureus
preservation
Clove EO Chinese bacon Inhibition of lipid oxidation
Citral Bamboo E. coliand S. aureus
Thymol - E. coli
Clove EO Blueberries E. coliand S. aureus
Thymol - Colletotrichum musae

Thymol

Colletotrichum musae
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4.1. v-CD-MOFs

Among the diverse families of MOFs those based on cyclodextrin (CD) are at the
forefront of bio-related applications. That is due to their unique physicochemical and
structural characteristics combined with their biocompatible nature. This unique family of
materials combines the properties of MOFs and those of CDs (Figure 4) resulting to a smart
versatile platform for bio-related applications including the smart release of molecules with
biological interest, such as drugs, agrochemicals and active compounds with increased
chemical sensitivity as scents and essential oils [161,162].
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Figure 4. x-CD (6 glucose units and cavity size, 4.7-5.3 A), 3-CD (7 glucose units and cavity size,

6.0-6.5 A), y-CD (8 glucose units and cavity size, 7.5-8.3 A) (CD refers to cyclodextrin) Reprinted
with permission from Ref. [163]. © Elsevier 2022.

CD-MOFs are easily synthesized by combining CDs (Figure 4), serving as the organic
ligand and potassium or sodium salts. CD-MOFs present high specific surface area values
in combination with low density, due to the chemical nature of their building blocks, along
with tunable pore size depending on the type of CD which is used. The increased available
space that they provide in their framework allows the encapsulation of a high volume
of active compounds, while the tunable pore sizes allow the encapsulation of diverse
molecules of biological interest, ranging from small volatile molecules as terpenes and
terpenoids to larger biomolecules.

In detail, CDs are cyclic saccharides with a conical hollow barrel structure, featuring a
hydrophilic outer structure and a hydrophobic inner cavity. This leads to a unique frame-
work architecture allowing the encapsulation of hydrophobic guest molecules e.g., EOs
and their components (Figure 3), through van der Walls interactions or hydrogen bonding.
At the same time, the hydrophile outer space of these porous structures allows them to
act as a vessel, transferring those hydrophobic molecules to hydrophile environments
which otherwise would not be approachable to them. Furthermore, the encapsulation of
such active molecules, allows also their protection from degradation. Keeping in mind the
chemical sensitivity of volatiles, their encapsulation in a porous framework helps them to
be shielded against light, heat, or moisture improving their stability and therefore their
mode of action. For example, CD-MOFs have been found effective towards the protection
of curcumin, catechins and sucralose [161] but also, they have been employed for the safe
and smart delivery for a plethora of volatiles as eugenol, cinnamaldehyde, oregano EO,
thymol, carvacrol and clove EO just to name a few [139,140,148,162].

More specifically, recent studies highlight the versatility and effectiveness of CD-MOFs,
particularly y-CD and 3-CD variants, in enhancing the preservation and functionality of
various EOs. Below, we discuss important examples of CD-MOF-based carriers employed
in agrifood sector, with a particular emphasis on food packaging examples.

A notable example that has been reported recently, is the in-situ growth of y-CD-MOF
on a chitosan-cellulose film aiming at the encapsulation of carvacrol EO. This hybrid mate-
rial has been employed as an advanced packaging medium in order to extend the shelf-life
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of sensitive fruits such as strawberries [148]. Through this approach, the physicochemical
and structural characteristics of y-CD-MOF are employed (namely, low toxicity, biocompat-
ibility, and appropriate pore size) in order to prepare humidity-responsive active packaging.
This work also highlights the challenges arising from employing non-toxic components for
MOFs’ synthesis while it also emphasizes on the benefits of employing in situ growth of
MOFs on films in order to overcome the common issue of nanoparticle aggregation in such
cases [148].

