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Résumé

Les huiles essentielles présentent des fonctions biologiques importantes et sont connues comme des
agents antimicrobiens et des insecticides. Leurs diverses applications sont limitées par leur volatilité,
leur faible solubilité dans I’eau, et leur instabilité chimique. Pour pallier a ces inconvénients précités,
notre travail de thése se concentre sur la préparation et la caractérisation des liposomes conventionnels
et des liposomes contenant des complexes d’inclusion cyclodextrine-composant d’huiles essentielles
(DCLs). La chromatographie liquide a haute performance et la méthode d'extraction d'espace de téte
multiple ont été utilisées pour la caractérisation de I'encapsulation et de la libération d'huiles essentielles,
respectivement. L’effet de la structure chimique des composants des huiles essentielles sur les
caractéristiques des liposomes et des DCLs, ainsi que leur solubilité dans I’eau, leur coefficient de
partage octanol/eau (log P), et la constante de Henry sont investigués. Le phospholipide de soja insaturé
(Lipoid S100) et le cholestérol (CHOL) ont été utilisés pour préparer les liposomes par la méthode
d'injection d'éthanol. Une série des huiles essentielles (alpha-pinéne, camphor, estragole, eucalyptol,
isoeugénol, pulegone, terpinéol, et thymol) est sélectionnée. Nos resultats ont montré que 1’incorporation
dans les liposomes conventionnels est favorisée par la présence d’un groupement hydroxyle, une faible
constante de Henry, et une faible solubilité aqueuse. La taille et la composition des vésicules affectent la
libération des molécules des liposomes. D’un autre coté, différents paramétres conditionnent
I’encapsulation dans les DCLs comme la présence d’un groupement propényl ou d’un groupement
hydroxyle, et la valeur ¢élevée de log P d’un constituant d’huile essentielle. En outre, une relation
négative a été établie entre l'efficacité d'encapsulation des molécules et le taux de cholestérol
membranaire dans les vésicules de type DCLs. La libération d'huiles essentielles des DCL est controlée
par leur efficacité d'encapsulation dans les formulations. De plus, l'effet de 1’hydroxypropyl--
cyclodextrine (HP-B-CD) et des complexes d’inclusion cyclodextrine-huiles essentielle sur la taille et la

composition membranaire des liposomes composés de Lipoid S100 ou Phospholipon 90H a été évalué.
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Les résultats ont montré que I’HP-B-CD est capable de moduler la distribution de taille des vésicules.
Dans nos conditions expérimentales, ce type de CD réduit I’incorporation des phospholipides dans les
deux types de membranes étudiées par contre, il réduit 1’incorporation de CHOL uniquement dans les
membranes formées de Phospholipon 90H et de CHOL. En conclusion, les liposomes conventionnels et
les DCL pourraient étre considérés comme des systémes prometteurs d’encapsulation des huiles
essentielles. Les formulations développées dans la présente étude pourraient étre considérées comme

futurs ingrédients dans des préparations alimentaires, agricoles et pharmaceutiques.

Mots clés : complexe d’inclusion, drug-in-cyclodextrin-in-liposomes, encapsulation, huiles essentielles,

hydroxypropyl-B-cyclodextrine, libération; liposomes conventionnels, membrane.



