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Abstract: Repellents are compounds that prevent direct contact between the hosts and the arthropods
that are vectors of diseases. Several studies have described the repellent activities of natural com-
pounds obtained from essential oils. In addition, these chemical constituents have been pointed out
as alternatives to conventional synthetic repellents due to their interesting residual protection and low
toxicity to the environment. However, these compounds have been reported with short shelf life, in
part, due to their volatile nature. Nanoencapsulation provides protection, stability, conservation, and
controlled release for several compounds. Here, we review the most commonly used polymeric/lipid
nanosystems applied in the encapsulation of small organic molecules obtained from essential oils that
possess repellent activity, and we also explore the theoretical aspects related to the intermolecular
interactions, thermal stability, and controlled release of the nanoencapsulated bioactive compounds.

Keywords: nanosystems; essential oils; natural repellents; nanoencapsulation; controlled release;
intermolecular interactions

1. Introduction
Repellents: Mode of Action and Current State of Art

Arthropods are vectors of numerous zoonotic diseases caused by viruses and pro-
tozoa. The incidence of these diseases has increased significantly worldwide due to the
development of resistance of these vectors against commercially available insecticides and
repellents. In addition, changes in the environmental conditions, caused by urbanization,
overcrowding, and water/soil pollution have contributed to the proliferation of arthropod
populations which have led to the spread of the infectious diseases transmitted by these
vectors [1].

Repellents are chemical substances that prevent direct contact between the hosts and
the arthropods that are vectors of human diseases, acting against the olfactory recognition
system of these vectors [2]. Mosquitoes are the main agents of vector-borne diseases in
tropical regions of the world, and their olfactory recognition system is complex and involves

Molecules 2022, 27, 2519. https:/ /doi.org/10.3390 /molecules27082519

https://www.mdpi.com/journal /molecules


https://doi.org/10.3390/molecules27082519
https://doi.org/10.3390/molecules27082519
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0003-1370-4472
https://orcid.org/0000-0002-2735-8016
https://orcid.org/0000-0001-6576-4229
https://orcid.org/0000-0001-7270-1517
https://doi.org/10.3390/molecules27082519
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules27082519?type=check_update&version=1

Molecules 2022, 27,2519

20f17

different recognition proteins involved with the binding to environmental chemical signals.
The chemical recognition initiated when odorant molecules present into the environment is
recognized by sensory structures, such as the maxillary palps or the sensilla present in the
antennae [3].

The olfactory system of mosquitoes includes a wide range of transmembrane receptors
located on olfactory neurons that are expressed in different parts of the body of these
insects, especially in sensory regions [4]. These receptors evolved to perform various
functions during the insect life cycle such as identification of pheromones for reproduction
and detection of chemical signals for recognition of hosts [4-6]. The odorant-binding
proteins (OBPs) are the main recognition olfactory proteins secreted by accessory cells, and
these structures are responsible for transporting odorant molecules to neurons involved
in olfactory recognition [7]. Structural analyses performed in OBPs have shown similar
results related to the recognition of these volatile compounds, especially pheromones [8,9].
Some studies suggest that OBPs interact with sensory neuron membrane proteins (SNMP)
and transport pheromones and other aromatic compounds. Similarly, it has been shown
that SNMP proteins are necessary for sensitivity to 11-cis-vacenyl acetate (cVA) pheromone
related to different sexual behaviors in Drosophila sp. [10].

The N,N-diethyl-meta-toluamide (DEET) is the most used synthetic repellent, and
its main mode of action is related to the inhibition of OBP1 of insects. DEET shows an
effective residual protection against a wide variety of insects and other arthropods [11-14],
however, it can be absorbed through the skin, causing adverse effects on human health [15].
Furthermore, studies have reported the insensitivity of some insects to the application of
DEET, which reduces its effectiveness in the repellency activity leading to the need for
reapplications [12,16-18].

Different studies have used the mosquito olfactory recognition system, including the
OBP1 structure to screen compound libraries of natural and synthetic origins, combining
in silico and in vitro approaches [19-21]. Currently, different approaches involving the
use of synthetic chemistry, molecular modeling, and cheminformatics have been applied
in the design and discovery of new bio-inspired repellents using as a start point the
structural information obtained from the mode of action of DEET complexed to the OBP1
(Figure 1) [19,21,22]. Based on these approaches, new chemical groups with similar activity
to DEET have been identified, such as monoterpenes, amides, piperidines, diols, and
phthalates [21,23].

Interest in the development of new repellents using natural products has increased in
recent decades, due to their ecologically friendly and biodegradable characteristics [16,24].
Natural products, including essential oils, resins, and substances derived from plants have
been applied as repellents by humankind due to their repellent activities since ancient
times [25]. Several studies have described the repellent activities of plant derivatives, and
essential oils have been pointed to as alternatives to conventional synthetic repellents due to
their interesting residual protection, accessibility, and low toxicity to the environment [26].