Beyond the utilization of y-CD-MOFs for the encapsulation and smart delivery of car-
vacrol, this MOF has been found effective for the controlled release of various EOs, such as
eugenol, cinnamaldehyde (CA), oregano essential oil (OEO), and thymol [139,140,143,146].
Encapsulating these EOs in the pores of y-CD-MOFs was found to be an effective solution
for their antibacterial and antifungal activity, strengthening the profile of EOs as green
substitutes of chemical compounds. In detail, encapsulation of eugenol enhanced its an-
tifungal activity against F. graminearum towards the protection of wheat [139] while the
loading of CA in the pores of y-CD-MOFs enabled its sustained release over 15 days, which
resulted in the effective inhibition of bacterial growth in fresh-cut cantaloupes [140]. Also,
the controlled release of OEO under the triggering presence of phosphate-buffered solution,
presented a controlled release profile, bringing these systems to the forefront of various
applications related to the agrifood industry, personal care and pharmaceuticals.

Recent advancements related to innovative synthesis and encapsulation methods, lead
to improved y-CD-MOF application in the field of alternative preservation methods of
crops and fresh-cut fruit. An important example towards this direction is the synthesis of
nanosized y-CD MOFs’ particles employing an ultrasound-based technique. Through this
approach, the efficient encapsulation of limonene was achieved. A high loading reaching
almost 170 mg g~ ! was achieved combined with a content sustained release. This method
combined with the deposition of y-CD MOFs onto polycaprolactone (PCL) nanofibers, has
resulted in a composite material with enhanced antibacterial activity against two of the most
common pathogens, E. coli and S. aureus. The resulting formulation was successfully applied
for the preservation of fresh-cut apples [154]. Another important parameter regarding
the behavior of y-CD-MOFs in terms of encapsulating EOs, is the molecular docking
within the cavities of y-CD monomers as well as in the internal cavities of the MOF.
This behavior has been studied monitoring the controlled release of limonene in such
platforms emphasing on the effect of temperature and humidity in the process [154,160].
Accordingly, the micro-encapsulation of citral in these systems has demonstrated the
potential for high encapsulation capacity and prolonged-release kinetics in comparison to
plain cyclodextrin systems [164]. Furthermore, citral encapsulation in y-CD-MOFs was
further studied employing a vapor diffusion approach. This formulation has demonstrated
enhanced thermal stability, and a control release mechanism mainly based on hydrogen
bonding interactions. Spectroscopic and computational studies have provided valuable
insights into the host-guest interactions, with molecular docking revealing the preferred
binding sites and stabilization energies [164].

The meticulous study of cyclodextrin based MOFs for the encapsulation and controlled
release of volatiles as EOs has been also enriched by the exploration of the influence of
the potassium salts used for their synthesis, both on the structure and consequently on
the encapsulation properties of y-CD-MOFs. The latter were synthesized using different
potassium salts as, exhibiting improved stability and enhanced thymol encapsulation. The
KAc-y-CD-MOF analogue was found to have the largest encapsulation content. Addition-
ally, the high-temperature adsorption method described in these works proves to be an
efficient technique to prepared thymol-loaded y-CD-MOFs’ formulation, offering higher
encapsulation efficiency and capacity compared to co-crystallization [165].



Appl. Sci. 2025, 15, 5479

15 of 28

On the same ground (3-CD-MOFs have been successfully employed for the stabiliza-
tion of clove EO (CEO). This has significantly contributed to the improvement of the EOs
antioxidant activity and its contribution to the limitation of lipid oxidation in meat products.
The porosity of 3-CD-MOFs allows its sufficient loading with clove EO and its slow and
controlled release. The encapsulation of clove EO in the pores of the MOF enhances its
thermal and pH stability contributing to the strengthening of its activity. Furthermore,
it has been demonstrated that encapsulation of the forementioned EO amplifies its re-
active oxygen species scavenging action, making it a promising alternative to synthetic
antioxidants [156].

4.2. Copper Based MOFs

Copper-based MOFs have also emerged as promising candidates for the encapsulation
and controlled release of EOs in agrifood applications. Their unique structural characteris-
tics combined with their potential high surface area, tunable pore size and functionality, can
facilitate efficient EO loading and sustained release, thereby enhancing food preservation
and extending shelf life. Additionally, the low cost of copper and its low toxicity compared
to other heavy metals makes these materials promising candidates for such applications.

