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[ABSTRACT] Essential oils (EOs) are natural, volatile substances derived from aromatic plants. They exhibit multiple pharmacolo-
gical effects, including antibacterial, anticancer, anti-inflammatory, and antioxidant properties, with broad application prospects in
health care, food, and agriculture. However, the instability of volatile components, which are susceptible to deterioration under light,
heat, and oxygen exposure, as well as limited water solubility, have significantly impeded the development and application of EOs.
Porous nanoclays are natural clay minerals with a layered structure. They possess unique structural characteristics such as large pore
size, regular distribution, and tunable particle size, which are extensively utilized in drug delivery, adsorption separation, reaction cata-
lysis, and other fields. Natural-derived porous nanoclays have garnered considerable attention for the encapsulation and delivery of
EOs. This review comprehensively summarizes the structure, types, and properties of natural-derived porous nanoclays, focusing on
the structural characteristics of porous nanoclays such as montmorillonite, palygorskite, halloysite, kaolinite, vermiculite, and natural
zeolite. It also examines research advances in their delivery of EOs and explores engineering strategies to enhance the delivery of EOs
by natural-derived porous nanoclays. Finally, various applications of natural-derived porous nanoclays for EOs in antibacterial, food
preservation, repellent, and insecticide aspects are presented, providing a reference for the development and application of EOs.
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Introduction ives (including alcohols, esters, aldehydes, ketones, phenols,

. . and ethers) ™. EOs exhibit multiple pharmacological proper-
EOs are naturally occurring secondary metabolites de- .. ) . . . p P € .p P
ived f . Hs of tic plants. Th latil ties, including antibacterial, anti-inflammatory, anti-tumor,
rived from various parts of aromatic plants. These volatile . . . :
P P [ 2] antioxidant, and anthelmintic activities """, The FDA has

tural d: 1 ferred t latile oil
flatura’ compounds ate aiso referred o as votatiie or's long classified EOs as GRAS (Generally Recognized as Safe)

EOs consist of an oily mixture with a complex chemical com-
position, primarily comprising volatile components such as
hydrocarbons (including monoterpenes, sesquiterpenes, diter-
penes, and phenylpropanoids) and oxygen-containing derivat-

[Received on] 12-Jul.-2024

[Research funding] This work was supported by the National Natur-
al Science Foundation of China (Nos. 82474087, 82274108), the
Young Qihuang Scholar Program of Traditional Chinese Medicine of
the State (No. 2022256), Jiangxi University of Chinese Medicine Sci-
ence and Technology Innovation Team Development Program (No.
CXTD22006), and Jiangxi Province 2023 Graduate Innovation Spe-
cial Fund Project (No. YC2023-S793).

[ Corresponding author] E-mail: pengfeiyue@jxutcm.edu.cn

These authors have no conflict of interest to declare.

substances 'Y, and they have played a crucial role in medi-

cine, cosmetics, food, and agriculture [s-191

Nonetheless, EOs possess certain limitations that hinder
their development and application, including pronounced hy-
drophobicity, volatility, chemical instability, and intense
odor " * These characteristics present significant chal-
lenges in the field of essential oil delivery. Currently, numer-
ous studies report on the use of nanocarriers for EO delivery,
such as mesoporous silica nanoparticles (MSNs) >
organic frameworks (MOFs) * *! and polymer nano-
particles (PNPs) P% ). However, these nanocarriers face is-
sues related to mass-production reproducibility and inad-

equate biocompatibility. Consequently, the search for suit-

, metal-
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able delivery carrier materials to address the instability of
EOs remains an active area of research.

Natural-derived porous nanoclays are clay minerals with
mesoporous structures occurring in nature, hailed as the ma-
terials of the “greening twenty-first-century material world”.

These nanoscale layered silicates

are chemically com-
posed of Si, O, Al, and Mg elements. The fundamental struc-
tural units of nanoclays are silicon-oxygen tetrahedrons and
aluminum (magnesium)-oxygen octahedrons, which form tet-
rahedral sheets (T sheets) and octahedral sheets (O sheets),
respectively. These sheets are connected vertically by hydro-
gen bonds, creating the basic layered structure of nanocl-
ays 7. Based on the stacking arrangements of T and O
sheets, nanoclays are primarily categorized into 1 : 1 (TO)
type and 2 : 1 (TOT) type clay °”. Natural-derived porous
nanoclays exhibit diverse morphologies, including nanorods,
tubes, fibers, and sheets P'.
provides an inherent structural foundation for drug delivery.

Moreover, these nanoclays possess high porosity, large spe-

This unique nanostructure

cific surface area, chemical and mechanical stability, and a
distinct structure with varied morphologies. They find wide-
spread applications in medical care, catalysts, agriculture, and
other fields "***. With excellent cation exchange capacity
and adsorption properties, natural-derived porous nanoclays
can adsorb EOs through hydrogen bond adsorption ), elec-
trostatic action B, hydrophobic interaction 57 and other ad-
sorption methods, thereby enhancing their stability. This ap-
proach offers a novel strategy to address the issue of insuffi-
cient stability in EOs.

Natural-derived porous materials, particularly nanoclays,
have garnered significant attention in the medical field ©* "),
A comprehensive review is essential to fully comprehend the
considerable potential of nanoclays in the encapsulation and
delivery of EOs. As illustrated in Fig. 1, this review thor-
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Fig. 1 Schematic diagram of natural-derived porous nano-
clays as nanocarriers for EOs and the pharmacological activ-
ities of EOs.

®

oughly examines several representative natural-derived por-
ous nanoclays, including montmorillonite (MMT), kaolinite
(Kaol), halloysite (HS), palygorskite (Pal), vermiculite
(VML), and natural zeolite (NZ), while summarizing recent
research advancements in EOs delivery. Furthermore, this re-
view briefly discusses engineering strategies to enhance EOs
delivery using natural-derived porous nanoclays. Lastly, the
review concisely presents applications of these nanoclays in
EOs delivery for antibacterial purposes, food preservation, re-
pellents, and insecticides.