Abstract

Essential oil (EO) components possess important biological functions including antimicrobial and
insecticidal properties. However, their industrial application is limited due to their volatility, poor water
solubility and chemical instability. To solve the aforementioned drawbacks, our thesis work focuses on
the preparation and characterization of conventional liposomes (CLs) and drug-in-cyclodextrin-in-
liposomes (DCLs) carrying several EO components. Characterization of EO encapsulation and release
was performed using High Performance Liquid Chromatography and multiple headspace extraction
method, respectively. The effect of the chemical structure, the aqueous solubility, the octanol/ water
partition coefficient (log P), and the Henry’s law constant (H.) on the characteristics of CLs and DCLs
was investigated. The non-hydrogenated soybean phospholipid (Lipoid S100) was used in combination
with cholesterol (CHOL) to prepare the liposomes by the ethanol injection method. A series of EO
components was considered including: a-pinene, camphor, estragole, eucalyptol, isoeugenol, pulegone,
terpineol, and thymol. Entrapment in CLs was more efficient for the EO components presenting a
hydroxyl group in their structure and for those exhibiting a low H, as well as a low aqueous solubility
value. The size and the composition of vesicles were shown to influence the release of components from
liposomes. The factors related to EO properties that favor their encapsulation in DCLs were: the
presence of a propenyl tail or a hydroxyl group in the structure as well as possessing a high log P value.
Besides, a negative relationship was established between the encapsulation efficiency of EO components
into DCLs and the CHOL membrane content of vesicles. The release of components from DCLs
depends on their encapsulation efficiency into the formulations. Moreover, the interaction of
hydroxypropyl-pB-cyclodextrin (HP-B-CD) and HP-B-CD/drug inclusion complex with Lipoid
S100:CHOL- and Phospholipon 90H:CHOL liposomes was studied where their effects on the size and

the membrane composition of vesicles were examined. Results demonstrated that the incorporation of



HP-B-CD in the internal aqueous compartment of the liposomes modified the size distribution of
vesicles. In addition, HP-B-CD reduced phospholipids incorporation into both types of membranes while
reduced CHOL incorporation only for Phospholipon 90H:CHOL vesicles. In conclusion, liposomes and
DCLs could be considered as promising carrier systems for EO components. The developed

formulations may find wide applications in food, agricultural and pharmaceutical fields.

Keywords: conventional liposomes; drug-in-cyclodextrin-in-liposomes; encapsulation; essential oil

component; hydroxypropyl-p-cyclodextrin; inclusion complex; membrane; release.
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Insect pests cause heavy damage to agricultural crops and stored products, thereby leading to severe
economic loss. Controlling of these insects relies on the use of synthetic insecticides such as
organophosphates and pyrethroids. The overuse of synthetic pesticides has caused significant
environmental damage and serious health hazards to humans and animals due to their toxic and non-
biodegradable properties and to the accumulation of residues in soil, water and food. Thus, the number
of studies focusing on alternatives to synthetic pesticides has increased in recent years. Natural
insecticides based on essential oils (EOs) appear to be suitable for controlling insect pests due to their
eco-friendly and biodegradable nature, effectiveness, multiple modes of action, and low toxicity to non-

target organisms (Mossa, 2016; Pavela and Benelli, 2016).

EOs are volatile, natural and complex compounds characterized by a strong odor and are formed by
aromatic plants as secondary metabolites. In the last few decades, much more importance has been given
to EOs from different plant species due to the increasing interest in their antimicrobial, antifungal,
insecticidal and antioxidant properties. Hence, they have gained remarkable attention in the food,
cosmetics, agricultural and pharmaceutical industries (Bakkali et al., 2008). In this work, the
phenylpropanoids (PP): estragole (EST) and isoeugenol (ISOEUG), and the monoterpenes (MTs): alpha-
pinene (a-PIN), camphor (CAM), eucalyptol (EUC), pulegone (PUL), terpineol (TER) and thymol
(THY) were considered. The selected EO components differ with respect to their aqueous solubility,
octanol/water partition coefficient (log P) and Henry’s law constant (Hc) values. According to the
literature (Pubchem), log P values vary between 2.38 and 4.83 for CAM and a-PIN, respectively. Their
aqueous solubility ranges between 2.5 mg/L for o-PIN and 7100 mg/L for TER. Despite their
remarkable properties, their low aqueous solubility, high volatility and sensitivity to light, temperature
and oxygen limit their wide applications (Turek and Stintzing, 2013). The encapsulation of EO

components in carrier systems like cyclodextrins, liposomes and drug-in-cyclodextrin-in-liposomes can
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be considered as a potential solution to overcome the drawbacks of components, thereby extending their

shelf life and activity.