In addition to DEET, other repellents of synthetic origin have been applied in commer-
cial formulations, such as picaridin (icaridin, hydroxy-ethyl isobutyl piperidine carboxylate,
Figure 2A) and N-acetyl-n-butyl-3-amino propionate (IR3535, Figure 2A). Currently, sev-
eral natural compounds from essential oils have been also used in commercial repellent
formulations due to their satisfactory repellent activity, such as the p-menthane-3, 8-diol
(PMD) [18,27] (Figure 2B) and citronellal (Figure 2B) [28,29]. Some repellents act as com-
petitive inhibitors of attractant molecules that are exhaled by the mammalian hosts. These
attractant molecules include L-lactic acid and the 1-octen-3-ol (Figure 2C) [30,31].

New technologies applied in natural repellent formulations such as the nanoencap-
sulation of compounds using organic matrices have shown to be a promising area of
academic research. Cyclodextrins, polymeric micelles, solid lipid nanoparticles (SLNs), and
liposomes are some of the most widely used polymeric systems applied in the nanoencap-
sulation of natural compounds obtained from essential oil that possess repellent activity.
These nanosystems (termed as hosts) provide a hydrophobic environment that accommo-
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date and stabilize small organic molecules (termed as guest) for controlled release and
create an external environment that allows solubility in an aqueous phase, thus favoring
the preparation of pharmaceutical formulations with cosmetic applications (Figure 3) [32].
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Figure 1. Molecular interactions between odorant-binding protein 1 and DEET.
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Figure 2. (A) Synthetic compounds used as repellents. (B) Natural compounds used as repellents.
(C) Attractant compounds produced by mammals and recognized by the mosquito olfactory system.
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Figure 3. Schematic representation of host-guest nanosystem applied in the development
of repellents.

Nanoencapsulation has been an alternative and interesting method for the develop-
ment of a new generation repellent systems against arthropods [33]. The present review
exhibits and discusses the main organic matrices used for the nanoencapsulation of natural
products obtained from essential oils with repellent activity, including cyclodextrins and
polymeric micelles. We also discuss the main molecular details involved in the interaction,
thermal stability, and controlled release of these compounds from these organic matrices.

2. Natural Compounds with Repellent Activity

Natural products such as essential oils have been widely studied over the last decades
due to their cosmetic and pharmaceutical applications. These natural products are extracted
from a wide range of botanical materials, and they are characterized by the presence of
high diversity of volatile organic compounds [25,26]. Approximately 3000 essential oils
were analyzed to date, and only about 10% are commercially available as repellents [34].
The total content, fractions, and isolated constituents of essential oils have been widely
reported with larvicide, repellent, and insecticide activities against different species of
arthropods that are vectors of human diseases, which makes them especially relevant
for the bioprospecting of bioactive molecules with activity against arthropods [35,36]. In
addition, due to their natural origin, compounds from essential oils are considered less
toxic to the environment as they are more easily biodegradable [34]. Essential oils are rich
in lipophilic and volatile compounds, and their encapsulation provides an efficient ap-
proach to modulate controlled release, increasing the physical stability and protecting them
against environmental degradation [37,38]. These natural products have been interesting
candidates as repellents and contribute to the decrease of environmental contamination
and better effective control of pests and diseases transmitted by these vectors [39]. Further-
more, these natural compounds obtained from different botanical species show interesting
concentrations for isolation that allow the evaluation of their repellent activity [40,41].

The choice of extraction method to obtain a natural product is decisive to determining
the type, quantity, and stereochemical structure of the compounds obtained from the
essential oils [42]. Among the various methods used to obtain essential oils are microwave-
assisted extraction [43] hydrodistillation [44], etc. The use of plants as mosquito repellents
has a high level of acceptance in the consumer market due to the perception that natural
repellents are safer than synthetic ones [45].

The essential oil from lemon eucalyptus (Eucalyptus citriodora) is one of the most
effective repellents of natural origin, and its main constituent is citronellal (85%). Other
compounds, such as citronellol, limonene, and linalool are also found in this oil. However,
pure lemon eucalyptus essential oil is not recommended as an insect repellent by the
U.S. Environmental Protection Agency, and there are no studies on its effectiveness and
safety [34].
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Citronella (Cymbopogon winterianus, Cymbopogon nardus) essential oil is the most com-
monly found in insect repellent formulations [46,47]. The commercial products based on
citronella contain up to 64% of the natural constituent PMD, which is mainly responsible
for the effectiveness and protection against biting insects and other arthropods [15,48,49].
Citronella essential oil is also obtained from the C. citratus, and its main constituents include
citronellal, citronellol, geraniol, citral, «-pinene, and limonene which are comparable with
the mode of action of DEET [50]. This essential oil has been used as a topical insect repellent
under the guidance of the United States Environmental Protection Agency despite being
toxic and potentially carcinogenic to humans. Some active compounds in essential oils have
shown repellent activity and include limonene, 1,8-cineole, geraniol, and citronellal [47].

