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a b s t r a c t

Essential oils (EOs) are widely present in aromatic plants and possess a wide range of significant phar-

macological activities such as antibacterial, antioxidant and anti-tumor properties. They have broad ap-

plication prospects in medical care, food, agriculture and other fields. However, their poor stability poses

substantial challenges that significantly hinder their development and practical application. Metal-organic

framework materials (MOFs), characterized by highly controllable structures, large specific surface areas,

and stimuli-responsive release properties, have been extensively utilized in various fields such as drug

delivery and food preservation. Due to their capacity to encapsulate and deliver EOs, MOFs have gar-

nered considerable attention. In this review, we systematically summarize the structural features, types,

and characteristics of MOFs, as well as the recent advancements in their application for controlled EO re-

lease. Furthermore, we focus on discussing engineering strategies aimed at enhancing the encapsulation,

release, and delivery of EOs using MOFs. Finally, we briefly outline the existing challenges in the delivery

of EOs using MOFs and present well-reasoned insights into prospective directions for future research.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Essential oils (EOs) are a unique class of aromatic volatile sub-

stances with medicinal value extracted from fragrant plants. They

are mainly composed of terpene compounds, alcohols, phenols,

aldehydes, ketones and esters [1]. EOs not only exhibit aromatic

properties but also demonstrate a wide range of pharmacological

activities, including antibacterial [2], anti-inflammatory [3], antiox-

idant [4], and anti-tumor [5] effects. Although EOs possess numer-

ous advantages, their poor stability remains the critical issue that

restricts their practical application. EOs are inherently volatile and

susceptible to oxidation [6,7].

Metal-organic framework materials (MOFs), as a subclass of co-

ordination polymers, are porous crystalline materials formed by

metal ions/clusters and organic ligands through coordination bonds

[8]. The core advantages of MOFs in delivering EOs are as follows:

(1) The high porosity and confinement effect enable efficient en-
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capsulation of the volatile components in EOs, thereby significantly

reducing volatilization and oxidation losses [9,10]. (2) Pore engi-

neering design, integrated with stimulus-responsive mechanisms,

enables intelligent regulation of EOs release and achieves multi-

modal delivery [11,12]. (3) Surface functional group modification

can enhance the comprehensive performance of MOFs, such as

targeting ability, stability and antibacterial activity [13–15]. How-

ever, although previous studies have extensively examined the in-

dividual properties and conventional applications of EOs and MOFs

[16–18], recent advances have started to focus on MOF-based EO

encapsulation systems [19–21]. While several reviews have sum-

marized their applications in agriculture and food science [22], a

comprehensive theoretical framework remains lacking—particularly

with regard to the rational design, functionalization strategies,

and interdisciplinary integration of these composite materials in

broader application contexts. Crucially, in MOF-mediated EO deliv-

ery systems, key knowledge gaps remain regarding the structural

engineering principles required to optimize delivery efficiency and

achieve multifunctional performance.

Therefore, this review provides a systematic analysis of the

structural characteristics, classifications, and physicochemical prop-

https://doi.org/10.1016/j.cclet.2025.112049
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Fig. 1. Schematic diagram of the structure types of MOF, the delivery functions of

MOF for EOs, and the engineering strategies of MOF for delivering EOs.

erties of MOFs, while summarizing recent progress in their appli-

cation for the encapsulation, controlled release, and targeted deliv-

ery of EOs. In contrast to previous studies, this work emphasizes

engineering approaches designed to enhance the efficiency of EOs

delivery through MOF-based systems, offering innovative perspec-

tives and methodological insights for achieving precise and effec-

tive delivery (Fig. 1). Moreover, this study directly addresses key

challenges in MOF-based EOs delivery, including intelligent struc-

tural design, scalability, and biocompatibility, and provides tar-

geted recommendations for future research, potentially guiding the

development of new strategies and practical applications in this

emerging field.

2. Framework types of MOFs employed in EOs encapsulation

and delivery applications

MOFs are a class of porous crystalline materials formed by the

self-assembly of metal nodes and multi-dentate organic ligands

through coordination bonds. This section will concentrate on pre-

senting the primary types of MOF materials, including representa-

tive examples such as zeolitic imidazolate frameworks (ZIFs) with

zeolite-like structures, the MIL series developed by the French In-

stitute of Materials, the UiO series from the University of Oslo

and cyclodextrin-based MOFs (CD-MOFs). Additionally, their appli-

cations in the encapsulation and delivery of EOs will also be dis-

cussed. Table S1 (Supporting information) presents the main types

of MOFs.

2.1. ZIFs

ZIFs are the most representative type of MOFs. Their struc-

ture is similar to that of natural zeolites, composed of tetrahe-

dral metal ions (such as Zn2+, Co2+) coordinated with the nitro-

gen atoms at the 1,3 positions of imidazole ligands [23]. The bond

angle of metal ion-imidazole-metal ion in ZIFs (145°) is consis-

tent with that of Si-O-Si in zeolites, endowing them with the dual

advantages of high stability of zeolites and the modifiability of

MOFs [24]. Taking ZIF-8 as an example, it was first reported by

the Yaghi team. Its crystal structure is formed by the self-assembly

of Zn2+ and 2-methylimidazole through coordination bonds, pre-

senting rhombohedral or cubic crystal forms. This material has a

pore diameter of approximately 11.6 Å, a specific surface area of up

to 1947m2/g, and a pore volume of 0.663 cm3/g. It features high

porosity, excellent thermal stability, and pH-responsive properties

[25].