Cyclodextrins (CDs) are cyclic oligosaccharides that possess a truncated shape with a hydrophilic
external surface and a hydrophobic cavity. Thus, they can encapsulate guests partially or entirely leading
to the formation of an inclusion complex. The native CDs a-, B-, and y-CDs consist of six, seven, or
eight subunits of a-1,4-linked D-glucopyranose, respectively. However, their use is generally limited
due to their low aqueous solubility. Chemical modification of CDs allows obtaining derivatives with
improved aqueous solubility compared to the native CDs (Szejtli, 1998). We specifically selected,
herein, hydroxypropyl-B-CD (HP-B-CD) owing to its high aqueous solubility (> 500 mg/mL) and strong
complexing ability with the selected EO components. Previous studies investigated the formation of
inclusion complexes between HP-B-CD and the selected PPs and MTs and determined the stability

constants of these complexes (Ciobanu et al., 2013; Kfoury et al., 2014b, 2014a).

Liposomes are spherical vesicles consisting of one or more lipid bilayers surrounding an inner aqueous
compartment. This structure makes liposomes suitable for encapsulating both hydrophilic and
hydrophobic molecules. Water-soluble drugs can be encapsulated in the inner aqueous compartment,
whereas lipid-soluble drugs can be embedded within the liposome bilayers (Gharib et al., 2015).
However, the incorporation of a highly hydrophobic drug into lipid bilayers may lead to the alteration of
the membrane integrity, causing a rapid release of the drug from the bilayer (Kirby and Gregoriadis,

1983).

Liposomes and CDs are viewed as attractive materials by the food, cosmetics and pharmaceutical
industries. They have been extensively used to improve the aqueous solubility, the bioavailability, and

the stability of poorly water-soluble drugs. Moreover, they could allow a controlled release of bioactive
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agents (Del Valle, 2004; Kfoury et al., 2016; Reza Mozafari et al., 2008; Sebaaly et al., 2015;
Zylberberg and Matosevic, 2016). Nevertheless, CDs are able to extract lipid components from
biomimetic and biological membranes. Also, they can influence the fluidity and permeability of
membranes under definite conditions. The CD effect on membranes is mediated by several factors
including the membrane structure and composition as well as the CD type and the CD concentration

(Denz et al., 2016; Hatzi et al., 2007; Ohvo-Rekili et al., 2000; Puglisi et al., 1996).

The drug-in-cyclodextrin-in-liposome” (DCLs) system was proposed by McCormack B and Gregoriadis
G in 1994 (McCormack and Gregoriadis, 1994). DCLs are based on the entrapment of CD/drug
inclusion complexes in the inner aqueous core of liposomes. This system combines the advantages of

both carriers (CD and liposome) and limits their disadvantages (Gharib et al., 2015).

Several studies have already prepared and characterized EO-loaded liposomes and DCLs. However, to
the best of our knowledge, the effect of drug properties on liposome and DCL characteristics has not
been previously discussed. Furthermore, the factors that influence the encapsulation of EO components
into liposomes and DCLs cannot be estimated from literature data since the liposome formulations,
which were characterized in the different studies, were prepared under different experimental conditions.
Hence, the first part in this work aims to investigate the impact of the chemical structure, the aqueous
solubility and the log P values of EO components on their encapsulation in liposomes and DCLs as well
as on their release from these systems. For this purpose, conventional liposome (CL) and DCL
formulations containing EST, EUC, ISOEUG, PUL, TER and THY were prepared by the ethanol
injection method under the same experimental conditions. We used spectroscopic, analytical and
microscopic techniques to characterize the various formulations. In the next step, the EO components o-

PIN and CAM were considered due to their interesting insecticidal properties. Their encapsulation into
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CLs and DCLs was investigated, and the best encapsulation system could be later selected for its

potential use in agriculture and food products.