Limonene is the main constituent of essential oils of lemon (Citrus limon) and black
pepper (Piper nigrum) showing a repellent activity against the genera Aedes sp. and Culex sp.
In addition, the 1,8-cineole, the main component of eucalyptus (Eucalyptus globulus) es-
sential oil, showed activity against A. aegypti [32]. The compound geraniol is one of
the main constituents of essential oils of geranium (Pelargonium graveolens) and ginger
(Zingiber officinale Roscoe), and it has also shown repellent activity against A. aegypti and
A. albopictus. Eugenol, a phenylpropanoid found in different botanical species, such as
Syzygium aromaticum, Eugenia caryophyllata, and Eugenia aromaticum, has been widely inves-
tigated due to its insect repellent activity. The use of eugenol has been reported as safe, and
its carcinogenic potential or other adverse effects need to be further investigated [51,52].

A successful strategy to overcome the limitations related to the high volatility and
instability due to external factors (as light, heat, humidity and oxygen) of chemical
constituents obtained from the essential oils consists of their nanoencapsulation using
polymeric/lipid nanosystems.

Nanoencapsulation offers advantages for the use of volatile and photolabile active
compounds from their dispersion or encapsulation in polymeric matrices, adding greater
stability, biocompatibility, and efficiency to the potential activity of these natural com-
pounds [47,52,53]. In this context, nanoencapsulation offers protection to the compounds,
prolonging their activity through the gradual and controlled release, thus reducing the
need for high initial doses or frequent application of the product [54]. In addition, these
nanostructures can minimize undesired toxic effects on nontarget organisms, as well as
improve physicochemical stability, reducing volatility and preventing degradation of the
active compound [55,56]. Currently, several studies analyze different methodologies and
techniques aiming at the encapsulation of essential oils and their isolated constituents with
repellent activity, obtaining inclusion complexes, microcapsules, nanoemulsions, solid lipid
nanoparticles, micelles, liposomes, which are promising alternatives to traditional repellent
formulations (Table 1).

Table 1. Polymeric/lipid nanosystems applied in the nanoencapsulation of natural compounds
obtained from essential oils.

Natural Product Polymeric/Lipid Nanosystems
Compound Extracted Oreanic References
Essential Oil from Essential Oil Technique 8a Structures Formulations
(Major Compunds) Matrices
Eugenol Co-precipitation /Solvent Oligosaccharide B-CD Inclusion [51]
evaporation complex
© II;emongrass ) citral and geraniuml Inclusi
Gy ":agyz‘fg ”Eﬂ exu:zt;: Co-precipitation Oligosaccharide B3-CD ?;;Sigil [39]
(Pelirgorllium g%;]ziollens) B-citronellol P
Lemon Eucalyptus .
(Eucalyptus citriadora) B-citronellal
. . Kneading, co-evaporation and . . Inclusion
(Rosemary) Lipia gracilis Carvacrol physical mixture Oligosaccharide 3-CD complex [57]
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Table 1. Cont.