Overview of Natural-derived Porous Nanoclays

Natural-derived porous nanoclays are layered silicate
materials with a nanoscale pore structure. These materials,
which exist in various forms, possess unique structural and
functional properties that facilitate their widespread applica-

tion. They are utilized in diverse fields, including catalysts *”),

adsorbents ! w2

, and drug carriers
Structure of natural-derived porous nanoclays

The fundamental composition of porous clay materials
comprises natural clay minerals. These minerals are charac-
terized as layered silicates ', with a structure consisting of
two primary structural units: silicon-oxygen tetrahedra and
aluminum-oxygen or magnesium-oxygen octahedra. The sil-
icon-oxygen tetrahedron has Si*" at its center, with O at the
four vertices. Multiple silicon-oxygen tetrahedra intercon-
nect at their vertices to form a tetrahedral sheet with a net-
work or chain structure, referred to as the T sheet. The octa-
hedron’s center contains AI’* or Mg™, with the remaining
eight vertices occupied by 0> or OH ™. Octahedra are clas-
sified as dioctahedral or trioctahedral based on their central
cations. When the octahedral center contains trivalent ions
such as Al* or Fe’', it is termed dioctahedral, whereas bi-
valent ions like Mg®* or Fe** result in trioctahedral structures.
Multiple octahedra arranged equidistantly form a layered
structure known as the O sheet. The structural unit layer of
clay minerals, also called the crystal layer, is formed when
oxygen atoms from the T layer and hydroxyl groups from the
O layer connect via hydrogen bonds . This crystal layer
represents the fundamental layered structure of clay minerals.

Clay minerals exhibit diverse stacking modes of T and
O layers in their structural units “*. These are primarily cat-
egorized into two types: (D1 : 1 (TO), which includes Kaol,
HS, and pyrophyllite “>*, and @2 : 1 (TOT), encompassing
common clay minerals such as MMT, Sep, and Pal '
Typically, 1 : 1 and 2 : 1 structures maintain electrical neut-
rality, with T and O layers interconnected by van der Waals
forces. However, the substitution of central atoms in T and O
layers by lower valence cations can impact the TOT structure,
particularly when trivalent cations in O layers are replaced by
divalent ones. The resulting negative charges require com-
pensation by cations in the interlayer domain ™. This inter-
layer domain, a highly variable and expandable region
between upper and lower structural unit layers, is generally
occupied by H' and various alkaline cations (Na", K, Mg™",
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and Ca™). The characteristics of the interlayer domain signi-
ficantly influence the physical and chemical properties of
clay minerals, including their adsorption capacity, expansibil-
ity, and cation exchange capacity.

Types of natural-derived porous nanoclays

Currently, approximately 30 types of clay materials exist,
each with distinct mineralogical compositions, structural
morphologies, and physicochemical properties ™. Clay ma-
terials are categorized based on the stacking arrangement of
their structural units into two primary types: 1 : 1 (TO) and
2 : 1 (TOT). Further classification is based on variations in
the clay material interlayer and the negative charge X per unit
cell (Table 1).

1 : 1 (TO) clay minerals, including Kaol, HS, lizardite,
and chrysotile, lack interlayers or contain only H,O, with X =
0. These clays exhibit stable physical and chemical proper-
ties, high molecular stability, and limited or non-existent iso-
morphic substitution ®*. In 2 : 1 (TOT) clays, talc, willem-
seite, and pyrophyllite lack intercalation, while Sep and
palygorskite contain only H,O. The negative charge X per
unit cell for these clays is 0. Smectite and VML, both con-
taining hydrated cations, demonstrate good expansion proper-
ties. Smectite, including MMT, beidellite, and saponite, has
an X range of 0.2 to 0.6, while VML’s X ranges from 0.6 to
0.9, categorized as trioctahedral or dioctahedral. Non-expans-
ive clays with non-hydrated cationic interlayers are classified
as micas. When X ranges from 0.5 to 1.0, illite, glauconite,
muscovite, and paragonite are considered mica clays. Chlor-
ite clays have hydroxide interlayers with an uncertain X
range and include varieties such as chlorite, clinochlore, and
donbassite .

Natural-derived Porous Nanoclays as Nanocarri-
ers of EOs

MMT

MMT is a clay material belonging to the smectite sub-
group. Its general formula is (Ca, Na)g33(Al, Mg),(Si404¢)
(OH), nH,0 ", MMT is a member of the highly expansive
three-layer (TOT) layered silicate family, with particle sizes

Table 1 Main types of porous clay materials.

ranging from 1-2 pm, classifying it as a typical 2 : 1 layered
clay ®". The fundamental structure of MMT comprises an
aluminum oxide dioctahedral layer sandwiched between two
silicon oxide tetrahedron layers. These structural unit layers
are held together by van der Waals forces, with an interlayer
spacing of 1.2-1.6 nm. Si*"in the T layer and A’ in the O
layer are susceptible to replacement by lower-valent cations,
resulting in a permanent negative charge in the MMT inter-
layer. Post isomorphic substitution, the negative charge per
unit cell of the interlayer ranges between 0.2 and 0.6 ©* >,
These structural characteristics endow MMT with advantage-
ous properties, such as excellent cation exchange capacity,
high expansibility, large specific surface area, and ease of
surface structure modification “”. These attributes form the
basis for the production of various MMT derivative materials
and create favorable conditions for the adsorption of EOs.
However, unmodified MMT nanoclays still present limita-
tions in EO delivery, including suboptimal loading efficiency,
inadequate control over release kinetics, and potential ad-
verse effects on the pharmacological activity of the en-
trapped compounds .

MMT clay materials, modified from MMT clay minerals,
have been widely used to enhance the stability of EOs. Kamal

et al. "

investigated the adsorption-release dynamics of
thyme oil, thymol, and carvacrol (CRV) on sodium MMT
(Na'-Mt) and simulated the adsorption mechanism of thymol
on Na'™-Mt. All three components demonstrated effective ad-
sorption onto Na'-Mt. Simulation results indicated that the
—OH group of thymol forms intermolecular hydrogen bonds
with the —OH on the Na'-Mt surface, facilitating thymol ad-
sorption on the outer surface of Na'-Mt. Gas chromato-
graphy detection revealed that active ingredients of thyme EO
were still detectable after 24 days of release. The study
demonstrated that Na'-Mt adsorption played a significant role
in controlling the release process and mitigating environ-
mental effects on thyme oil and its volatile components. In
addition to metal ion modifications, cationic surfactants with
long carbon chain structures are commonly employed as
MMT modifiers. Jn ef al. ™ proposed an interaction scheme

Layer stacking Interlayer X Clay mineral group Clay mineral name
Kaolin Kaol, HS, Dickite
1:1 None or only H,O 0
Serpentine Chrysotile, Lizardite, Antigorite
Talc Talc, Willemseite
None 0
Pyrophyllite Pyrophyllite, Ferripyrophyllite
Se; Se
Only H,0 0 P P
20 Paligorskite Paligorskite
’ 0.2-0.6 Smectite MMT, Beidellite, Saponite
Hidrated cations
0.6-0.9 VML Dioctahedral VML, Trioctahedral VML
Non-hydrated cations 0.5-1.0 Mica Ilite, Moscovite, Glauconite, Biotite, Paragonite
Hydroxide Variable Chlorite Clinochlore, Donbassite, Sudoite, Cookeite