This manuscript is divided into four chapters. In the first chapter, we review the literature concerning the
interaction of CDs with biomimetic and biological membranes. The second chapter presents an overview
of the various systems used for the delivery of natural insecticides and their characteristics. The third
chapter consists of two research articles. The first article discusses the impact of the chemical structure
and the physicochemical properties of EO components on CL characteristics. The second article sheds
light on the factors influencing DCL characteristics. The fourth chapter also consists of two research
articles. The first one presents the results regarding the characteristics of liposomes and DCLs loading a-
PIN. The second one concerns the characteristics of CAM-loaded liposomes and DCLs. This manuscript

ends with a general discussion and perspectives for continuing this work.
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Introduction

DCLs are drug carriers comprising one or more phospholipid (PL) bilayers and an aqueous internal
cavity where a CD/drug inclusion complex is loaded. It has been proposed as an effective carrier system
to prolong drug release when compared to CLs and CDs (Gharib et al., 2015). For DCLs preparation, an

overall understanding of the interaction between CDs and liposomes is necessary and valuable.

In this review, published in the International Journal of Pharmaceutics, we focus on the interaction of
CDs with biomimetic and biological membranes considering the factors that may affect this interaction
such as the type and the concentration of CDs as well as the membrane structure and composition. In

addition, the effect of CDs on the membrane properties, mainly fluidity and permeability, is highlighted.

CDs are used to prepare lipid asymmetric membranes and to modify the composition of synthetic and
biological membranes (Huang and London, 2013; Li et al., 2016). Additionally, CDs (Gharib et al.,
2018; Madison et al., 2013; Zeng and Terada, 2000) and cholesterol-loaded CDs (Salmon et al., 2016)
are able to maintain the integrity of a membrane during freeze-drying, thereby ensuring its protection.
The secondary effects of CDs are due to their ability to extract membrane constituents (PL, cholesterol

(CHOL) and proteins) (Denz et al., 2016; Milles et al. 2013; Motoyama et al., 2006).

The basic structural and functional properties of membranes and CDs are given at first for being
essential to deeply understand the CD-membrane interaction. A wide range of techniques has been
developed to study CD-membrane interaction, and these techniques are introduced in the review. For
instance, the effect of CDs on the fluidity of lipid membranes was evaluated using differential scanning
calorimetry, fluorescence anisotropy, and electron spin techniques. Similarly, the effect of CDs on the
liposome membrane permeability for fluorescent dyes was presented. This review presents five

recapitulative tables summarizing the literature data on: (1) the impact of CDs on the thermotropic
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parameters of membranes determined by DSC; (2) the CD-induced membrane extraction; (3) the CD-
induced lipid exchange between membranes; (4) the CD-induced protein extraction; (5) and the effect of
CDs on membrane permeability. Additionally, the mechanisms by which CDs cause signaling pathway
changes are described. The cryoprotective properties of CDs and CD/CHOL inclusion complexes are

highlighted. Finally, recent data on DCL development are discussed.
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ARTICLE INFO ABSTRACT

Keywords: Cyclodextrins (CDs) are cyclic oligosaccharides able to improve drug water solubility and stability by forming
Cholesterol CD/drug inclusion complexes. To further increase drug entrapment and delay its release, the CD/drug inclusion
Cyclodextrin complex can be embedded in the aqueous phase of a liposome, a lipid vesicle composed of phospholipid bilayer
Liposome surrounding an aqueous compartment. The resulting carrier is known as drug-in-cyclodextrin-in-liposome (DCL)
l“::'e:pb;:;; d system. CDs and DCLs are recognized as effective drug delivery systems; therefore, understanding the interaction

of CDs with liposomal and biological membranes is of great importance. CDs are able to extract phospholipids,
cholesterol, and proteins from membranes; the effect depends on the membrane structure and composition as
well as on the CD type and concentration. Under definite conditions, CDs can affect the membrane fluidity,
permeability, and stability of liposomes and cells, leading to the leakage of some of their internal constituents.
On the other side, CDs demonstrated their beneficial effects on the membrane structure, including preservation
of the membrane integrity during freeze-drying. In this paper, we review the literature concerning the inter-
action of CDs with biomimetic and biological membranes. Moreover, the impact of CDs on the membrane

properties, mainly fluidity, stability, and permeability, is highlighted.