Natural Product

Polymeric/Lipid Nanosystems

Compound Extracted References
Essential Oil from Essential Oil Technique Organic Matrices Structures Formulations
(Major Compunds)
Cedar (Cedrus atlantica)
Lavender
(Lavandula officinalis) - Oligosaccharide/ citric . Inclusion
Peppermint Esterifying acid (citrate) B-CD/citrate complex (58]
(Mentha piperita L.)
Cloves (Eugenia caryophyllus) -
Eucalyptus
(Eucalyptus citriodora)
Jasmine (Jasminum officinale)
Citronella Citronellal . . . Inclusion
(Cymbopogon winterianus) Citronellol Kneading Oligosaccharide p-CD complex (5]
Paste complexation, Inclusi
Orange (Citrus sinensis L.) R-limonene coprecipitation and Oligosaccharide 3-CD ne us;on [60]
physical mixture compiex
Carvacrol Ultrafiltration and Oligosaccharide/ . Inclusion
B Linalool centrifugation chitosan glycol B-CD/chitosan complex (611
Copaiba oilresin Physical mixture, : . 3-CD and Inclusion
Copaifera multijuga Hayne B-caryophyllene kneading and slurr; Oligosaccharide HPBRCD complex (6]
P! juga Hays g y p
B Geraniol Physical mixture, slurry Oligosaccharide B-CD Inclusion [63]
and paste complex
Stearic acid, oleic acid,
Rosemary-pepper Freeze- soybean lecithin and B )
(Lippia origanoides) Thymol drying/microemulsion polysorbate NLC/HPBCD [64]
80/HPBCD
Geranium Ultrasonic solvent Stearic acid, soybean .
(Pelargonium graveolens) ) emulsification lecithin and Tween-80 SLN nanoformulation  [65]
Mixture of Emulsion/solvent Tnpa;?cl(l)t}llr(l)’lfaoi}c]lvm}d
- icaridin (synthetic) and . NLC/SLN nanoformulation  [66]
geraniol (natural) evaporation hydroxypropyl
methylcellulose
Hydrogenated palm
Black cumin (Nigella Sativa L.) - Hot homogenisation oil, Sorbitol and SLN nanoformulation  [67]
polysorbate 80
. Glyceryl
- Citral hngh_p;?ss? N monostearate, SLN nanoformulation  [68]
omogenization Tween-80 and Span-80
} 1 Phase transition Polyoxyethylene B .
D-limonene composition (20,40, 60 and 80) nanoemulsion [69]
Eucalyph‘ls o il - Uultrasonication Tween80 - Nanoemulsion [70]
(Eucalyptus citriodora)
Cltronellg oil . D-Limonene Cavitation assisted Tween80 and SPANSO - Nanoemulsion [71]
(Cymbopogon winterianus)
Poly (ethylene
- Thymf)l—eugenol Solubilization oxide)/PEO and - Nanoemulsion [72]
mixtures poly(propylene
oxide)/PPO
Eugenol
1,8-Cineole
Geraniol
Linalool
1 .
- (gigr?gl%l Solubilization PEO and PPO - Pl\c;lli}g;leer;c [73]
Thymol
Menthol
«-terpineol
Nonyl alcohol
Clove oil Eugenol Mixture and Spray dryer Casein - Polymeric [74]
(Eugenia caryophyllus) yary Micelles
Clove oil S . .
(Eugenia caryophyllus) Eugenol Ethanol injection soybean phospholipid - Lipossome [75]
e-polylysine .
Thyme essential oil - Thin film dispersion (Polyvinylpyrroli- 3-CD Llp(; _s(sjc]))me/ [76]

done)/Oligosaccharide
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3. Polymerics Systems Applied in the Nanoencapsulation of Natural Products

Demand for safer and eco-friendly repellents has grown in recent years. The vast
majority of pharmaceutical and cosmetic formulations applied in the development of
repellents against arthropods are based on controlled release systems of compounds that
provide prolonged modes of action [77]. The nanosystems used in the development of
controlled release formulations include polymers (synthetic and natural) and lipids which
have shown low cost, low toxicity, satisfactory biocompatibility, and biodegradability [61].

Repellent formulations based on essential oil without controlled release systems tend
to show low efficiency due to the presence of compounds with low molecular weight, high
volatility, and instability, which provide short-term repellent protection [58]. Cyclodextrins,
polymeric micelles, solid lipid nanoparticles (SLNs), and liposomes are some of the most
widely used polymeric systems applied in the nanoencapsulation of essential oils and their
isolated natural compounds that possess repellent activity (Figure 3).

3.1. Inclusion Complexes Using Cyclodextrins

Cyclodextrins (Figure 4) are cyclic glucose (x-D-glucopyranose) oligosaccharides, pro-
duced from enzymatic conversion, degradation, and amide cyclization [47]. Cyclodextrins
have a cone-shaped three-dimensional structure with a hydrophilic external surface and
hydrophobic cavity. These structures are classified based on the number of d-glucopyranose
units, and the most common are cyclodextrins «, (3, and y (Figure 5), which contain six,
seven, and eight units, respectively, which are linked to each other by «-1,4 glycoside.
Among these organic matrix, beta-cyclodextrin is the most commonly used due to its
simple synthesis, availability, cavity diameter, low cost, low irritability to the skin, and
absence of mutagenic effects [78].

Tensoative monolayer Tensoative monolayer

Lipid = Lipid

Solid Lipid

Nanoemulsion
Nanoparticle
Cyclodextrin

Phospholipid bilayer

... PR o"." .... \Y\J\(/( \}U‘(/ \BUK//
S 000
T, core A PeeMe
R 2 & & &
“ NS 7N 7,

L
Sesso0®

Liposome Polymeric micel

Figure 4. Polymeric/lipid nanosystems applied in the nanoencapsulation of essential oils and their
chemical constituents with repellent activity.
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0.57 nm

a-cyclodextrin B-cyclodextrin y-cyclodextrin

Figure 5. Molecular structure of the main classes of cyclodextrins (x, 3, and y) applied in the
nanoencapsulation of natural products.