Benefiting from its high specific surface area and pH-responsive

release characteristics, ZIF-8 demonstrates excellent EO loading

capacity and controllable release performance. Ding et al. [26]

reported that CT@ZIF-8 achieved a loading efficiency of 15.22%

for citral (CT). The material demonstrated good biocompatibil-

ity and showed no cytotoxicity against RTG-2 and RTH-149 cell

lines when the concentration of released zinc ions was below

12.5 μg/mL [27]. Huang et al. [28] developed a core–shell carrier,

Magnolol@ZnO–ZIF-8, which released 93.17% of magnolol within

24h at pH 5, compared to only 55.66% at pH 8, highlighting

its pronounced pH-dependent release behavior. Through functional

modification or composition with other materials, the application

potential of ZIF-8 can be further expanded. In the field of food

preservation, Min’s team constructed a pectin-based “gatekeeper”

film with pH/enzyme dual-responsive properties, which enabled

the intelligent release of thymol (Thy) (over 86% release under

acidic or enzymatic conditions), extending the shelf life of man-

goes and raspberries by 5–7 days [29]. Yang et al. [30] constructed

a cinnamaldehyde–ZIF-8 system that effectively mitigated water

and chlorophyll loss in spinach during storage (P<0.05). In the

medical field, Nezhad-Mokhtari et al. [20] successfully co-loaded

ZIF-8 and chamomile EO by electrospinning to prepare multifunc-

tional nanofiber composites. The resulting material exhibited sig-

nificant broad-spectrum antibacterial activity, with inhibition zone

diameters of 32.3 and 31.2mm against S. aureus and Escherichia

coli, respectively, and also promoted the proliferation of fibroblasts,

demonstrating its dual-function potential for smart wound dress-

ings with combined healing and anti-infection properties. In sum-

mary, ZIF-8, as an EO carrier, demonstrates broad prospects for

functional customization and practical applications through ratio-

nal composite engineering design.

2.2. MILs

The MIL family is an important subclass of MOFs, typically

formed by trivalent metal ions (such as Cr3+, Fe3+, Al3+) and

organic ligands (such as terephthalic acid) through self-assembly

into highly ordered porous crystal structures. Their typical struc-

tures include mesoporous cage-like structures, such as MIL-101(Cr),

which has a mesoporous rigid structure with pore diameters rang-

ing from 2.0 nm to 3.4 nm and a specific surface area as high as

5900m2/g [31]. In addition, some MIL family materials (such as

MIL-53 and MIL-47) exhibit reversible pore size change capabili-

ties. Under external stimuli, these materials can switch between

large-pore and narrow-pore forms, thereby achieving dynamic reg-

ulation [32,33].

MIL-100(Fe) is a cubic lattice metal-organic framework material

constructed by Fe3+ metal clusters and benzene-1,3,5-tricarboxylic

acid ligands through coordination bonds. Its mesoporous cages

contain two pore diameters (25 and 29 Å), which are connected

through microporous windows (5.5 and 8.6 Å). The BET specific

surface area reaches 1456–2000m2/g, and the pore volume is

1.25 cm3/g [34]. Owing to its distinctive porous structural fea-

tures, MIL-100(Fe) has shown significant advantages in EO delivery

and antibacterial applications. Caamano et al. [35] prepared meso-

porous material MIL-100(Fe) loaded with Thy, with a Thy loading

capacity of up to 42%. After Thy was encapsulated in MIL-100(Fe),

its antibacterial performance was significantly enhanced. Exper-

imental results showed that free Thy could reduce the colony-

forming units of Salmonella enteritidis by 0.40, while Thy-loaded

MIL-100(Fe) could reduce the colony-forming units by 1.57, indi-

cating that its antibacterial effect was 93% higher than that of free

Thy. Besides, Pak et al. [36] combined MIL-100(Fe) loaded with tea

tree EO with κ-carrageenan to form a film, which has excellent ul-

traviolet blocking properties, appropriate water vapor permeability

and broad-spectrum antibacterial properties.

2
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2.3. UiOs

The UiOs of MOFs developed by the University of Oslo uses

the zirconium oxo cluster [Zr6O4(OH)4] as the metal node and

terephthalic acid or its derivatives as organic ligands to construct

a three-dimensional porous framework structure with high chem-

ical stability. Cavka et al. [37] first systematically reported the

synthesis strategy of UiO-66 and its exceptional performance in

high-pressure CO2 adsorption. Its strong Zr-O bond and unique

octahedral coordination geometry endowed the material with

resistance to water, acids and high temperatures. Based on this

structural advantage, Kandiah et al. [38] first demonstrated that

the functionalized UiO-66 could still maintain high thermal sta-

bility and chemical stability. Further research by Wu et al. [39]

revealed that neutron diffraction was used to uncover the con-

trollable "missing linker" defects in UiO-66 (regulated by acetic

acid modulator and synthesis time), achieving structural control

that increased the pore volume from 0.44 cm3/g to 1.0 cm3/g and

the specific surface area from 1000m2/g to 1600m2/g. In addition

to defect engineering, the morphology and pore size of UiO-66

can also be precisely controlled through other synthetic strategies.