HKUST-1 is a well-established MOF, known for its large surface area and uncoordi-
nated metal sites, which up until today has been tested for a plethora of applications [83,84].
In the framework of encapsulation and smart release of volatiles, it has been employed
as a carrier for tea tree essential oil (TTO) formulated in moisture-responsive hydrogel
beads. The synthesis of HKUST-1@ ALG hydrogel beads has been achieved through al-
ginate/copper ion cross-linking and in-situ growth, resulting in a hierarchical porous
structure that presents high TTO loading capacity. The release of the active substance
is based on moisture-triggered mechanism and has been found particularly effective for
fresh-cut fruit preservation. In detail, increased moisture levels disarray the MOF’s crys-
tal framework, leading to a slow release of the encapsulated TTO. This formulation was
successfully tested for the preservation of fresh-cut pineapple by maintaining cell mem-
brane integrity, balancing reactive oxygen species (ROS) metabolism, and inhibiting cell
wall-degrading enzymes. Furthermore, these MOF-EO hybrid beads offer excellent an-
timicrobial and antioxidant capacities, contributing to extended shelf life and reduced
contamination risk. The bead form also provides better flowability and environmental
sensitivity, making it a versatile delivery system [155].

Another recent study discusses the ability of Cu-BTC MOF to encapsulate the CEO,
aiming to the preparation of active packaging films for the preservation of meat products.
A Cu-BTC MOF was synthesized from copper ions and 1,3,5-benzenetricarboxylic acid
(H3BTC). This Cu-MOF presented a high BET-specific surface area (1476.70 m?/g) and pore
volume (0.89 cm?/g), providing the desired space for sufficient CEO encapsulation and
controlled release. Trapping CEO in the porous structure of Cu-BTC ensures a gradual
and sustained release of CEO, preventing premature evaporation and maximizing its
antimicrobial and antioxidant efficacy. The verification of the successful encapsulation of
CEO in the MOFs’ pores was achieved through various spectroscopic methods such as
UV-Vis and FI-IR spectroscopy. The presence of additional peaks in both spectra while
comparing the plain MOF and the CEO@MOF was strong proof of the preparation of
a loaded MOF-EO hybrid. At the same time, no remarkable change was detected at
the PXRD diagrams of both materials indicating that the crystal structure of the MOF
is not affected by the encapsulation of the EO. To form the final packaging medium,
CEO@MOF was combined with a gelatin/pullulan mixture. The resulting gelatin/pullulan-
based composite films, incorporating CEO@MOF, demonstrate significant antimicrobial
activity against various foodborne pathogens, including Staphylococcus aureus, Salmonella
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enterica, Escherichia coli, and Listeria monocytogenes [144]. These CEO@MOF films contribute
to meat preservation through a complex mechanism. They exhibit high ABTS radical
scavenging activity (98.16%). This protects meat from oxidation and provides excellent UV-
blocking properties from 81.38% to 99.56% at 280 nm., preventing light-induced damage.
Additionally, the films reduce moisture loss and maintain pH levels at 6.2, preserving meat
texture and freshness by inhibiting bacterial growth by 99.9%. The release of CEO from the
Cu-BTC MOF is influenced by the porous structure of the MOF and external environmental
conditions, such as moisture and pH. The swelling of the gelatin/pullulan matrix in
aqueous solutions facilitates the release of CEO, enhancing its radical scavenging effect.
The release rate is also higher in water and acidic solutions compared to ethanol solutions,
indicating that the surrounding medium significantly impacts the CEO release [144].

4.3. Zinc Based MOFs

Zn-MOFs are another highly promising family of MOFs for controlled release of
volatile compounds with antimicrobial action, with a strong emphasis on agrochemical
and agrifood applications. The appeal of this class of materials stems from several key
advantages related to their ease of synthesis, low cost, low toxicity combined with their
intrinsic antimicrobial properties originating from Zn itself. In general Zn-based MOFs can
be characterized as cost-effective, tailorable frameworks which can be easily synthesized to
be applied in diverse fields.