1. Introduction

Liposomes are phospholipid (PL) vesicles containing one or more
lipid bilayers and an aqueous internal cavity. They can encapsulate
hydrophilic and hydrophobic drugs in their aqueous core and lipid bi-
layer, respectively, constituting an effective drug delivery system
(Gharib et al., 2015).

Another drug delivery system is based on cyclodextrins (CDs), oli-
gosaccharides formed of glucopyranose units. CDs have a truncated
funnel shape with a hydrophobic internal cavity and a hydrophilic
outer surface (Gharib et al., 2015). Thus, CDs can entrap hydrophobic
drugs in their cavities forming CD/drug inclusion complexes that im-
prove drug solubility and bioavailability, enhance physical and thermal
stability of drugs, and limit drug toxic effects (Baek et al, 2013;
Loftsson and Masson, 2001; Zhang et al., 2013).

Drug-in-CD-in-liposome (DCL), a combined system made of CD and
liposome, was proposed by McCormack and Gregoriadis (1994) to in-
crease loading rates of hydrophobic molecules and to provide their
prolonged release compared to conventional liposomes and CD/drug

inclusion complexes. In DCL, hydrophobic drugs are loaded into the
aqueous phase of liposome in the form of CD/drug inclusion complex.

CDs boost drug delivery by interacting with membrane components
(Babu and Pandit, 2004; Mura et al., 2014; Nakanishi et al., 1992;
Tilloy et al., 2006; Ventura et al., 2001). This interaction may induce a
perturbation in the lipid bilayer affecting the membrane properties such
as fluidity (Gharib et al., 2018a; Grammenos et al., 2010) and perme-
ability (Piel et al., 2007; Wang et al., 2011). A deep understanding of
CD interaction with biomimetic, i.e. liposomal, and biological mem-
branes is crucial in pharmacology for controlling CD-mediated drug
delivery and release.

Freeze-drying of liposomes is essential to extend their shelf life
(Gharib et al., 2018b). Also, sperm cryopreservation has been ex-
tensively applied in artificial insemination programs (Mocé et al.,
2010). However, the freezing process can cause membrane damage
(Drobnis et al., 1993); therefore, suitable cryoprotectants should be
added. CDs are able to form hydrogen bonds with polar groups of
membrane lipids, thereby stabilizing the ordered conformation of li-
posomes and spermatozoa during freeze-drying. Furthermore, CD/
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cholesterol inclusion complexes serve as cholesterol (Chol) donors to
load membranes with Chol for membrane stabilization. Consequently,
free CDs (Gharib et al., 2018b; Madison et al., 2013; Zeng and Terada,
2000) and Chol-loaded CDs (Salmon et al., 2016) are capable to
maintain the integrity of a membrane during freeze-drying, thereby
ensuring its protection.

To the best of our knowledge, this is the first review that focuses on
CD interaction with biomimetic and biological membranes considering
the factors that may affect this interaction such as the type and con-
centration of CD as well as the membrane structure and composition.
The main techniques applied to study the CD-membrane interaction are
introduced, and the literature data are resumed into conclusive tables.
Furthermore, the literature data on CD-mediated extraction of mem-
brane components (PLs, Chol, and proteins) are discussed. We also
summarize the effects of CDs on the membrane properties such as
permeability, fluidity, and stability. In addition, an overview of the
beneficial effects of CDs as membrane cryoprotectants is presented. The
last section of this review discusses recent data on DCLs development.

2. Biological membranes
2.1. Membrane structure based on fluid mosaic model

The fluid mosaic model of cell membranes is a fundamental concept
in membrane biology. According to this model, the basic structure of a
biological membrane is a lipid bilayer associated with proteins, often
glycosylated (Singer and Nicolson, 1972). The variety of lipids and
proteins experience both rotational and translational freedom within
the bilayer plane and are asymmetrically distributed between the
membrane leaflets (Holthuis and Levine, 2005).