Wang et al. [40] successfully constructed UiO-66 with controllable

particle size (40–200nm) and hierarchical porous structure (co-

existence of micropores and mesopores) by using a co-regulation

strategy of dodecanoic acid (DA) and triethylamine (TEA). The

Abazari team further clarified the adjustable pore size feature of

zirconium-based MOFs. By using the ligand extension strategy, the

terephthalic acid ligands in UiO-66 were replaced with biphenyl

dicarboxylic acid, resulting in UiO-67, whose pore size expanded

from 10.2 Å in UiO-66 to 14.4 Å [41].

The aforementioned studies have established a theoretical foun-

dation for the application of UiO series materials in the field of

EO delivery. In the biomedical domain, Zheng et al. [42] lever-

aged the high porosity of UiO-66 to achieve efficient loading of

Thy and carvacrol (Car), with loading rates of 79.60%±0.71% and

79.65%±0.76%, respectively. In vitro release experiments demon-

strated that within 72h, the release rates of Thy and Car reached

77.82%±0.87% and 76.51%±0.58%, respectively. In terms of an-

tibacterial performance, the minimum bactericidal concentrations

(MBC) of Car@UiO-66 and Thy@UiO-66 against Candida albicans,

E. coli, and S. aureus were 0.313, 0.313, and 1.25mg/mL, respec-

tively. Cytotoxicity tests indicated that even at a concentration of

1.25mg/mL, both composites maintained cell viability above 50%.

Animal experiments further revealed that the materials effectively

promoted the repair of bone defects by modulating the expression

of inflammatory factors such as tumor necrosis factor-α (TNF-α),

interleukin-6 (IL-6), and IL-10, demonstrating good biocompatibil-

ity and bone regeneration potential. UiO-based materials also show

broad application prospects in the food sector. Zuniega et al. [43]

encapsulated Thy using carboxyl-functionalized UiO-66-(COOH)2,

achieving a loading rate of 46%. After storage at 25 °C for six days,

the composite material maintained an inhibition rate of over 90%

against the spore germination of Colletotrichum musae, significantly

overcoming the volatility limitation of EOs and extending the du-

ration of antimicrobial activity.

2.4. CD-MOFs

CD-MOFs represent a class of porous polymers that result from

the self-assembly process where metal ions and CD molecules

are linked by coordination interactions. CD-MOFs generally possess

high porosity and large specific surface areas, with their internal

cavities exhibiting hydrophobic properties, which constitutes one

of their key characteristics. The interior of these cavities is densely

populated with C–H groups, offering non-polar interaction sites

for various molecules. Meanwhile, their outer surfaces are rich in

highly polar hydroxyl groups, forming a synergistic effect with the

hydrophobic cavities, thereby enabling efficient encapsulation of

lipophilic substances and significantly enhancing their solubility in

water [44].

Represented by CD-MOF-1, this material has demonstrated re-

markable performance in the field of EO delivery. In the area of

fruit and vegetable preservation, Yu et al. [45] loaded 4-terpineol

into γ -CD-MOF, achieving an encapsulation efficiency of 53.61%

and a loading capacity of 9.31%. This system significantly delayed

the release of 4-terpineol and exhibited enhanced antifungal ac-

tivity against Botrytis cinerea in vitro, effectively suppressing gray

mold in strawberries and maintaining fruit quality. In the γ -CD-

MOF/eugenol composite developed by Cai’s team [46], the eugenol

loading rate was increased by 4.06% compared to using γ -CD

alone, along with significantly improved photostability and antiox-

idant properties. The composite demonstrated notable antifungal

activity against Fusarium graminearum in both culture media and

wheat grains, effectively extending grain storage time. In the field

of drug delivery, CD-MOF-1 significantly enhances the delivery effi-

ciency of volatile EO components. Zhou et al. [47] encapsulated d-

limonene in γ -CD-MOF, increasing its pulmonary delivery bioavail-

ability by 2.23-fold compared to oral administration. Zhu et al.

[48] developed a eugenol nasal powder formulation (Eu@γ -CD-

MOF) with a deposition distribution rate of 90.07%±1.58%, ex-

tending the nasal residence time of eugenol (Eu) from 5min to

60min. Through functional modification, CD-MOFs further expand

their potential in intelligent controlled release and protection of EO

components. Min et al. [49] incorporated γ -CD-MOF into chitosan-

cellulose (CS-CEL) composite films by in-situ growth technology

and encapsulated Car, constructing a humidity-responsive Car@γ -

CD-MOFs/CS-CEL controlled-release system. This system releases

Car upon humidity triggering, extending the shelf life of straw-

berries to 7 days. In summary, CD-MOFs demonstrate exceptional

potential for EO delivery and functional enhancement, attributable

to their three-dimensional porous structure, high specific surface

area, and the synergistic effect of hydrophobicity and hydrophilic-

ity on both internal and external surfaces.