The internal diameter of the -cyclodextrin cavity can accommodate aromatic com-
pounds, such as volatile molecules with molecular weights between 200 and 800 g mol ! [79,80].

The physicochemical properties of cyclodextrins (alpha, beta and gamma) are varied.
For example, in terms of water solubility, beta-cyclodextrin has the lowest solubility [81].

Cyclodextrins have been used to accommodate a wide range of natural compounds
with industrial applications, such as repellents, dyes, insecticides, and herbicides [82,83].

Cyclodextrin reduces the evaporation rate of volatile compounds, thus favoring the
controlled release under desired conditions, and these structures also protect the molecules
from oxidation and other enzymatic or biological processes, improving the efficiency and
time of action of these compounds [63,66,78,84].

Due to the labile structures of natural compounds obtained from essential oils, inclu-
sion complexes containing 3-cyclodextrins have been applied to increase the solubility and
physicochemical stability of these natural products in water [60,64]. Depending on the
properties of the host molecule and the nature of the chosen subclass, the cyclodextrins
can be obtained using different methods, such as physical mixing, kneading, atomiza-
tion, freeze-drying, spray drying, or coprecipitation [78,85,86]. The formation of inclusion
complexes between essential oils and cyclodextrins, especially 3-cyclodextrins and its
derivative HPBCD (hydroxypropyl/-cyclodextrins), favors the increase of the solubility
of lipophilic molecules and protects them against degradation and volatilization [47].

Recently, a study evaluated the formation of inclusion complexes between eugenol
and f-cyclodextrin using X-ray diffraction and Fourier transform infrared spectroscopy
techniques and revealed the guest/host interaction and, therefore, the success in the com-
plexation process [51]. In another study, essential oils of geranium, lemongrass, and lemon
eucalyptus, which have known repellent activity against ticks, were nanoencapsulated
by the inclusion process using beta-cyclodextrin as the organic matrix. Inclusion com-
plexes have also been evaluated regarding their larvicidal activity against mosquitoes [39].
Another study showed that the Citrus sinensis essential oil present in the 3-cyclodextrin
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inclusion complexes exhibited an interesting larvicidal activity with 100% mortality of
larvae of Aedes aegypti after 24 h of application [60].

In another recent research, the development of an inclusion complex between
B-cyclodextrins and Lippia gracilis essential oil using thermal analysis and gas chromatog-
raphy was studied. The inclusion complexes showed an improved larvicidal activity of the
essential oil against the A. aegypti when compared with the application of pure essential
oil [87]. Furthermore, the complexation of essential oils with 3-cyclodextrin has been
extensively investigated for pharmaceutical and cosmetic purposes [32].

Khanna and Chakraborty [58] evaluated the inclusion complex formation between
-cyclodextrins and citrate and other essential oils (e.g., cedar, clove, eucalyptus, pepper-
mint, lavender, and jasmine) to assess the repellent effectiveness against the Anopheles stephensi,
the vector of malaria. The authors identified that lavender (Lavandula officinalis) and cedar
(Cedrus atlantica) oil provided the longest protection times against the mosquito (210 and
160 min, respectively). The citronella release rate from formulations without nanoprotection
(normal citronella oil) was higher than that from formulations containing inclusion com-
plexes, indicating that inclusion complexes with beta-clicodextrin could delay the release
of citronella oil, increasing its effectiveness. As verified by the authors, citronella nanofor-
mulations with inclusion complexes showed better repellent activity against A. aegypti
mosquito [59].

Menezes et al. [63] produced a solid-state 3-cyclodextrin inclusion complex containing
geraniol that was obtained by physical mixing and suspension methods. The structures
were analyzed by differential scanning calorimetry, thermogravimetry, Karl Fisher analysis,
scanning electron microscopy, and Fourier transforms infrared spectroscopy to verify their
formation and structural characteristics. The thermal analysis indicated the formation of
complexes by the slurry suspension methods obtained better results for the complexation
of geraniol with 3-cyclodextrin.

The encapsulation of inclusion complexes in nanostructured systems has been an
interesting approach to obtain the benefits of the inclusion complex and lipid nanoparticles
such as associations with liposomes and nanostructured lipid carriers [64]. Functionalized
cyclodextrins have been widely studied as possible new repellents. Recently studies have
demonstrated the synthesis of chitosan nanoparticles functionalized with 3-cyclodextrin
containing carvacrol and linalool with increased water solubility. A decrease in toxicity
was observed when the compounds were nanoencapsulated using the chitosan/beta-
cyclodextrin formulation. These nanoparticles presented insecticide activity against the
Helicoverpa armigera and Tetranychus urticae species, which can contribute to the effective
control of pests [84].