An important example towards this direction was the employment of a Zn, 2-amino
terephthalic acid-based MOEF, presenting a high surface area, as an ideal carrier for a
temperature-sensitive volatile, as thymol. In this example, MOF loading with thymol
is achieved through a simple soaking method, allowing the EO to be absorbed into the
MOF’s pores. The release mechanism of thymol is governed by non-covalent interactions,
facilitating a sustained release that enhances antimicrobial efficacy. Thymol was loaded
into the porous framework through soaking a dried amount of the MOF overnight into
a thymol-CHClj3 solution. This formulation was found to be efficient in the inhibition of
bacteria growth. More specifically, it was found to have an activity against the growth of
pathogenic strains like E. coli O157:H7. This MOF presented a strong antimicrobial activity,
achieving a 4.4 log reduction of E. coli O157:H7 within 24 h This approach offers prolonged
antimicrobial activity, improved thymol dispersion in water, and the potential for indirect
food applications, minimizing direct contamination risks [158].

Another important representative of the Zn-MOFs’ family that has been utilized in
such applications is IRMOF-3 and its functionalized analogues. The latter have been
explored for carvacrol and eugenol encapsulation [141,151,153]]. The encapsulation is
prompted by 7-7 interactions between the aromatic rings of IRMOEF-3 and the EO, enabling
an effective loading and controlled release. Furthermore, post-synthetic modification of
IRMOF-3, such as the installation of benzoic acid (BA-IRMOF-3), can enhance these in-
teractions, through the addition of an aromatic ring to the system, resulting in stronger
binding energies and slower release kinetics [151]. An active film, prepared by the hy-
bridization of sodium alginate and BA-IRMOF-3 loaded with carvacrol, demonstrated
improved mechanical and physical properties, sustained-release capabilities, and enhanced
antibacterial and antioxidant activities. In detail, this film inhibits the growth of E. coli and
S. aureus, extending in this way the shelf life of fresh pork by slowing down color, weight,
and pH changes. Post-synthetic modification of IRMOEF-3 through amide functionaliza-
tion improved its binding affinity with CA (from —5.1 to —6.0 kcal/mol). The resulting
BMC@SA active film exhibited notable sustained-release behavior and demonstrated an-
tibacterial and antioxidant effects, reducing E. coli and S. aureus growth by 61.95% and
49.33%, respectively [151].
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Similarly, chitosan/eugenol-loaded IRMOF-3 (CS/IRMOEF-3-EU) based composite
films present enhanced UV-blocking, improved mechanical properties, and sustained
eugenol release. The release mechanism of eugenol has two steps. An initial fast-release
step triggered by water absorption and polymer swelling. That step is followed by a
gradual release of the EU, controlled by the diffusion of the release medium into the
IRMOFEF-3-EU pores. These composite films effectively slow down the deterioration of
strawberry quality, maintaining hardness, suppressing weight loss, and preserving enzyme
activity [153]. Other examples are focusing on Zn-ascorbate MOFs, which utilize the non-
toxic ascorbic acid linker, offering a biocompatible platform. This MOF has been used
for the encapsulation of marjoram essential oil (MEO), presenting a loading percentage
of ~4%. This attempt has led to the formation of an advanced composite material with
antioxidant activity combined with an antipathogen activity against several Gram— and
Gram+ pathogens, due to the synergistic action of Zn?** and MEO. The antioxidant activity
of MEO@ZnAsc was evaluated using a DPPH radical scavenging assay and demonstrated
sustained-release behavior primarily attributed to l-ascorbic acid (I-Asc). While free 1-Asc
exhibited rapid and high scavenging (>95% at 0.5 mg/mL in 1 h), ZnAsc and MEO@ZnAsc
showed delayed but increasing activity over 24 h, confirming the controlled release from the
MOF matrix. Notably, MEO@ZnAsc achieved an average 83% increase in DPPH inhibition
after 24 h, indicating the composite’s ability to preserve antioxidant efficacy over time
despite initial slower release due to interactions between MEO and the MOF structure [135].
Zny(BDC),(DABCO) is another example of a MOF that was tested for its thymol encapsula-
tion capability, due to its high surface area, appropriate pore size, and strong interactions
with thymol, facilitated by m-7r stacking and H-bonding. The combination of the thymol
loaded Zn,(BDC),(DABCO) with chitosan resulted in the enhancement of thymol control
release and the materials’ overall antibacterial activity against E. coli and S. aureus, with
high zones of inhibition and low minimum inhibitory concentrations. In detail, chitosan
covers the MOF, controlling in this way thymol release [149].