®
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between volatile oils and modified MMT and porous HNT
clay (Table 2). A multilayer thin film reservoir of clay/volat-
ile oils composite was prepared using octadecyl-modified
MMT nanoclays to adsorb orange and thyme oils. Results in-
dicated that volatile oils increased the interlayer spacing of
MMT by approximately 10%, with MMT clay exhibiting a
more pronounced increase. MMT demonstrated higher ad-
sorption rates and better interaction with thyme oil compared
to orange oil; MMT/thyme oil embedded in multilayer film
with a thinner polyamide (PA-6) layer showed maximum
cymene release of 800 pg after 72 hours. This film material
offers potential as a controlled-release system for EOs, with
applications in pest management and food packaging indus-
tries. Furthermore, modifying MMT with cationic surfactants
can alter the clay’s crystal structure and enhance its adsorp-
tion capacity. Nguemtchouin ef al. ‘! utilized MMT clay ma-
terials, both in their native state and after modification with
hexadecyltrimethylammonium CTMA, to adsorb Ocimum
gratissimum EO. These treated clay materials were sub-
sequently employed in insecticidal assays against Sitophilus
zeamais, a maize pest. Experimental findings revealed that
unmodified composite clay materials exhibited minimal in-
secticidal potency, losing all activity after 30 days. Con-
versely, modified MMT composite clay materials retained ap-
proximately 40% of their initial insecticidal effectiveness
after 30 days, demonstrating enhanced capacity to induce in-
sect mortality and sustained insecticidal performance. This
improvement was attributed to CTMA-modified MMT ad-
sorbing more insecticidal active ingredients. In conclusion,
montmorillonite modification presents an effective method
for improving EO stabilization and expanding the application
range of MMT.
Kaol

Kaol is a layered silicate mineral witha 1 : 1 TO struc-
ture, belonging to the Kaol family of clay minerals. Its gener-
al formula is AL,Si,O5(OH), ™. As one of the most abundant
clay minerals on Earth, Kaol finds extensive applications in
medicine, food additives, chemical fertilizers, cosmetics, and
other industries > *. The fundamental structural unit of Ka-
ol comprises a silicon-oxygen tetrahedral layer bonded to an
aluminum-oxygen dioctahedral layer. The siloxane base of
this unit exhibits a partial negative charge, while the alumin-
um alcohol base carries a partial positive charge. Driven by
dipole properties, the siloxane surface forms a dense network
of interlayer hydrogen bonds and strong dipole interactions
with the aluminum alcohol surface, resulting in a book-like
structure with particle sizes ranging from 200 nm to 1 pm.
This compact structure imparts stable physical and chemical
properties to Kaol . The basic layers of Kaol are tightly
bound by hydrogen bonds, with no interlayer or only H,O
present. The negative charge per unit cell (X) is 0, contribut-
ing to high molecular stability. Isomorphic substitution is
limited or non-existent, resulting in a low cation exchange ca-
pacity of only 1-6 meq-100g™" for Kaol ®* ™. Despite these

®

characteristics, Kaol presents several challenges, including
limited dispersibility, lack of selectivity in drug loading, and
larger particle size """, However, these limitations can be sub-
stantially mitigated through surface modification and func-
tionalization techniques, thereby enhancing Kaol’s potential
application in EO delivery systems "> 7,

Kaol exhibits exceptional physical, chemical, and sur-
face properties. Due to the interaction between its surface and
organic matter, Kaol and its modified derivatives serve as ef-
fective carriers for EOs ", Mahdi ez al. U utilized Kaol as a
mineral carrier, incorporating LEO into Kaol via vacuum
pulling method, and subsequently added the Kaol-LEO com-
plex into LDPE through melt compounding to produce active
composite films. The study examined the thermal stability,
antibacterial properties, and limonene release of the LDPE
composite membrane. Thermogravimetric analysis (TGA)
results indicated that the LEO content remained consistent at
20%—25% during the processes of LEO loading and melt film
formation. The use of Kaol as a carrier and the film prepara-
tion method significantly enhanced the thermal stability of
LEO and slowed the release of limonene. The antibacterial
properties of the LEO-containing film against Escherichia
coli were investigated. The findings demonstrate that the nov-
el active composite exhibits significant antibacterial activity,
suggesting considerable potential for active packaging applic-
ations. Costa et al. V" developed poly(hydroxybutyrate-hy-
droxyvalerate) (PHBV) nanocomposite films through a melt-
ing process, combining Kaol, OEO as an antibacterial agent,
and PHBV. The release study revealed that the PHBV/
Kaol/OEO film’s release profile initially showed rapid re-
lease of surface-bound OEO, followed by sustained release in
the intermediate and later stages. During a 48-hour release
experiment, the PHBV/Kaol/OEO film released 20.8% =+
2.7% of OEO. This biphasic release pattern provides an ini-
tial burst of antimicrobial active ingredients, potentially redu-
cing pathogenic bacterial populations during food storage,
followed by sustained release of active compounds for pro-
longed inhibition of bacterial growth.

HS

HS, a member of the kaolin group alongside Kaol, is a
hydrated polytypic clay with the general formula
Al1,Si,05(OH), nH,0. It is characterized by a dioctahedral
1 : 1 TO structure, with its structural unit layer comprising a
silicon-oxygen tetrahedron layer and an aluminum-oxygen
dioctahedron layer. The interlayer of the structural unit con-
sists of water molecules, and each unit cell has a negative
charge X of 0. HS exhibits hollow tubular, spherical, and
lamellar morphologies, with halloysite nanotubes (HNTs) be-
ing the most prevalent structure in nature . HNTs possess a
unique porous hollow tubular structure, distinguishing them
from other clay materials. Their dimensions typically range
from 40—70 nm in external diameter, 10—40 nm in inner dia-
meter, and 0.2-2.0 um in tube length ™. The structure of
HNTs consists of an octahedral gibbsite sheet (AI-OH) on the
inner surface, a layer of siloxane sheets (Si-O-Si) on the out-
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er surface, and water in the middle layer interacting with the
inner surface group Al-OH . Notably, HNTs exhibit differ-
ential charge characteristics over a wide pH range, with the
outer surface carrying a negative charge and the inner sur-

face a positive charge ™"

. The distinctive porous hollow
structure of HNTs enhances their adsorption properties, al-
lowing for the encapsulation of active ingredients within the
nanotube cavity and reducing their release rate > *'. HNTs
offer advantages such as a unique tubular structure, low cyto-
toxicity, and the potential for functionalization of both intern-
al and external surfaces ™. Consequently, HNTs find wide-
spread application in drug loading and sustained release,
nanocomposites, environmental pollution control, and food
industries. However, it is important to note that the strong ad-
sorption capacity of HNTs poses challenges in precisely con-
trolling release rates. Additionally, the in vivo behavior of
HNTs remains to be fully elucidated, and their biodegrada-
tion is known to be problematic .