2.5. Others

Beyond the major types of MOFs such as ZIFs, MILs, UiOs, IR-

MOFs and CD-MOFs, other MOFs have also demonstrated applica-

tion potential in the field of EO delivery. HKUST-1, a classic three-

dimensional cage-like porous network structure of metal-organic

frameworks developed by the Hong Kong University of Science and

Technology, uses trimesic acid as the ligand and copper ions as the

metal nodes, forming a three-dimensional channel system with a

pore diameter of approximately 1nm and a porosity of about 40%,

demonstrating advantages such as high specific surface area and

unique pore characteristics [50]. Apart from HKUST-1, Porous co-

ordination network materials (PCNs) have also attracted much at-

tention in EO delivery due to their high specific surface area and

excellent stability. Feng et al. [51] first proposed the synthesis of

the PCN-222 series materials composed of zirconium clusters and

metal porphyrins through a ligand elimination strategy. This series

has an ultra-high specific surface area of 2600m2/g and remains

stable in extremely acidic environments. Both HKUST-1 and the

PCN-222 series have the potential for encapsulating and delivering

EOs. In addition, Bai et al. [52] prepared GR@MOF-545 by combin-

ing the photodynamic porphyrin MOF-545 with geraniol essential

oil (GR). Under light exposure, it achieved an antibacterial rate of

over 99% against E. coli and S. aureus. Besides, compared with tra-

ditional MOFs, bio-metal-organic frameworks (Bio-MOFs) are MOFs

constructed with natural biomolecules (such as amino acids, nu-

cleotides, and polysaccharides) as core ligands or functional units

[53]. Bio-MOFs endow materials with properties such as targeted

3
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Fig. 2. The engineering strategies of MOFs including pore engineering (tunable pore

size and pore shape), tunable morphology, surface chemical property, and intelli-

gent response design.

delivery and biodegradability by integrating bioactive units. For

instance, SION-19 was synthesized through the reaction among

Zn(NO3)2·6H2O, 1,3,6,8-tetrakis(p-benzoic acid)pyrene (H4TBAPy)

and adenine. SION-19 can selectively capture thymine by hydrogen

bonding and achieve adenine-thymine base pairing within its pore

cavity, thereby mimicking the base recognition function of DNA

[54]. Further, the delivery performance can be optimized by regu-

lating the MOF structure through biological macromolecules, Chen

et al. [55] developed a ZIF-8-based biocompatible strategy that uti-

lized γ -poly-l-glutamic acid (PLGA) to regulate the transformation

of nanostructures. Through a dual mechanism of promoting MOFs

formation and inducing structural defects, it achieved the direc-

tional reconstruction from three-dimensional to two-dimensional

mesoporous MOFs. This two-dimensional spindle-shaped meso-

porous structure not only optimized the material exchange effi-

ciency during the biotransformation process but also provided a

stable protective environment for EO components.

3. Engineering strategies of MOFs for encapsulation, release

and delivery of EOs

MOFs, owing to their unique physicochemical properties, have

demonstrated substantial application potential in various fields,

particularly in the encapsulation, release, and delivery of EOs. As

natural products exhibiting diverse biological activities and aro-

matic characteristics, EOs possess broad application prospects in

medicine, food, agriculture, and other domains. However, the poor

stability and high volatility of EOs often limit their practical ap-

plications. MOF materials, characterized by their tunable structural

features, provide effective solutions to these challenges. As illus-

trated in Fig. 2, this paper will focus on the key engineering strate-

gies of MOFs, including pore engineering (adjustable pore size and

shape), tunable morphology, surface chemical property, and intelli-

gent response design, to elaborate on how these strategies enable

efficient encapsulation, controlled release, and precise delivery of

EOs. Table S2 (Supporting information) presents several application

cases of MOFs in the delivery of EOs.

3.1. Pore engineering of MOFs for encapsulation and release of EOs

3.1.1. The pore size of MOFs on release of EO

In the context of improving EO delivery strategies, the pore

size of MOFs represents a critical structural parameter that governs

both the loading capacity and release kinetics of the active compo-

nents. Liu et al. [56] employed zirconium-based MOFs, specifically

UiO-66, UiO-67, and UiO-68, which exhibit isomorphic character-

istics, to systematically investigate how variations in pore size af-

fect the loading and sustained release of terpene compounds (d-

limonene, myrcene, α-terpinene, and α-pinene). The pore size pa-

rameters of the three MOFs increased in the order of 0.59, 0.71 and

0.94nm. The study revealed that, except for α-pinene, the loading

capacities of the other three terpenes were significantly negatively

correlated with the pore sizes of the MOFs. Specifically, the mea-

sured loading rates of myrcene in the three MOFs reached 90%,

81%, and 76% of their respective theoretical saturation loading ca-

pacities. Release kinetics analysis demonstrated that only 16% of

the total loaded myrcene was released within a 24h period in

the UiO-67 system, which was substantially lower than the re-

lease levels observed for UiO-66 (49%) and UiO-68 (62%). Notably,

d-limonene exhibited a cumulative release rate of 36.1% in UiO-

67, indicating superior sustained-release performance compared to

UiO-66 (55.2%) and UiO-68 (44.1%).