4.4. ZIFs

ZIFs, particularly ZIF-8 and ZIF-67, have demonstrated significant potential as carriers
for essential oils (EOs) in agrifood applications, offering controlled release and enhanced
stability [82]. ZIF-8, presenting a high specific surface area, has been found to be an efficient
nanocarrier for citral (CT). Encapsulating citral in ZIF-8s” framework can significantly delay
its volatilization and enhance its stability. Furthermore, ZIF-8 provides a pH-responsive
controlled release, releasing CT under specific pH conditions. This is particularly useful,
considering the effect of pathogenic fungi at the pH levels of specific plants and crops.
More specifically, CT@ZIF-8 exhibits strong antifungal activity against Magnaporthe oryzae,
Botryosphaeria dothidea, and Fusarium oxysporum. It should be noted that the hybrid ex-
hibits lower EC50 values compared to CT alone, indicating its enhanced antifungal action.
The pH-responsive release is crucial. Acidic conditions were found to accelerate CT re-
lease, following non-Fickian diffusion involving both drug diffusion and ZIF-8 framework
disruption. On the other hand, neutral and alkaline pH environments result in slower
release via Fickian diffusion, while the structure of ZIF-8 remains intact. Additionally,
encapsulation of citral in ZIF-8s” pore was found to be efficient towards photodegradation,
ensuring prolonged effectiveness, while the high loading efficiency and controlled release
contribute to sustained control efficacy against fungal infections. The bioactivity evaluation
demonstrated that CT@ZIF-8 exhibited enhanced antifungal activity compared to free CT,
as evidenced by lower EC50 values against Magnaporthe oryzae, Botryosphaeria dothidea, and
Fusarium oxysporum. Notably, after 3 days of treatment, CT@ZIF-8 maintained effective
control of rice blast and soft rot infections, achieving inhibition rates of 75.76% and 63.69%,
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respectively [142]. Furthermore, ZIF-8 is also employed for the encapsulation of thymol and
limonene, demonstrating its versatility as a porous medium for EO delivery. The sustained
release of thymol from ZIF-8 inhibits the growth of Colletotrichum musae by continuously ex-
posing fungal cells to the antifungal compound. Thymol'’s antifungal properties, combined
with ZIF-8’s-controlled release, maintain efficacy for extended periods, showcasing ZIF-8s
potential in preserving agricultural products. These examples highlight the effectiveness of
ZIFs in enhancing the stability and controlled release of EOs, offering promising solutions
for antifungal and antimicrobial applications in agrifood sectors [160].

Similarly, ZIF-67 has been employed for the encapsulation and controlled release of
citral [82]. Citral@ZIF-67 offers a green and sustainable alternative to traditional mildew
preventives for bamboo. The encapsulation of the citral EO in ZIF-67, enables a slow-release
mechanism, maintaining its antimildew properties over an extended period, even under
high temperature and humidity. Encapsulation of citral in ZIF-67 enhances the EOs’ stability
while protecting it from oxidation and volatility. Thus, it contributes to intrinsic antibacterial
properties against E. coli and S. aureus. The Citral@ZIF-67 hybrid is produced in a one-step
reaction, which involves mixing 2-methylimidazole with cobalt nitrate, citral, and solvents,
resulting in citral encapsulation within the ZIF-67 cage while the framework is formed.
The release of citral follows a slow-release mechanism governed by Fickian diffusion as it
was also reported for ZIF-8 above. This process ensures sustained antimicrobial activity
without specific external stimuli. The uniform distribution of Citral@ZIF-67 within the
bamboo structure provides consistent protection, strengthening the bamboo’s durability
and extending its useful life [157].

4.5. Zr-MOFs

Zirconium-based metal-organic frameworks (Zr-MOFs), particularly UiO analogues,
have emerged as highly promising materials for the encapsulation and controlled release
EOs, as well as smaller active compounds of EOs, such as monoterpenes, addressing
the challenges of volatility, stability, and water solubility that limit their wider practical
applications. These Zr-MOFs are characterized by their exceptional chemical and thermal
stability, structural and functional tunability, and high loading efficiency, offering versatile
platforms for enhancing the efficacy of bioactive compounds in agrifood applications.