Numerous studies have demonstrated the efficacy of
HNTs as carriers for traditional Chinese medicine EOs, en-
hancing their thermal stability, prolonging their action time,
and achieving controlled release > **. Oliveira er al. ™
modified Hal and Kaol with OEO using a method for modify-
ing nanoclay particles with EOs. OEO was adsorbed on the
outer surface and inner cavity of the clay. At a clay : EO ra-
tio of 10 : 1, Hal : 10-OEO exhibited the highest oil loading
rate (45%), surpassing that of Kaol (43%). Evaporation assay
results at 25 °C revealed that pure OEO evaporated signific-
antly faster than the nanocomposite formulation. The pore
structure and hydrogen bonding of Hal and Kaol facilitated
the slow release of OEO. Hal : 10-OEO demonstrated lower
OEO evaporation compared to Kaol : 10-OEO, indicating su-
perior OEO retention by Hal. This was attributed to Hal’s lar-
ger inner cavity and specific surface area, allowing for in-
creased OEO-Hal surface interactions and reduced OEO
volatility. Wang et al. ™' developed a sustained release sys-
tem based on HNTs by loading cinnamaldehyde (Cin) into
acid-activated HNT (Hal-4M) using a vacuum method. They
investigated the release characteristics of Cin and Cin-Hal-
4M in distilled water. Results showed that pure Cin exhibited
burst release, with a 95% cumulative release rate within 3
days. Cin-Hal-4M demonstrated initial burst release on day 1,
followed by a slow release process from day 2—10, with a
Fickian diffusion release mechanism. Field tests on stone
statues using this sustained release system showed a 79% de-
crease in ATP levels (a sensitive indicator of microbial pres-
ence) in the Cin-Hal-4M treatment area after one year, con-

%6 selected carvanol

firming its effectiveness. Zheng et al.
(CA) as an antimicrobial agent and loaded it into acid-treated
HNTSs via vacuum suction. Release studies at various temper-
atures revealed that the cumulative release rate of CA from
CA-HNTs was significantly lower than that of pure CA with-
in 25 days. After 25 days of storage at 40 °C, the cumulative
release rate of CA from CA-HNTs decreased markedly to

33.4%, compared to 38.4% for pure CA. These results

®

demonstrate the potential for sustained release of CA through
CA-HNT interactions.
Pal

Pal, also known as attapulgite (APT), with the chemical
formula (Mg, Al),Si4O;¢o(OH)-4H,0, is a one-dimensional
nano-sized hydrated magnesium aluminosilicate clay mineral
with a 2 : 1 TOT structure, exhibiting a nanorod-like crystal
form, uniform nano-pore size, and active surface silanol
groups °" ¥ The structural unit layer of Pal is chain-like,
containing interlayer water molecules, with a cation ex-
change capacity (CEC) between 30-40 meq-100g™'. Each
structural unit sheet comprises two opposing T sheets connec-
ted to each other, with O sheets stacked between them,
resulting in a unique crystal structure featuring zeolite chan-
nels (0.37 x 0.64 nm®) and active silanol groups ©*°'. Its dis-
tinctive crystal structure, fibrous morphology, and nanometer
size imbue Pal with high porosity, large specific surface area,
and numerous active sites for molecular interactions . Con-
sequently, Pal finds widespread application in drug delivery
systems, wastewater treatment, modern agriculture, and con-
struction materials >,

The regular pores and silane alcohol active groups on
palygorskite clay’s surface provide conditions for PAL to in-
teract with EOs and enhance its stability. Zhong et al. ¥
ized APT as a carrier to successfully prepare a composite

util-

nano-antibacterial material. This was achieved by mechanic-
ally grinding CAR molecules to replace zeolite water mo-
lecules in the APT pores, subsequently loading them inside.
This illustrates that the potential interaction mechanism
between APT and CAR/APT-30 was prepared with 30 wt%
CRV content and 30 min grinding time. The antimicrobial
properties of CAR/APT-30 against Staphylococcus aureus
and Escherichia coli were investigated. The MIC of CAR/
APT-30 against both bacteria was 2 mg-mL™', demonstrating
strong antibacterial performance. Lei et al. ®® developed a
novel antibacterial composite clay material (GEO-PGS) with
good stability by loading GEO into PGS via ion exchange,
using PGS as the drug carrier. TG results confirmed the inter-
action between GEO and PGS, indicating successful adsorp-
tion of GEO on the PGS surface. The oil loading rate of GEO
in the composite clay material was approximately 18.66%.
The in vitro antibacterial test of GEO-PGS revealed poor an-
tibacterial activity of PGS alone. However, due to PGS’s bac-
terial adsorption ability, GEO-PGS adsorbed onto the bacteri-
al surface, allowing GEO to fully contact bacteria and exert a
significant antibacterial effect. The MIC of GEO against Sta-
phylococcus aureus was 6.25 mg-mL™". After calcination at
121 and 200 °C, the MIC value of GEO-PGS remained at
6.25 mg-mL"", indicating good thermal stability and persist-
ent strong antibacterial activity. In conclusion, while Pal
demonstrates potential in EOs delivery systems, its fibrous
structure’s intrinsic shape limits the actual drug loading
space, consequently restricting Pal’s drug loading capacity.
Furthermore, Pal exhibits poor dispersion and biocompat-
ibility "%,
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VML

VML is a two-dimensional layered silicate belonging to
the hydromica family, with a theoretical formula of (Mg, Fe,
Al)g(Si, Al),0,0(OH),4H,0 and a basic structure of 2 : 1
TOT ™" ' Similar to MMT, VML is a highly expansive
clay material with an interlayer spacing of approximately 1.4
nm. Its interlayer domain contains numerous hydrated
cations, predominantly Mg” '), The negative charge X per
unit cell of VML ranges from 0.6 to 0.9. During homogen-
eous substitution, Si*" in the silicon-oxygen tetrahedron is re-
placed by AI’*, while Mg®* in the magnesia octahedron is
substituted by lower valence ions such as Li’, resulting in a
permanent negative charge in the interlayer domain. These
negative charges are neutralized by metal cations between
1ayers [102, 104
VML exhibits strong adsorption capacity, excellent expansib-
ility, good biocompatibility, and high cation exchange capa-
1951961 " Consequently, it finds widespread applications in
sewage treatment, adsorption separation, drug delivery, and
other fields """