2.2. Membrane composition

2.2.1. Phospholipids and sphingolipids

PLs are amphiphilic molecules comprising a glycerol backbone es-
terified at first and second positions with two fatty acids; the third al-
cohol of glycerol is esterified by a phosphoric acid which, in turn, is
esterified by a polar group such as choline, ethanolamine, glycerol,
inositol, or serine. The membrane surface charge depends on the polar
head groups of PLs and sphingolipids constituting the membrane. The
PLs phosphatidylcholine (PC) and phosphatidylethanolamine (PE)
containing, respectively, positively charged groups choline and etha-
nolamine, are neutral. On the contrary, when the polar group is zwit-
terionic (serine) or non-ionizable (glycerol, hydrogen, or inositol), the
resulting PL is negatively charged. Furthermore, the fatty acids which
esterify the primary and secondary alcohols of glycerol vary in their
length and degree of saturation (Li et al., 2015). Like PLs, sphingolipids
are composed of a polar head group and a nonpolar moiety, which is a
fatty acid linked to a long-chain amino alcohol, sphingosine. They in-
clude sphingomyelins (SM) and glycosphingolipids: cerebrosides, sul-
fatides, globosides, and gangliosides. Gangliosides and sulfatides are
negatively charged due to the presence of sialic acid and sulfate groups,
respectively, contributing to the global membrane charge. Sphingoli-
pids have generally much more saturated hydrocarbon chains than PLs
allowing them to be packed tightly together (Brown and London, 2000).

The structure of a lipid influences its geometry and membrane
curvature. Thus, PC and SM both possess a cylindrical shape based on
the head-to-tail ratio (the same head and tail cross sectional areas)
resulting in a lamella (bilayer) when mixed in an aqueous medium.
However, lysophosphatidylcholine (LPC) and phosphatidylinositol (PI)
are of inverted conical shape (higher head-to-tail ratio) and form mi-
celles in an aqueous environment. Conversely, PE, phosphatidic acid
(PA), and phosphatidylserine (PS), containing relatively small head
groups, are cone-shaped lipids which adopt in water an inverted mi-
cellar structure. The fact that biological membranes have a lamellar
structure explains the choice of PC for the preparation of biomimetic
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lipid bilayers.

As mentioned earlier, membrane components are asymmetrically
distributed between the inner and outer leaflets of membrane. In gen-
eral, the inner leaflet is rich in PLs containing amine or serine moieties
and the signaling lipids such as PI and PA, whereas PC and SM are
densely located in the outer leaflet (Zalba and ten Hagen, 2017).

2.2.2. Cholesterol

Cellular membranes contain up to 40% sterols (Chol in mammals) in
relation to the total membrane lipids. Chol has a four-ring nucleus with
a double bond between C-5 and C-6, an iso-octyl side chain at C-17, two
methyl groups at C-18 and C-19, and a hydroxyl group at C-3. Its hy-
droxyl group is oriented toward the aqueous phase while the hydro-
phobic moiety is located alongside PL acyl chains. Chol plays an es-
sential role in controlling membrane fluidity, permeability, receptors
function, and ion transport (Burger et al., 2000; Cooper, 1978; Kaddah
et al.,, 2018; Simons and Toomre, 2000).

2.2.3. Proteins

Membrane proteins are classified into integral (or intrinsic) and
peripheral (or extrinsic). Integral proteins intercalate into the mem-
brane hydrophobic matrix where they are tightly bound by hydro-
phobic interactions. Integral proteins are also suggested to be amphi-
pathic with their hydrophobic domains embedded in the hydrophobic
interior and their hydrophilic domains protruding from the hydro-
phobic region of the lipid bilayer into the surrounding aqueous en-
vironments. Peripheral proteins are loosely bound to hydrophilic parts
of membranes by electrostatic and other non-hydrophobic interactions
(Nicolson, 2014).