For example, UiO-66-(COOH),, has been utilized for the encapsulation of thymol and
limonene. This example demonstrated the ability of this MOF platform to accommodate
both polar and non-polar molecules. More specifically, the presence of the free carboxyl
functional groups in UiO-66-(COOH), enhances its framework interaction with polar
molecules like thymol, improving its encapsulation efficiency. The sustained release of
thymol from UiO-66-(COOH),, was observed over 11 days at 25 °C. This formulation has
been tested for its prolonged antifungal activity against Colletotrichum musae. This gradual
diffusion of thymol from the pores of the MOF allows the continuous exposure of fungal
cells to the antifungal compound, disrupting their cellular processes [160].

Regarding the exploration of the possibilities of the UiO family in the encapsulation
of volatiles, their structural characteristics have been meticulously studied, emphasizing
their cavities size and functionalization. In detail, the pore size effect of Zr-MOF is a critical
factor in the encapsulation and release of volatiles as monoterpenes, which are actually
the primary components of EOs. UiO-66, UiO-67, and UiO-68 are a family of isostructural
MOFs, built from Zrg-octahedra connected by dicarboxylate linkers of different length,
forming three-dimensional structures with high stability that makes them ideal platforms
for controlled release systems. Through the careful selection of the pore size of the MOFs, it
is possible to achieve a high loading and at the next step a sustained release of encapsulated
volatiles with antimicrobial and antioxidant activity. These MOFs have been studied
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for their behavior regarding the smart release of monoterpenes providing us with key
information in order to further expand and address key challenges as the relationship
between pore size and guest molecule diffusion [147].

NH,-UiO-66, with a pore size of 4.4 nm, has been successfully employed for the
encapsulation of CEO, achieving a high loading capacity of 654.4 mg/g. The release kinetics
of CEO from starch matrix packaging films incorporating NH,-UiO-66 follow the Avrami
model, indicating a slow and sustained release. This controlled release is attributed to the
mesoporous structure and large specific surface area of NH,-UiO-66, which effectively
encapsulates CEO and limits its volatility and hydrophobicity. The resulting starch-based
packaging films exhibit increased mechanical strength, enhanced oxidation resistance, and
improved vapor and oxygen barrier properties [164]. The presence of eugenol, eugenyl
acetate, and (3-caryophyllene in CEO enhance its antimicrobial and antioxidant activity,
as they can disrupt bacterial cell structures. The prepared films demonstrate excellent
antibacterial activity against E.coli and Staphylococcus aureus. This highlights the potential
of NH,-UiO-66 as a carrier for antimicrobial EOs in food packaging applications [166].
The slow and sustained release of CEO from this MOF, as described by the Avrami model,
ensures prolonged antibacterial effects, contributing to the extended shelf life of packaged
products like blueberries [159].

In conclusion, Zr-MOFs, particularly UiO analogues, provide versatile platforms for
the encapsulation and controlled release of EOs and monoterpenes. Their high stability,
tunable pore sizes, and ability to enhance the efficacy of bioactive compounds make them
valuable materials for developing advanced antimicrobial and antioxidant systems in
agrifood applications. Addressing challenges related to pore size effects and structural
integrity will further enhance their potential in various industries.

5. Conclusions

Through this work, the ability of MOFs to serve as carriers of volatile compounds, with
an emphasis on EOs, has been reviewed, highlighting their potential to introduce novel and
sustainable green solutions for improving the agri-food sector. Diverse examples of MOFs
have been discussed regarding these applications, revealing the plethora of candidates that
may arise from this large family of tailor-made materials. However, it is important to note
that through this review a clear picture of the prerequisites that are dictated for a MOF
to be a possible candidate is drawn. Thus, besides its overall chemical stability, and the
appropriate pore size and functionality, biocompatibility arises as one of the most crucial
parameters. This is further supported by the fact that the majority of the examples discussed
herein focus on CD-based MOFs, which are well-known for their biocompatible character.
These studies collectively highlight the versatility of y-CD MOFs in encapsulating volatile
compounds, offering significant potential for applications in food preservation and active
packaging through tailored release mechanisms and enhanced bioactivity.