3.1.2. Tunable pore shapes of MOFs

MOFs exhibit a diverse range of pore structures and geometries,

including triangles, hexagons, cubes, and spheres. The pore shape

and architecture of MOFs play a crucial role in determining their

capacity to load EOs. Liu et al. [56] emphasized that, in addition

to pore size, the geometric shape of pores is also a critical factor

influencing the loading capacity of MOFs for monoterpenoid com-

ponents in EOs. Taking the rigid bicyclic structure of α-pinene as

an example, in the three MOFs UiO-66, UiO-67, and UiO-68, as the

ratio of pore volume to pore diameter increases, the loading ca-

pacities of α-pinene reach 16%, 49%, and 65%, respectively. No-

tably, the triangular pore openings in UiO-66 significantly hinder

the diffusion of α-pinene molecules into the framework, resulting

in the lowest loading capacity among the three materials. In ad-

dition, Zhang et al. [57] found that the differences in pore shapes

of MOFs have a substantial influence on the diffusion behavior of

active components in EOs. Specifically, UiO-66 crystals possess tri-

angular channels, whereas ZIF-8 and ZIF-67 crystals both exhibit

hexagonal channels. Using CT as the model compound, the diffu-

sion behavior of CT in UiO-66, ZIF-8, and ZIF-67 was investigated

and analyzed. The results revealed that the selectivity of Pt@ZIF-8

(>99%) and Pt@ZIF-67 (>99%) for CT was significantly higher than

that of Pt@UiO-66 (6.69%).

3.1.3. The tunable morphology and shape of MOFs

In recent years, with the rapid development of MOFs, var-

ious forms of MOFs have been successfully developed, includ-

ing rod-shaped, spherical, shuttle-shaped, spindle-shaped, one-

dimensional straight chains, alternating or bundled chains, two-

dimensional layered structures, central rectangular and snowflake-

like, etc. [58,59] The shape and structure of MOFs affect the load-

ing and release behavior of EOs components. For instance, ZIF-8

typically presents a polyhedral spherical or cubic form, while UiO-

66 usually takes on an octahedral shape. Zuniega et al. [43] en-

capsulated the monoterpene components Thy and limonene from

EOs at a 1:1 ratio into ZIF-8 and UiO-66-(COOH)2 through a va-

por diffusion method (16h at 60 °C), followed by post-drying treat-

ment at 30 °C. The results showed that the encapsulation efficiency

of Thy in ZIF-8 and UiO-66-(COOH)2 reached 36% and 46%, re-

spectively. Moreover, at 25 °C, the Thy released from the MOF ma-

terials could significantly delay the growth of Colletotrichum acu-

tatum for up to 6 days. Although the release concentration was

lower than that of pure Thy, the volatile Thy released from UiO-

66-(COOH)2 still achieved a maximum inhibition rate of 40% and

continued to function after the peak growth period of the fun-

gus, thereby significantly extending the action time of the EO

components.

4



J. Huang, H. Chen, Y. Liao et al. Chinese Chemical Letters 37 (2026) 112049

3.2. Surface chemistry of MOFs for encapsulation and prolonged

release of EOs

Due to the wide variety of metal nodes and organic lig-

ands, MOFs can almost achieve unlimited customized combina-

tions, thereby demonstrating excellent tunability of chemical prop-

erties [60,61]. Surface engineering is one of the key strategies to

achieve adjustable performance of MOFs, especially significant in

the controlled release of volatile molecules. Chen et al. [62] suc-

cessfully synthesized three different end-capped MIL-101 through

amidation reactions and further regulated the release behavior

of volatile molecules. The experimental results indicated that all

three MOFs could effectively encapsulate volatile molecules and

achieve sustained release effects ranging from several days to sev-

eral months or even over a year. In addition to end-group mod-

ification, surface polarity regulation also has a significant impact

on the adsorption and release behavior of EO components. Liu

et al. [63] demonstrated that the adsorption capacity of polar es-

ter fragrances on polar hydroxyl–functionalized MOFs was signif-

icantly higher than that on non-polar MOFs, while the adsorp-

tion behavior of non-polar terpene fragrances on the two types of

MOFs showed no significant difference. The release curve analy-

sis indicated that hydroxyl–functionalized MOFs could effectively

prolong the release time of polar fragrances but have no signif-

icant effect on the release behavior of non-polar fragrances. Ad-

ditionally, MOFs could be endowed with hydrophobic properties

through post-synthetic modification approaches, such as introduc-

ing hydrophobic ligands or grafting hydrophobic functional groups

onto the surface. Hydrophobic-modified MOFs exhibit significant

hydrophobicity, effectively reducing the adsorption and penetra-

tion of water molecules, thereby enhancing the material’s wa-

ter resistance and moisture resistance and improving its stabil-

ity in EO delivery [64,65]. Hydrophobic-modified MOFs have also

been successfully applied in the design of multifunctional textiles,

demonstrating excellent stability and practical application poten-

tial. The hydrophobic MOF@fabric prepared by Li et al. [66] demon-

strated excellent superhydrophobic performance, with a water con-

tact angle of 168.4°±1.6°, a rolling angle of 1.8°±0.2°, and an

adhesion force as low as 16.17 μN. The material also exhibited

excellent acid and base stability, and due to its superhydropho-

bic nature, its hydrolytic stability was significantly improved, re-

maining stable in water at 30 °C for 120h without hydrolysis. In

contrast, the non-hydrophobic MOF@fabric completely hydrolyzed

its MOF crystal particles after being immersed in water at 30 °C
for 6h. Moreover, the prepared superhydrophobic MOF@fabric also

demonstrated outstanding self-cleaning, anti-fouling, self-healing,

UV resistance, and anti-icing properties, and could load natu-

ral antibacterial EOs, showing excellent antibacterial performance

against E. coli and S. aureus.