Two-dimensional layered VML is a nanoclays material
with significant potential for delivering EOs. It exhibits ex-
cellent adsorption properties, a large specific surface area,
and a rich porous structure "', Li et al. ™ incorporated
LEO into porous layered VML and combined it with KGM-g-
PAA/PVA composites to develop composite antibacterial wa-

1. As a commonly utilized nanoclay material,

city

ter absorption pads. Their research revealed that the VML
dosage substantially impacted the release of LEO in the com-
posite antibacterial absorbent pad. PVA composites to pre-
pare composite antibacterial water absorption pads. Li ef al.
found that the dosage of VML significantly influenced the re-
lease of LEO in the composite antibacterial absorbent pad.
depicts the release curve of LEO at VML dosages of 0, 0.5, 1,
and 1.5. The cumulative release rate of LEO in the antibac-
terial absorbent pad without VML rapidly increased to 78%
(50 h), indicating an inability to achieve sustained LEO re-
lease. Conversely, at a VML dosage of 1.5 g, the cumulative
LEO release rate over 76 h decreased to 48.6%, attributed to
excessive VML reducing the interlayer gap and increasing
LEO’s migration resistance. These findings suggest that
VML could effectively regulate LEO release, mitigate its vo-
latilization, and preserve its active components. Kothalawala
et al. " employed a simple mechanical mixing method to
incorporate OEO into the pores of SMV particles. TGA indic-
ated an OEO loading efficiency of 5.27%. presents the re-
lease curves of free OEO, SMV, and SMV loaded with OEO
at a constant temperature of 60 °C for 14 hours. The weight
loss percentages for SMV and SMV loaded with OEO were
3.61% and 5.79%, respectively, while free OEO completely
dissipated after 11 h. Based on the weight loss, it was calcu-
lated that 45.31% of OEO loaded in SMV was released at a
constant temperature of 60 °C over 14 h. These results
demonstrate that SMV enhanced the thermal stability of OEO
and facilitated controlled release under constant temperature
conditions. While utilizing VML as a carrier for EOs offers

certain advantages, it also presents challenges, including irre-
versible adsorption, potential loss of EO components, and in-
consistent particle size distribution "%,

NZs

NZs are hydrated crystalline aluminosilicates with a mo-
lecular formula of M;,[(AlO,),(SiO,),]'-nH,0 "> "' These
crystalline inorganic polymers consist of TO, tetrahedrons
(T: Al or Si) "> "7 The fundamental framework of NZs
is characterized by a three-dimensional honeycomb structure,
formed by SiO4and AlO, tetrahedrons interconnected via
oxygen atoms, extending infinitely "' This structure creates
channels within the zeolite, which contain water, alkali
metals, and alkaline earth metal cations (such as Ca™, Na',
K" " When Si* in the SiO, tetrahedron is replaced by
AP, the resulting AlO, tetrahedron becomes negatively
charged. To maintain overall neutrality, this charge is bal-
anced by cations external to the NZ framework "*”. These
fundamental tetrahedrons are termed primary building units
(PBUs), forming the basis of the NZs framework. The geo-
metric arrangement of PBUs is referred to as secondary
building units (SBUs) """, The diverse types of zeolite struc-
tures are determined by the various ways in which SBUs con-
nect to form polyhedrons. There are seven groups of SBUs
and approximately 40 NZs, with clinoptilolite, chabazite,
mordenite, erionite, ferromagnetite, analcime, and philli-
psite being the most commonly utilized ',

NZs possess a porous structure, high cation exchange ca-
pacity, significant adsorption capacity, and good biocompat-
ibility, making them promising carrier materials in drug de-
livery applications !> **!. Perera er al"* developed a bio-
composite material by loading RGEO into the pores of ZEO.
The illustrates the FTIR spectra of RGEO, ZEO, and RGEO-
ZEO bio-composites. The spectrum of the RGEO-ZEO
biocomposite material exhibited an additional band of EO or-
ganic compounds at 0 days, confirming the successful incor-
poration of RGEO into ZEO. Over time, the relative intensity
of RGEQO’s characteristic peaks gradually decreased after 15,
30, 60, and 90 days, indicating a sustained release of RGEO
from ZEO pores over 90 days, thus addressing the volatility
limitation of EOs. Migone et al."** adsorbed OEO onto ZEO
and mixed it with hydroxypropyl methylcellulose (HPMC) to
prepare granules, which were subsequently compressed and
coated with Eudragit® EPO to produce a controlled-release
tablet. This tablet effectively solidified the volatile oil and en-
hanced its stability against degradation and volatilization.
Miliéevi¢ et al. ™" developed an eco-friendly biological
pesticide using zeolite clay materials. They encapsulated
clove EO (CEO) into an emulsion (F-CNZ) using NZ (ZEO-
MEDIC). When insects were exposed to F-CNZ at 40 pL-L™
concentration, the mortality rate decreased from 100% in 24
hours to 50% after 4 days. Compared to pure CEO’s 24-hour
efficacy, F-CNZ demonstrated a continuous insecticidal ef-
fect for up to 10 days, showcasing improved and prolonged
CEO efficacy. While NZs serve as effective porous nanocar-
riers for EO encapsulation, they have limitations, including
restricted adsorption selectivity and capacity and susceptibil-
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ity to acid and alkali """,
Engineering Strategies for Improving the Deliv-
ery of EOs by Natural-derived Porous nanoclays

As volatile hydrophobic natural compounds, EOs are in-
soluble in water and easily volatilized and degraded by envir-
onmental factors such as light, heat, and oxygen. This sus-
ceptibility hinders the efficacy of EOs’ active ingredients and
leads to significant loss "**'**. To address the limitations
posed by the strong hydrophobicity of EOs and enhance their
stability, natural-derived porous nanoclays show consider-
able promise as carrier materials. These nanoclays offer ad-
vantages, including abundant availability, low cost, excellent
ion exchange performance, and unique surface structural
143139 However, natural-derived porous nano-
clays also present certain drawbacks, such as low purity, lim-

characteristics

ited porosity, and strong hydrophilicity '*”". Consequently, to
enhance the encapsulation and delivery capabilities of natural-
derived porous nanoclays for EOs, it is crucial to modify their
surface, control their particle size, and/or activate them.
Surface modification