3.2. Solid Lipid Nanoparticles (SLNs)

Solid lipid nanoparticles (SLN) (Figure 4) are constituted of lipids and emulsifiers,
and these nanostructures show interesting properties for the encapsulation of natural
compounds, such as high surface area, high load capacity, and thermal stability, as well as
feasibility to incorporate lipophilic and hydrophilic compounds. Lipids also offer better
stability and control the compound release and the emulsifiers stabilize the dispersion
of lipids [88]. Studies reported that the combination of emulsifiers can avoid particle
agglomeration more efficiently. These lipid systems are made of physiological lipids
(e.g., mono-or triglyceride mixtures and fatty acids) in mixtures with surfactants and water,
which reduces their risks of toxicity, offering biodegradable and biocompatible properties,
which in turn make them candidates for repellent formulations [87].

Studies reported that SLN containing geraniol have shown an interesting controlled
release [65]. In another study, the essential oil of black cumin (Nigella sativa) incorporated
into SLNs controlled the evaporation rate of the oil over 48 h at 35 °C during storage. The
study showed that SLN systems reduced the volatility and degradation and improved
the stability of the compounds, thus maintaining the effective minimum amount to their
mode of action [32,65,67]. Research developed by Tian et al. [68], evaluated the thermal
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and chemical stabilities of SLN containing citrus oil and demonstrated that the thermal
stability of the citrus was improved when it was encapsulated using SLN and remained
stable during 12 days of storage at 37 °C.

SLN and inclusion complexes of cyclodextrins have been combined in the nanostruc-
tured systems [64]. Nanostructured lipid carriers produced with cyclodextrin inclusion
complexes and essential oil of Lippia sp. successfully combined the advantage of stabilizing
the inclusion complexes and controlled release provided by nanoparticles. A second gener-
ation of lipid nanoparticles (NLC) has been developed to overcome limitations related to
SLN such as limited load capacity and possible expulsion of the active compound during
storage. The NLC are characterized by the presence of a liquid lipid along with the solid
lipid, which forms an amorphous structure that allows a higher load of active compounds,
thus avoiding the loss of the compound during storage [65].

3.3. Liposomes

Liposomes (Figure 4) are vesicular structures formed from the hydrophilic aqueous
nucleus and a lipophilic phospholipid bilayer. These nanostructures are biocompatible and
can accommodate hydrophilic and lipophilic compounds in their compartments, and show
as main advantages the reduced evaporation rate, prolonged controlled release and action
time, low cutaneous permeation, and low toxicity [33]. The encapsulation of an active
compound in liposomes allows protection against degradation and increased solubility.
Studies of the essential oil of Santolina (Santolina insularis) incorporated into liposomes
suggested that these nanostructures show interesting stability and a stable composition
over one year and satisfactory protection against degradation when compared with the
pure essential oil [89]. A study investigated the stability of clove essential oil and its
major component, eugenol, when encapsulated in natural liposomes of soy phospholipids,
prepared by the ethanol injection method. The authors demonstrated that the liposomes
protected the eugenol from the degradation induced by exposure to ultraviolet rays, without
reducing its activity [75]. Lin et al. [76] have developed an interesting system for thyme
(Thymus vulgaris) essential oil encapsulation using solid liposomes coated with e-polylysine.
These new solid nanosystems showed high stability and longer storage time compared to
traditional aqueous liposomes.

3.4. Nanoemulsions

Nanoemulsions (Figure 4) are stable isotropic dispersions formed by two immiscible
liquids (oil and water) stabilized by surfactants, with mean sizes of 1-50 nm [90-92].

These systems are usually represented by a pseudo-ternary phase diagram, where their
sides represent a binary mixture of surfactant-co-surfactant, organic molecule-water, and
organic molecule (e.g., herbicide, repellent, and drug). These nanostructures are formed
only in a specific and narrow range of concentrations for a given surfactant-oil-water
structure [93].

Thus, nanoemulsions can be divided into: (1) oil in water, in which the oil phase is
dispersed in a continuous aqueous phase; (2) water in oil, where the aqueous phase is
dispersed in a continuous oil phase, and (3) bicontinuous emulsions in which the micro-
domains of the oil and water phases are interspersed [92]. Different formulations of essential
oils in nanoemulsions have shown antimicrobial, antiviral, analgesic, anti-inflammatory,
antioxidant and antibacterial activities and can effectively mitigate insect bites when ap-
plied topically [94]. These nanoemulsions have also been applied to protect the bioactive
compounds from essential oils of environmental degradation [95].