3.3. Framework design of MOFs for stimulus-responsive release and

delivery of EOs

With the ongoing integration of functional materials and in-

telligent release technologies, MOFs are increasingly recognized as

ideal carriers for the intelligent controlled release of EOs. This is

attributed to their highly tunable porous structures, versatile and

customizable chemical properties, as well as their superior respon-

siveness to environmental stimuli. To address the challenges faced

by EOs in practical applications, such as high volatility, poor stabil-

ity, and uncontrollable release behavior, it is crucial to design MOF

systems with intelligent response functions, thereby significantly

enhancing the delivery efficiency and active functions of EOs. By

modulating the internal structure, surface functional groups, and

dynamic response units (e.g., light-responsive, thermo-responsive,

or pH-responsive groups), MOFs can be endowed with the ability

to respond to single environmental factors (e.g., temperature, hu-

midity, light, pH) or multiple complex environmental factors (e.g.,

the combined effect of pH value and enzymes, the coordinated

change of pH value and temperature, the joint action of light and

enzymes, magnetic fields). This design enables MOFs to achieve

intelligent, stimuli-responsive release of EOs under various envi-

ronmental conditions, thereby moving beyond the traditional "pas-

sive diffusion" mechanism and allowing for precise "on-demand

release" control.

3.3.1. pH-responsive design

The pH-responsive release strategy, as one of the intelligent de-

livery system strategies, provides an innovative solution to the bot-

tlenecks of poor stability and insufficient environmental respon-

siveness of EO active components. ZIF-8, as a classic pH-responsive

MOF, has shown promising application prospects in EO delivery.

Ding et al. [26] developed a pH-responsive EO delivery system

based on ZIF-8, which can specifically respond to pH changes in

the microenvironment of diseases, thereby achieving controlled re-

lease of the EO CT for disease control. After 48h of the experi-

ment, the release amounts of CT in buffers with pH values of 3,

5, 7, and 9 were 80.97%, 61.45%, 36.66%, and 27.32%, respectively,

further verifying the good responsiveness of this delivery system

to pH stimuli. In different material systems, the design of pH re-

sponse has different implementation methods and effects. Wang

et al. [11] loaded the Eu onto the hierarchical porous structure of

B-UiO-66 (benzoic acid-modified UiO-66) and constructed a syn-

ergistic antibacterial system, Eu@B-UiO-66/Zn, by complexing with

zinc ions. This system achieved pH-responsive controlled release

behavior of eugenol through the breaking of the coordination bond

between eugenol and Zn2+ ions as a "switch". Experimental results

showed that within 96h, the release rates of eugenol from Eu@B-

UiO-66/Zn at pH 5.8 and pH 6.8 were 80% and 58%, respectively,

while only 51% was released at pH 8.0. Furthermore, after 24h,

the inhibition rates of Eu@B-UiO-66/Zn against E. coli and S. aureus

reached 96.4% and 99.7%, respectively, which are markedly higher

than those observed for free eugenol and the Eu@B-UiO-66 carrier

alone.

3.3.2. Humidity-response design

In addition to investigating the pH-responsive release prop-

erties of EOs loaded in MOFs, researchers have increasingly di-

rected their attention toward studying humidity-responsive re-

lease behavior. Nong et al. [67] developed an edible β-CD-

MOF/thymol@zein (BCCZ) composite film, which was prepared by

combining Thy-loaded β-CD-MOF with zein. This film exhibited

significant humidity-responsive drug release properties. The re-

lease behavior of Thy varied significantly under different humidity

conditions: only 12.0% was released within 7 days at 43% relative

humidity (RH), while the release amounts increased to 66.3 % and

96.3% at 75% and 100% RH, respectively. The release rate increased

with the rise in humidity. The humidity response mechanism of

the film can be attributed to water molecules disrupting the K-O

coordination bonds in the β-CD-MOF crystal structure, leading to

structural decomposition and the release of encapsulated Thy. As

a storage platform for Thy, the film enabled controlled release in

high-humidity environments, effectively inhibiting common food-

borne pathogens such as S. aureus, E. coli, and Botrytis cinerea.

Humidity-responsive MOF materials with hierarchical structures

enhance controlled release performance for targeted applications.

Tian et al. [68] successfully constructed a composite hydrogel bead

(TTO–HKUST-1@ALG) loaded with tea tree oil (TTO) based on the

alginate/copper ion cross-linking strategy, combined with the in-

situ growth and self-assembly technology of MOF. Due to the

design of the hierarchical porous structure, the loading rate of

TTO was significantly increased from 6.1% to 21.6%. This material

5
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exhibited typical humidity-responsive sustained-release property.

When the environmental humidity increased from 45% to 95%, the

cumulative release rate of TTO linearly increased from 33.89% to

70.98%. This response mechanism originated from the high sensi-

tivity of HKUST-1 to moisture, which contains a large number of

unsaturated Cu2+ coordination sites that are easily combined with

water molecules. As alginate absorbs moisture and facilitates the

coordination of water molecules with Cu2+ ions, moisture disrupts

the crystal structure of HKUST-1 through competitive adsorption,

leading to the release of TTO.