Natural-derived porous nanoclays possess high specific
surface area, surface reactivity, and excellent ion exchange
capacity. Their surface properties, including hydrophilicity,
acidity, and surface charge, can be altered through surface
modification. Functionalization of clay material surfaces with
specific groups enhances the adsorption and release of
EOs [**> ¥ Common modifiers currently in use include cati-
onic surfactants (hexadecyltrimethylammonium bromide ",
benzyldimethylhexadecylammonium chloride "), polym-
ers (polyaniline ™Y, chitosan [CH] "*, polydopamine
[PDA] "1 polylactic acid [PLA] ) and metal compounds

¥ vanadium "M, Polymer surface

(copper "* sodium ™*
modification is considered one of the most effective methods,
attributed to the rich functional groups of polymers that can
functionalize nanoclay surfaces in various ways ""**). The two
primary methods for polymer modification of natural-de-
rived porous nanoclay surfaces are physical adsorption and
chemical grafting of functional polymers ",

Proenga et al. """ initially combined MMT (clay), gly-
cerol (G), and tea tree (TT) EO to prepare various samples
via ultrasonication. Subsequently, they adsorbed PLA onto
the MMT surface through melt intercalation, producing poly-
mer-clay bionanocomposite films suitable for wound dress-
ings using ultrasonic samples. The TGA results indicated that
the mass loss of TT EO’s volatile components occurred
between 35 and 120 °C, with two maximum weight loss rates
at 77.2 °C and 105.79 °C, respectively. The TGA results for
the nanocomposite samples containing only TT EO (PLA/
Clay/10TT and PLA/Clay/20TT) revealed maximum mass
loss stages at 356.51 °C and 376.76 °C. These findings sug-
gest that the modification of MMT by PLA provides barrier
protection, thereby enhancing the thermal stability of TT EO.

In addition to providing protection for EOs, polymer
modification can also functionally alter the surface of nano-

®

clays to achieve intelligent controlled release of EOs. Tas et
al. ™ developed an environmentally friendly, sunlight-
triggered intelligent controlled release system (HNT-PDA/
CRV-LA) utilizing HNT, PDA, LA, and CRV. The surface
functionalization of HNT with PDA and LA relies on sun-
light irradiation to provide heat for the photothermal material
PDA, triggering the melting of the thermosensitive material
LA and subsequently releasing crv. The evaporation en-
thalpy of CRV in the nanohybrid at each time point was
tracked by DSC analysis to obtain the cumulative release
curve of CRV in the absence and presence of sunlight. With-
in 60 days without sunlight irradiation, both HNT-PDA/crv-
LA and HNT/crv-LA nanohybrids released only 40%—50%
of CRV. During five cycles of sunlight irradiation, the re-
lease curve of HNT-PDA/crv-LA demonstrated the con-
trolled release behavior of crv, with 92% of CRV molecules
cumulatively released within 100 h. These results indicate
that the surface modification of HNT by PDA and LA suc-
cessfully achieved the intelligent controlled release of EOs.
Particle size control

Naturally occurring clay minerals typically possess large
particle structures that require reduction to nanoscale dimen-
sions to fully exploit the benefits of nanomaterials. However,
these nano-sized clay units tend to aggregate, forming bulk
clusters and crystal bundles. Mechanical processing can ef-
fectively disperse these large aggregates into smaller units,
resulting in increased specific surface area, abundant surface
groups, and enhanced interfacial compatibility '**. While tra-
ditional mechanical treatments such as ball milling or grind-
ing are common, ultrasonic dispersion has emerged as a nov-
el and effective technique for particle size reduction and con-
trol.

Upasani et al.!'"”
duce palygorskite particle size. They utilized the response

employed ultrasonic dispersion to re-

surface method to determine optimal ultrasonic conditions:
45-minute treatment time, 110 W power, 90% duty cycle, and
0.06 g'mL™" clay loading. These conditions reduced palygor-
skite particle size to 1/16 of its initial value, significantly de-
creasing clay material particle size without compromising the

159 utilized industrial ultra-

clay crystal structure. Xu et al.
sonic technology to depolymerize dioctahedral PAL crystal
bundles. After the acid activation of palygorskite (PPal), they
compared the stability of PE prepared with PPal particles un-
der various depolymerization conditions and original palygor-
skite (RPal) as stabilizer, using CAR as the oil phase. Differ-
ent Pal particles were dispersed in sodium alginate (SA) solu-
tion to prepare 0.5 wt% SA aqueous solution, and 10.0 wt%
CAR was added to create PEs. PE stability was evaluated by
measuring PE volume after 270 days. The RPal/CAR emul-
sion exhibited severe stratification, with an emulsion volume
of only about 12.6 mL, while the emulsion volumes of PPal-
30-12/CAR and PPal-50/70-8/CAR after depolymerization
remained almost unchanged at 49.5 mL. After 270 days of
storage, the PPal-30-12/CAR and PPal-50/70-8/CAR emul-
sions maintained high stability. This stability is attributed to
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the extensive specific surface area and diffusion coefficient of
the highly dispersed Pal nanorods, enabling quicker and
firmer adsorption at the oil-water interface and lowering in-
terfacial tension, resulting in tight encapsulation of CAR
droplets "
smaller particle sizes post-depolymerization offer advantages

. These findings suggest that nanoclays with

in transporting EOs.
Activation treatment

Clay activation encompasses the physical and/or chemic-
al modification of natural-derived clay materials to optimize
their performance. In numerous applications of natural-de-
rived porous nanoclays, various activation treatments are es-
sential "%, Prevalent activation methods include acid ¥, al-
kali ™%, thermal, or mechanical "> treatments, applied indi-
vidually or in combination.