Repellent formulations containing nanoemulsions are promising to reduce mosquito-
borne diseases and to minimize the limitations related to irritation and dryness of the skin.
These properties are due to the intrinsic physicochemical properties of nanoemulsions, such
as uniformity and reduced sizes of nanostructures (20-200 nm), low viscosity, and interest-
ing optical transparency [96,97]. In the last few years, interest in research on nanoemulsified
repellents has increased due to their pharmaceutical and cosmetic applications [98].
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These systems show several improved properties when compared with common
emulsions that provide their applications in repellent formulations. These properties
include better physical stability and droplet aggregation, efficient permeation, improved
bioavailability, better water solubility, adjustable loading capacity, better chemical stability,
slow release of the bioactive compounds, low cost, and lower toxicity [69,72,95].

A study reported a satisfactory performance of the nanoemulsion containing the
eucalyptus essential oil (Eucalyptus globulus) against the mosquito Culex quinquefasciatus,
where the activity of the nanoemulsions was related to the size of the oil droplets [70]. Simi-
larly, another study showed the effect of citronella oil nanoemulsions against the A. aegypti
mosquito [71]. Recently, Lucia et al. [72] evaluated the stability of essential oils based on
nanoemulsions after 28 months, and the authors noticed that samples containing eugenol
oil did not show a significant change in their homogeneity after 28 months, maintaining
their monodisperse properties and constant droplet size.

3.5. Polymeric Micelles

Polymeric micelles (Figure 4) are spherical colloidal particles with a hydrophobic core
and a hydrophilic outer layer that can be used as mosquito repellent systems, as well as
controlled release systems, due to their high encapsulation capacity. These nanostructures
are characterized as block copolymer structures mounted on a core containing the active
substance. Encapsulation of the active compound can be produced by chemical conju-
gation or physical entrapment [99]. Polymeric micelles can be prepared from polymers
and copolymers, among them we can cite polyethylene glycol (PEG), polycaprolactone
(PCL), polylactic acid (PLA), poly(histidine), poly(aspartic acid), poly(isopropyl acry-
lamide)), poly-(2-ethyl-2-oxazoline), poly (2-dimethylaminoethyl), poly (ethyleneimine),
poly (dimethylamine methacrylate), and poly-(ethylene oxide) [32,73]. These nanostruc-
tures have a wide range of applications as insect repellents against different species.

Barradas et al. [100] reported that the DEET added in micellar formulations based on a
triblock copolymer formed by poly (ethylene oxide)-poly (propylene oxide)-poly(ethylene
oxide) exhibited slow release for more than seven hours. Other studies have demonstrated
that essential oils, consisting of monoterpenes, such as linalool, 1,8-cineol, x-terpineol,
thymol, eugenol, and geraniol when encapsulated in polymeric nanomicelles by the pro-
cess of solubilization by homogenization showed interesting repellent activity to control
Pediculus humanus capitits (lice). The micellar formulation was effective showing mortal-
ity above 60% against the insect species. The most effective system contained in their
composition linalool, 1,8-cineole, terpineol, thymol, eugenol, and geraniol [73].

Putri et al. [74] microencapsulated the eugenol, present in clove essential oil (Syzygium
aromaticum), using the casein micelle technique. The percentage of encapsulated eugenol
was 87.99%, and the tests were performed against the Apis mellifera, 24 h after encapsulation.
The encapsulated eugenol proved to be efficient at killing bees and has a lower toxicity value
when compared to pure eugenol and a commercial insecticide (DTX multi-insecticide—
pralethrin and cypermethine).

4. Molecular Details of Inclusion Complexes Formed between Natural Compounds
from Essential and Organic Matrices

Several computational analyses have been performed as complementary methods to
the in vivo and in vitro repellent assays aiming to investigate the molecular mechanism
of action of repellents and to improve their activity [21,101]. These computational ap-
proaches include molecular docking, density functional theory (DFT), molecular dynamics
simulations, and binding free energy calculations. These methods can evaluate the physico-
chemical properties, including lipophilicity, shape, stereochemistry, electrostatic surface,
and intermolecular interactions formed with the repellents and organic matrices. They can
also evaluate possible conformational changes induced by the repellent binding with the
molecular target involved with olfactory recognition [101-103].
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Recently, a study used QSAR models to evaluate the larvicidal activity of 50 con-
stituents of essential oils against the Culex quinquefasciatus to identify the molecular and
structural properties for the larvicidal activity. In this study, molecular docking of x-humulene
and p-caryophyllene on sterol carrier protein-2 (SCP-2) was obtained from the database
of the National Center for Biotechnology Information (NCBI) and used to investigate the
molecular mechanism of action of these compounds. In this work, the QSAR models
showed that the structural property of m bonds is what most contributes to larvicidal
activity. Docking studies, on the other hand, showed a good interaction capacity of the
SCP-2 protein with the molecules tested, with a-humulene and (-caryophyllene being the
compounds with the highest binding energy [104].