3.3.3. Temperature-response design

Temperature-responsive release represents another critical form

of intelligent response release in MOFs. Abdelhameed et al. [69]

successfully prepared ZIF@MCC composite carriers by in-situ con-

struction of zinc/cobalt-based ZIFs in microcrystalline cellulose

(MCC) matrices. This material demonstrated thermos-responsive

release characteristics for thyme and cumin EOs. Specifically, af-

ter 5 days of loading, the release rate of its active components was

reduced by 23.6% compared to pure MCC, with a clear positive cor-

relation observed between temperature and release rate. Through

the temperature regulation mechanism enabled by the mesoporous

structure, the system could sustain EO release behavior over a 10-

day cycle.

3.3.4. Light-response design

Light-responsive release is also a way to control the release

of EOs from MOFs. It effectively addresses the common prob-

lems of drug burst release and concentration difficulty con-

trol in traditional continuous release systems through a time-

space regulation mechanism. Meanwhile, due to its non-contact

mode, it significantly enhances biological safety and applica-

tion flexibility. Nong et al. [70] designed a composite system

(FPZC: Fe3O4@polydopamine-COOH@ZIF-67/carvacrol) consisting of

a Fe3O4 photothermal core, a polydopamine carboxylic acid shell

layer, and a ZIF-67 coating structure, enabling near-infrared light-

regulated controlled release of EOs. Experiments demonstrated

that upon being triggered by an 808nm laser for 60 s, 80mg of

the FPZC composite system could release 171μg/L carvacrol vapor

into the air, achieving complete inactivation of both S. aureus and

E. coli. This technology demonstrated 100% light-controlled steril-

ization efficiency and stability, effectively mitigating the biocom-

patibility risks associated with traditional contact-based antibacte-

rial methods and showing promising application potential in food

sterilization.

3.3.5. Multi-stimuli responsive design

In addition to the above-mentioned single-stimulus response,

MOFs can also be used to construct delivery platforms with multi-

stimulus response functions. Nong et al. [71] constructed a mul-

tifunctional nanozyme hybrid material based on MOF (FPMLC:

Fe3O4@PVP@MIL-88B(Fe)-NH-lysozyme/carvacrol), which achieved

highly efficient antibacterial activity through a multi-level syn-

ergistic mechanism. This material captured pathogenic bacteria

by electrostatic adsorption and then formed a composite sys-

tem through magnetic control assembly. The lysozyme component

specifically hydrolyzed the peptidoglycan of the bacterial cell wall,

while simultaneously releasing carvacrol under near-infrared ex-

citation to disrupt the integrity of the cell membrane. Antibacte-

rial results demonstrated that in a bacterial suspension of 1×106

CFU/mL, 100μg/mL FPMLC could completely inactivate against E.

coli and S. aureus. Owing to the structural flexibility and customiz-

able properties of MOFs, researchers have developed intelligent de-

livery systems with multi-dimensional environmental sensing ca-

pabilities, thereby advancing the development of responsive ma-

terials toward precision and integration. Chen et al. [72] designed

a MOF that responds to hypoxia/reactive oxygen species (ROS)/pH

triple stimuli to achieve on-demand release of photosensitizers,

thereby enhancing the efficacy of photodynamic therapy. This pro-

vided a theoretical basis for the triple-stimulus-responsive delivery

of EOs and even multiple stimuli by MOFs.

4. Challenges of MOFs for delivery of EOs

4.1. Intelligent design challenge

The design of MOFs with precisely tailored pore architectures

for efficient encapsulation and controlled release of EOs repre-

sents a great challenge for their application in healthcare and food

fields. Traditional MOFs design often optimizes pore parameters

(e.g., pore size and pore volume) based on limited experimen-

tal data (e.g., the size of a single EO molecule). However, due to

the complex composition of EOs (for instance, TTO contains over

30 active components), this approach may fail to fully account

for the diverse molecular characteristics of all components [73]),

their strong volatility, and susceptibility to oxidation and degra-

dation, experience-driven pore regulation strategies face multiple

challenges. On the one hand, MOFs need to simultaneously sat-

isfy the differentiated loading requirements of multiple compo-

nents: they must possess super-large channels to accommodate

large terpene molecules while featuring micro-pores to confine

small volatile molecules. On the other hand, the chemical envi-

ronment on the pore surface (e.g., the distribution of hydrophobic-

ity/hydrogen bonding sites) must align with the polarity charac-

teristics of EO components to prevent phase separation or loss of

activity during the encapsulation process [74,75]. In recent years,

computational and molecular dynamics simulation-guided strate-

gies have emerged as a promising approach to address these chal-

lenges. By developing predictive models that correlate MOF topo-

logical networks with multi-component EO migration pathways,

researchers can now inversely design MOF structures featuring gra-

dient channels and heterogeneous surface sites. Such advanced ar-

chitectures not only stabilize volatile monoterpenes through op-

timized host-guest interactions but also enable stimuli-responsive

(e.g., humidity/temperature-triggered) release by leveraging frame-

work flexibility [76–79]. This intelligent design paradigm accel-

erates the development of MOF-based EOs delivery systems for

applications ranging from medical dressings to smart packaging,

while providing fundamental insights into long-term stabilization

of volatile compounds and multimodal environmental responsive-

ness.