Traditionally, natural-derived porous clay undergoes
gentle treatment with inorganic acid solutions, such as hydro-
chloric acid, sulfuric acid, or phosphoric acid. At a specific
acid concentration, undesirable impurities like carbonates,
sulfates, or oxides in clay materials can be eliminated, and the
internal space of the crystal can be expanded, thereby enhan-
cing the specific surface area, pore size, and porosity ©'.
Zheng et al. ®* treated HNTs in a 10 wt% sulfuric acid solu-
tion and utilized them to load CRV. Transmission electron
microscopy results revealed that compared to the untreated
HNTs, shadows appear on the tube axis of the sulfuric acid-
treated HNTs. This may be attributed to sulfuric acid react-
ing with the aluminate inside the nanotubes and removing it,
thus widening the internal channels of the HNTs. According
to the thermogravimetric (TG) results, the loading efficiency
of CA on HNTs was 16%, significantly higher than previous
research findings. This improvement may be due to the en-
larged inner diameter of HNTs after acid activation, and the
presence of numerous tiny pores between the layers, which
facilitates the adsorption of a substantial amount of CA onto
the nanotubes. Boro et al. " employed a 5 mol-L™" sodium
hydroxide solution to alkaline activate HNT, obtaining
NHNT, and subsequently added a 1wt% NHNT solution to a
mixed solution of PLA and CEO, preparing PLA/CEO/
NHNT nanocomposites through solvent casting, presents a
schematic depiction of the molecular interactions during the
synthesis process. The specific surface area and total pore
size of HNT and NHNT were determined using the BET
technique. Following NaOH treatment, the internal structure
of HNT decomposed and collapsed, increasing the inner dia-
meter of the lumen, and the specific surface area of NHNT
increased from 50.16 m>g™ of HNT to 57.01 m’g . The
total pore volume increased from 0.25 to 0.32 m* gfl, attrib-
uted to the removal of AI’" leading to void formation, thereby
enhancing the total pore volume of NHNT and improving the
adsorption capacity of CEO. TEM results demonstrated that
the inner diameter of NHNT exceeded that of HNT. The av-
erage inner diameter of NHNT increased to 27 nm, while the

®

wall thickness decreased to 11 nm. This change in inner dia-
meter also resulted in a 30% increase in the outer diameter of
NHNT.

The Application Advances of Natural-derived
Porous Nanoclays for the Delivery of EOs

Antibacterial agents

Bacterial infectious diseases have caused significant
mortality and continue to pose a substantial threat to global
human health "*”. The emergence of bacterial resistance has
rendered numerous antibiotics ineffective, complicating the

1581 EQOs demonstrate a

treatment of bacterial infections
broad spectrum of antibacterial activity without inducing bac-
terial resistance, making them a promising therapeutic option

1159160 " However.
. b

for combating bacterial infectious diseases
EOs exhibit limitations, such as high volatility, susceptibility
to degradation, poor water solubility, and instability when ex-
posed to light and heat > 1. Encapsulating EOs in natural-
derived porous nanoclays can enhance their stability while
providing sustained release and extending their efficacy dura-
tion " '*"), This approach represents an effective method to
harness the antimicrobial properties of EOs.

Zhang et al. '*"! developed a novel clay-based topical an-
tibacterial system (TSP) by incorporating tea tree oil (TTO)
and salicylic acid (SA) into the natural porous structure of
PAL. The antibacterial activity (MIC and MBC) of TSP,
TTO-Pal, and SA-Pal against E. coli, S. aureus, S. epidermid-
is, and P. acnes was evaluated. TSP-1 demonstrated the most
potent antibacterial activity against all four bacteria, with
MIC and MBC values ranging from 10 to 20 g-L™'. The
MBC: MIC ratios for TSP-1 against all four bacteria were be-
low 4, indicating a typical bactericidal mechanism. The anti-
bacterial mechanism of TSP-1, which involves disrupting the
cell membrane structure, leading to loss of transport function
and leakage of cellular contents, ultimately resulting in bac-
terial death. Pickering emulsification, a novel technology util-
izing micro/nano-scale solid particles as emulsifiers, has been
reported to employ nanoclays as stabilizers " '\, Hui et
al. "' prepared antibacterial Pickering emulsions using Sap-
indus mukorossi-modified palygorskite (Sm-Pal) particles as
emulsifiers and cinnamaldehyde as the oil phase . The anti-
bacterial efficacy of these emulsions was tested against E.
coli, S. aureus, and two drug-resistant bacteria (ESBL and
MRSA). At a concentration of 5 pL-mL”', the Pickering
emulsion achieved reduction rates (R) of 69.8%, 99.6%,
100%, and 99.8% for Escherichia coli, Staphylococcus aure-
us, ESBL, and MRSA, respectively, demonstrating excellent
antibacterial effects. Complete inhibition (R = 100%) of
all four bacteria was achieved at concentrations exceeding
10 pL-mL™". Moreover, the Pickering emulsification tech-
nique enhanced cinnamaldehyde's antibacterial efficacy by
increasing the contact probability between the active antibac-
terial ingredient and bacteria.

Food preservation
Food safety plays a crucial role in safeguarding human
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life and health in everyday existence. However, the preval-
ence of food-related illnesses is on the rise, necessitating the
development of safe and environmentally friendly food
packaging technologies to ensure food safety and public
health "* "I, EOs, containing various antibacterial and anti-
oxidant components, are natural food additives derived from
plants that have garnered significant attention in the realm of

197181 Incorporating EOs into safe, non-

food preservation
toxic, and biocompatible natural porous nanoclays to create
active food packaging can extend the release duration of EOs
active ingredients, thereby achieving long-term antibacterial
preservation .

CRYV, the principal active component in oregano EO, ex-
hibits potent inhibitory effects against various microorgan-
isms, including bacteria, yeasts, and molds 6% 170 Chak-
U encapsulated CR in a composite material
comprising HS, banana flour (BF), and glycerol, fabricating
BF/HS/CRV bio-composite films through solution casting.

The antibacterial efficacy of these films against Bacillus

raborty et al.

cereus and Escherichia coli was evaluated using inhibition
zone experiments. The results demonstrated that CR-loaded
films increased the inhibition zones against Bacillus cereus
and Escherichia coli by 70% and 137%, respectively, com-
pared to the maximum values observed without CRV, indic-
ating CRV’s strong antibacterial properties. When applied as
a coating on fresh capsicum fruit, the BF/HS/CRV biocom-
posite film reduced weight loss to 37.42% + 3.75% and in-
creased hardness to 7.47 £ 0.25 N after 12 days of storage,
compared to 50.96% + 2.40% and 5.04 + 0.92 N for un-
coated fruit. Uncoated capsicum fruit turned completely red
by the end of the storage period, while BF/HS/CR coated
samples exhibited less redness, demonstrating the biocom-
posite film’s ability to extend shelf life and preserve fresh-
ness. Chaudhary ef al. 17 initially blended CH and HNT to
create a CH/HNTs polymer matrix solution. Subsequently,
they encapsulated basil EO (BEO) in this matrix through
HNT adsorption and ultimately produced a CH/BEO/HNTs
nanocomposite film using solution casting. The nanocompos-
ite film containing 15wt% HNT exhibited the highest total
phenol content at 88.92 mg GAE g™, attributed to the appro-
priate quantity of HNT particles in the Ch film stabilizing the
BEO droplets. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) de-
termination tests also revealed that the nanocomposite film
with 15wt% HNT content demonstrated the highest DPPH
scavenging activity and strongest antioxidant properties. Fur-
thermore, the nanocomposite film was employed to store
broccoli to assess its potential in food packaging applications.
Broccoli packaged with the CH/BEO/HNTs nanocomposite
film experienced weight loss ranging from 41.07% to
34.34%, substantially lower than the 63.22% weight loss ob-
served in broccoli stored without any film. The morphologic-
al changes in broccoli, provide visual evidence of the weight
loss variations among broccoli samples packaged in different
nanocomposite films. These findings suggest that CH/BEO/
HNTSs nanocomposite films hold significant potential for ap-