Cyclodextrins and their inclusion complexes have been studied using different com-
putational methods, such as molecular dynamics and Monte Carlo simulations [105-107].
Alvira [102] performed a theoretical study aiming to evaluate the formation of the inclu-
sion complex between the 3-cyclodextrin (3-CD) and eugenol in water using molecular
dynamics simulations. In this study, the van der Waals terms better contributed with the
total energy, which directly determined the conformational configuration of the inclusion
complex. Regarding the molecular dynamics, the inclusion complex conformations were
deduced from the position probability density that represents the preferred location and
orientation in the simulation. Two types of configurations were proposed for the inclusion
complexes, each one with the hydroxyl and methoxyl groups pointing to a different border
of 3-CD. The model presented in this study reproduced the ability of eugenol to form
inclusion complexes with 3-CD with 1:2 stoichiometry, which demonstrated to be more
stable than that with 1:1 stoichiometry. These results agree with experimental spectroscopic
data. The authors also demonstrated that nonbonded Van der Waals interactions were the
main intermolecular forces involved with the stabilization between the host and the guest
molecules in both stoichiometries.

Other studies have focused on the analyses of alternative organic matrices for na-
noencapsulation of natural compounds. Recently, a study performed the computational
analyses of the inclusion complexes formed between the cucurbit[7]uril and dillapiole and
its derivative compounds using molecular docking simulation and DFT calculation at the
B3LYP-631g(d) level of theory. The authors analyzed the steric constraint associated with
the substituent positioning of the dillapiole derivatives and the formation of intermolec-
ular interactions involved with the stabilization of the inclusion complex. The hydrogen
bonding, electrostatic, dispersion, and pi-alkyl were the main intermolecular interactions
formed in the inclusion complex. Furthermore, the study demonstrated that dilapiolle
derivatives with attached H and/or methoxy groups at the benzene ring with primary
alcohol exhibited less steric constraint than the derivatives that had two methoxy groups
attached to the benzene ring with secondary alcohol [103].

5. Final Considerations: Perspectives in the Development of New
Nanosystem Repellents

Essential oils have enormous potential to be applied in repellent formulations due
to their biological activities such as antioxidants, anti-inflammatory, insecticide, repellent,
among others. However, due to its instability, volatile properties, and the presence of some
environmental conditions such as light, oxygen, and heat, their effectiveness is impaired or
lost before reaching their target locations. Thus, the development of formulations to protect
these active compounds is highly demanded by the cosmetic and pharmaceutical industries
to increase their effectiveness and promote their controlled release. These formulations can
be obtained by nanoencapsulation using polymeric/lipid nanosystems, such as cyclodex-
trins, polymeric micelles, nanoemulsions, and liposomes. According to the specialized
literature, all strategies have shown an interesting ability to improve the stability and effec-
tiveness of the repellent activity of the essential oils, thus increasing their bioavailability
in relation to the compounds applied alone. As discussed previously, the selection of the
type of formulation and the method of preparation of the carrier nanosystems represent
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key parameters for obtaining a final formulation with the most appropriate properties for
the desired pharmaceutical application, in this case, polymeric/lipid nanosystems based
on essential oils, with repellent activity.

Among the polymer systems exhibited in the present review, the cyclodextrins are the
most used for the nanoencapsulation of natural compounds with repellent activity, as they
are low cost and effective at protecting active compounds from degradation, improving
the repellent activity of these compounds against the main arthropods that are vectors
of diseases.

A direct comparison of the different controlled-release nanosystems is not easily
achievable due to the substantial differences between them in terms of structure and
applications. In particular, in designing the suitable nanosystem for the controlled release
of a specific natural compound includes different variables such as the method of synthesis,
the selection of biocompatible raw materials, and the structure of the nanocarrier must be
taken into account. In this context, theoretical computational studies, based on molecular
mechanics and molecular dynamics have shown great relevance, because they allow us to
predict the main molecular interactions between polymeric/lipid nanosystems and natural
compounds, the thermal stability and the solubility of the host-guest complexes, and the
main molecular interactions of these isolated natural products with the olfactory systems
of mosquitoes which are the main molecular targets of the repellent compounds.

The research for new mosquito repellents is increasing due to the recurrence of vari-
ous diseases transmitted by mosquito bites worldwide, so natural products represent an
interesting solution for the development of new repellent formulations with less environ-
mental impact. Future research should be conducted for the use of nanoencapsulation
in the development of controlled release systems containing essential oils with repellent
activity. In addition, these researches should be aimed at developing patentable products
using cost-effective methods that are also applicable to the industrial scale of pharma-
ceutical and cosmetic companies. Therefore, the future development of in vivo studies
of repellent activity must be based on the results obtained from computational analyses
of the host-guest nanosystems to provide reliable results of pharmaceutical interest, thus
allowing the pharmaceutical application of the newest controlled release systems of the
repellent compounds.
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