4.2. Challenges of large-scale productions

Although MOF-based EO carriers exhibit promising properties

at the molecular level, their industrial-scale implementation en-

counters three major challenges. First, scaling up the synthesis

process while preserving high encapsulation efficiency remains a

significant issue, as conventional solvothermal methods often re-

sult in structural defects during mass production [80,81]. To ad-

dress this, Nankai University developed a high-pressure homog-

enization technique that enables molecular-level mixing, allow-

ing to produce 0.96–580.48 tons/day of various porous materials

with enhanced reproducibility and structural integrity [82]. Second,

industrial loading processes face difficulties in controlling multi-

component formulations. Traditional impregnation methods fail to

achieve a gradient distribution of EO components, and open sys-

tems often lead to volatile losses [80]. Core-shell architectures,

such as ZIF-8-on-ZIF-8, represent a notable advancement, enabling

synchronous loading during shell formation and reducing release

rates to 25% of those observed with conventional carriers, while

maintaining stability across a wide pH range (3–9) [83]. Finally,
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cost-performance trade-offs pose a barrier to commercialization.

MOFs that rely on precious metals are often economically imprac-

tical compared to traditional carriers. Recent alternatives include

transition-metal-based ligands (e.g., Fe/Co), which offer compara-

ble performance at a lower cost [84], as well as cost-effective one-

pot synthesis approaches using carboxylic acid ligands [85]. While

these advancements in scalable production techniques (e.g., high-

pressure homogenization) and cost-reduction strategies (e.g., alter-

native ligands) offer promising solutions, further optimization is

essential to bridge the gap between laboratory-scale innovation

and the industrial application of MOF-based EOs delivery systems.

4.3. Biological safety

Biosafety assessment of MOF carriers represents a crucial chal-

lenge in their practical application. Current research indicates that

cytotoxicity is primarily determined by three key factors: (1) Ma-

terial composition, (2) particle characteristics, and (3) structural

morphology. Some studies reveal considerable variations in the cy-

totoxic profiles of different MOFs. ZIF-8 exhibits size-dependent

cytotoxicity, where 50nm particles show a lower half-maximal

inhibitory concentration (IC50) value (15.6 μg/mL) compared to

200nm particles (19.7 μg/mL) in HepG2 cells. This is attributed to

the greater release of zinc ions and increased ROS generation from

smaller particles [86]. In contrast, UiO-66 maintains over 85% cell

viability even at a high concentration of 200μg/mL, owing to the

stability of its zirconium-oxygen clusters [87]. Morphological stud-

ies show that spherical PCN-224 is more cytotoxic than rod-shaped

PCN-222, with MOF-545 demonstrating the highest antibacterial

activity among the tested structures [88]. Metal-ligand selection

plays a critical role in determining the safety profile. While Cr(III)-

MIL-100 exhibits minimal toxicity, its Fe(III)-based counterpart

shows significant cytotoxic effects in Hep3B cells [89]. Moreover,

the hydrophobicity of organic ligands in iron-based MOFs has been

found to correlate linearly with IC50 values [90]. Despite these

findings, significant knowledge gaps persist concerning long-term

in vivo effects, underlying molecular mechanisms, and potential

bioaccumulation. Future research should prioritize investigations

into degradation kinetics, excretion pathways, and the effects of

chronic exposure to establish comprehensive safety guidelines for

MOF-based delivery systems.

5. Conclusion and perspectives

Compared with previous reviews that focused on the applica-

tion of MOF-delivered EOs in a single field, this paper innovatively

integrates the functional requirements of EOs delivery with struc-

tural engineering strategies of MOFs. It systematically elaborates

on MOF design approaches tailored to the molecular characteris-

tics of EOs-such as pore size adjustment to match EO molecule

dimensions and the incorporation of light-, temperature-, or pH-

responsive functional sites to achieve spatiotemporal control over

EOs release. This provides a comprehensive technical framework

for the development of precise EO delivery systems. Furthermore,

the paper identifies and critically discusses the great challenges

hindering industrialization in this field, particularly the unique dif-

ficulties in intelligent design, bottlenecks in large-scale production,

and key biosafety concerns specific to EOs delivery applications,

thereby offering clear guidance for future research directions.

Future research should prioritize key areas such as material de-

sign optimization, innovation in release mechanisms, expansion of

application scenarios, and comprehensive safety evaluation, to ad-

vance the development of MOF-based EO delivery systems. In ma-

terial design, efforts should focus on developing low-cost, highly

biocompatible MOFs and precisely regulating the pore environ-

ment through dynamic covalent chemistry strategies to accom-

modate the physicochemical properties of diverse EOs. Regarding

release mechanisms, integrating multi-stimuli responsiveness-such

as enzyme/pH/light co-triggering-with artificial intelligence predic-

tion models can enable demand-driven release with precise spa-

tiotemporal control. Additionally, the interdisciplinary synergies of

MOF-EOs composite systems warrant further exploration, includ-

ing the development of multifunctional food packaging films with

both antibacterial and antioxidant properties or targeted nano-

formulations for tumor-specific delivery of anti-cancer EOs, thereby

expanding their application scope.
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