®

plications in the food packaging industry.
Repellent and insecticide

The proliferation of pests during crop growth and grain
storage can result in significant economic losses, including
crop mortality and grain degradation '™ '™, While pesticides
can effectively control pests to some extent, their prolonged
use may lead to pest resistance, environmental contamination,
and potential human health risks "'”*. Consequently, there is a
need for a novel class of pesticides that can meet consumer
demands for efficient pest control and food safety. EOs, en-
vironmentally friendly natural volatile compounds extracted
from aromatic plants, have emerged as a promising solu-

179 Research indicates that EOs and their active com-

tion
ponents have been utilized as contact insecticides, insect re-
pellents, and fumigants, demonstrating robust insecticidal
properties. These properties position EOs as one of the most
promising alternatives to conventional insecticides currently
available in the market """ The incorporation of EOs into
natural-derived porous nanoclays facilitates the gradual re-
lease of active ingredients from the EOs, thereby providing a
sustained insecticidal effect.

1. " ytilized vacuum filtration to incorporate
cinnamaldehyde into purified MMT, creating a bio-nanocom-
posite (CEB) for pest control, employed as a fumigant. The
purified MMT’s grain size decreased from 6.65 nm to 4.04
nm, while its surface area increased from 33.77 to 77.69
m’g ', enhancing cinnamaldehyde adsorption capacity.
Three CEB concentrations (0.08, 0.04, and 0.02 mg-cm%)
were tested for repellent activity against C. chinensis adults.

Das et a

The higher the concentration of CEB and the longer the treat-
ment time, the stronger the repellent effect. After 6 hours of
fumigation treatment with a high concentration (0.08
mg-cm ) of CEB, the repellency rate of C. chinensis adults
reached 93.33%. This efficacy surpassed the 90% repellency
rate reported after a 12-h treatment period in relevant literat-
ure '”’). Shaltiel-Harpaz et al. "** developed an insecticidal
pesticide using Sepiolite (Sep) as a clay matrix, loaded with
Cinnamomum cassia EO (CCEO) and rosemary EO (ROEO).
CCEO and ROEO were combined with rapeseed oil to assess
phytotoxicity on leek seedlings and insecticidal activity
against thrips. The results indicated that CCEO had no toxic
effect on leek seedlings, while ROEO caused leaf damage
even after 50% dilution, rendering it unsuitable for individu-
al use. CCEO demonstrated significant insecticidal effects
only at concentrations exceeding 20%, whereas ROEO exhib-
ited potent insecticidal properties with just 1% addition, in-
dicating ROEQO’s notably strong lethal effect on thrips. Addi-
tionally, the study compared the efficacy of raw EOs and clay-
based EO composites against thrips. ROEO generally exhib-
ited superior insecticidal activity compared to CCEO. At a
CCEO concentration of 350 pL, the thrips mortality rate for
CCEO/Sep exceeded 60%, more than double the approxim-
ately 30% mortality rate of CCEO alone. Thus, incorporating
CCEO into Sep significantly enhanced its lethal impact on
thrips. No significant enhancement was observed after load-
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ing ROEO into Sep, possibly due to ROEO’s inherent strong
insecticidal activity. Interestingly, ROEO/Sep reduced the
damage of ROEO to leek and mitigated its phytotoxicity.
These research findings suggest that using natural-derived
porous nanoclays to deliver EOs offers an environmentally
friendly, efficient, and durable alternative to conventional in-
secticides.

Conclusions and Future Perspectives

EOs, as natural bioactive components, offer reduced side
effects and enhanced safety compared to synthetic drugs.
They demonstrate a broad range of pharmacological activit-
ies, including antibacterial, anti-inflammatory, antioxidant,
and anthelmintic properties, while also providing psychoso-
matic regulatory functions such as anxiety reduction.
However, their development and application are significantly
impeded by poor water solubility, volatile degradation, and
thermal instability. Consequently, encapsulation techniques
like microencapsulation and the formation of inclusion com-
plexes are frequently employed to protect EOs from volatil-
ity and degradation. Nevertheless, these encapsulation meth-
ods have specific requirements regarding molecular size and
physicochemical properties, limiting their widespread applic-
ation. In recent years, porous nanocarriers, a category of
nanoscale carrier materials with unique pore structures, have
attracted increasing attention. This growing interest is attrib-
uted to their rapid development, exceptional loading capacity,
and the ease with which they can be functionalized.

Natural-derived porous nanoclays serve as effective
nanocarriers for EOs due to their abundance, cost-effective-
ness, large specific surface area, high porosity, and excellent
ion exchange properties. The utilization of these nanoclays
for EOs delivery represents an innovative approach. This pa-
per reviews natural-derived porous nanoclays and recent ad-
vancements in their application for EOs delivery. Various en-
gineering strategies, including surface modification, particle
size control, and activation treatment, are discussed to en-
hance the efficacy of EOs delivery by these nanoclays. Addi-
tionally, the paper explores the applications of natural-de-
rived porous nanoclays in delivering EOs for antibacterial
purposes, insect repellency, and food preservation.

Natural-derived porous nanoclays have demonstrated
significant potential as delivery carriers for EOs in recent
years, with numerous advancements reported in the literature.
However, several challenges remain in utilizing these nano-
clays as EOs carriers. Firstly, the purity of naturally mined
clay minerals is often insufficient, particularly for applica-
tions in medicine and drug delivery, where nanoclay safety
and biocompatibility are crucial. Secondly, the hydrophilic
surface of nanoclays may partially hinder interactions
between hydrophobic EOs components and the nanoclay sur-
face. This issue can be mitigated through hydrophobic modi-
fication of nanoclays, which can enhance EOs loading capa-
city. Lastly, while natural-derived porous nanoclays possess
high specific surface areas and numerous active groups (such

®

as hydroxyl and silanol groups) on their surfaces, research on
nanoclay surface functionalization remains limited. Achiev-
ing targeted functionalization of nanoclays or responsive re-
lease of EOs could significantly enhance their efficacy in
medical applications.
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