Across these studies, besides their biocompatible profile, CD-MOFs also demonstrate
superior encapsulation efficiency and controlled release compared to CD alone, attributed
to their porous structure and tunable properties. In this way, the formulation of these
molecules into periodic structures strengthens the importance of further exploring the
capabilities of MOFs in these applications, and the additional benefits that they can offer
due to their physicochemical nature. The release mechanisms are often influenced by
environmental conditions such as humidity, temperature, and pH, allowing for stimuli-
responsive delivery. These findings underscore the potential of CD-MOFs as versatile and
effective carriers for EOs in agrifood applications, offering enhanced stability, controlled
release, and improved functionality for food preservation and other related fields.
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However, despite the unique character of this category of MOFs, representatives of
other MOF families were found to be effective. A few examples are reported regarding
Cu?* and Zn?* MOFs, which come to the forefront of such applications regarding the
additional value that their inorganic building blocks add to the antimicrobial activity of the
final formulation as well as their cost-effective profile and their ease of synthesis. However,
these materials are known for their weak stability in aqueous solutions, which might be
a hindrance to their wider application, although, under careful design, they can be used
as a trigger point for the release of the enclosed volatile under specific conditions. On
this framework, more stable MOFs have also been tested as ZIFs, which are known for
their chemical stability combined with their high porosity. Finally, the most recent reports
also focus on the UiO family of Zr-MOFs, which are widely known for their intriguing
porosity and their exceptional stability. These analogues provide versatile platforms for the
encapsulation and controlled release of EOs and monoterpenes which usually are one of the
main EOs’ components. Their high stability, tunable pore sizes, and ability to enhance the
efficacy of bioactive compounds make them valuable materials for developing advanced
antimicrobial and antioxidant systems in agrifood applications. Addressing challenges
related to pore size effects and structural integrity will further enhance their potential
in various industries. Meticulous studies shedding light on the interactions between the
backbone of the MOF and the targeted volatile will unlock new directions towards both the
design and synthesis of novel materials, along with improving the properties of existing
porous scaffolds through appropriate modifications.

However, despite the plethora of advantages that MOFs, as tailor-made materials,
can offer in carrying and smart delivery of active compounds, several issues need to be
addressed before their wider application, especially in agrifood. One of the most important
issues is related to their large-scale synthesis and the related cost. More specifically, MOFs
are synthesized from building blocks, especially their organic component, which presents
a synthetic complexity that directly increases their cost and can also directly impact their
biocompatibility, as larger aromatic building blocks can significantly contribute to the
increase of their toxicity. Those are two important parameters that need to be further
considered and explored for MOFs to be applied both in agriculture and agrifood. Therefore,
the scientific community is focusing on the exploration of sustainable and renewable
synthetic pathways to deal with issues. Also, the development of hybrid MOFs, combined
with polymers, is meticulously explored as a medium to enhance both their scalability and
contribute to the shaping of the final product. Furthermore, despite their promising results
in adsorption and controlled release, their powder-like nature may be an obstacle. Further
studies need to be conducted to develop stable formulations, such as tablets, films, or stable
dispersions in the form of sprays, allowing for their practical application. Additionally,
compliance with the existing regulations regarding the environmental impact, their efficacy,
and the avoidance of toxic effects when used at a large scale need to be further explored,
especially taking into consideration the limited existing regulations specified for MOFs.
Finally, it is important to note that MOFs are a relatively new family of materials, which,
although they are widely known among scientists, need to be further introduced to farmers
and stakeholders, so that they are informed and educated regarding their advantages and
safe use before their integration into existing technologies.
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MOF  Metal Organic Framework
EO Essential Oil

CEO Clove Essential Oil

SBU Secondary Building Unit
CD Cyclodextrin

GRAS  Generally Recognized As Safe
TTO Tea Tree Oil

CA Cinnamaldehyde

OEO Oregano Essential Oil
PCL Polycaprolactone

REO Reactive Oxygen Species
BA Benzoic Acid

CA Carvacrol
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