2.2.4. Lipid rafts

Lipids are not only asymmetrically distributed between the mem-
brane leaflets but also heterogeneously dispersed within a single layer.
Cellular membranes contain highly ordered stable structures called
“lipid rafts” surrounded by a liquid disordered matrix. Lipid rafts are
small-sized domains rich in sphingolipids and Chol, closely packed,
functional, and dynamic. They are resistant to solubilization by mild
detergents (Brown and London, 1998; Simons and Ikonen, 1997). Also,
rafts contain a specific group of membrane proteins linked to saturated
acyl chains either using glycosylphosphatidylinositol (GPI) anchor or
through acylation with myristate or palmitate (Brown and London,
1998). Lipid rafts were proved to be implicated in many cellular pro-
cesses such as sorting of lipids and proteins (McIntosh et al., 2003),
signal transduction and trafficking (Hanzal-Bayer and Hancock, 2007;
Stauffer and Meyer, 1997), and transmission of viral and bacterial in-
fections (Wang et al., 2009).

3. Biomimetic membranes

Due to the complex organization of biological membranes, simple
biomimetic membranes are used as models. In the case of
CD-membrane interaction studies, lipid monolayers and liposomes are
utilized (Grauby-Heywang and Turlet, 2008; Milles et al., 2013; Ohvo-
Rekila et al., 2000).

3.1. Lipid monolayers

Lipid monolayers, also referred as Langmuir monolayers, are formed
by spreading amphiphilic molecules at the surface of a liquid; they
consist of a single lipid type or a mixture of lipids. This system displays
many advantages in comparison with other biomimetic membranes
allowing control of parameters such as temperature, nature and packing
of lipids, and compositions of the liquid medium (pH, ionic strength)
(Maget-Dana, 1999).
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Hydrophobic drug
Lipid bilayer

Hydrophilic drug
Aqueous phase

Amphiphilic drug

Fig. 1. Schematic representation of a liposome constituted of a lipid bilayer
enclosing an aqueous phase. Hydrophobic drug (red) is entrapped in the lipid
bilayer. Hydrophilic drug (green) is embedded in the aqueous phase.
Amphiphilic drug (orange) is located at the water-bilayer interphase. (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)

3.2. Liposomes

Liposomes are spherical self-closed structures where a lipid bilayer
encloses an aqueous inner cavity. Liposomes are mainly prepared from
PLs, with or without Chol. They are generally classified according to
their size and number of bilayers. Small unilamellar vesicles (SUV)
range between 20 and 100 nm while large unilamellar vesicles (LUV)
are greater than 100 nm, and giant unilamellar vesicles (GUV) exceed
1000 nm; all these types having a single lamella. Multilamellar vesicles
(MLV) are large vesicles (> 0.5 um) possessing more than 5 concentric
lamellae (Gharib et al., 2015).

Liposomes are biocompatible, biodegradable, non-immunogenic,
and non-toxic structures. All these characteristics make them suitable
for drug delivery. Hydrophobic and hydrophilic substances can be en-
trapped, respectively, within the lipid bilayer and the aqueous internal
cavity, and amphiphilic molecules are located at the water-bilayer in-
terface (Fig. 1). These properties make liposomes effective as carriers of
bioactive molecules in cosmetic, pharmaceutical, food, and farming
industries (Sherry et al., 2013).

4. Membrane fluidity

The fluidity of a membrane is one of its important properties; it
strongly depends on the temperature and the membrane composition,
in particular the presence of Chol and its content.
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Depending on the temperature, a lipid bilayer can adopt distinct
physical states (Fig. 2) which are characterized by different lateral or-
ganization, molecular order, and mobility of lipids constituting the bi-
layer (Eemen and Deleu, 2010). At low temperatures, the lamellar gel
phase (also called ‘solid ordered’ (So) phase) is formed where the hy-
drocarbon chains are elongated to the maximum in all-trans config-
uration. Upon temperature elevation, a lipid bilayer demonstrates
structural changes called ‘thermotropic transitions” the pre-transition
in which the lipid bilayer passes from the lamellar gel phase to the
rippled gel phase, and the main transition which represents the tran-
sition from the rippled gel phase to the ‘liquid disordered’ (Ld) phase.
Ld phase is characterized by the presence of numerous gauche con-
formers along the acyl chains; therefore, it shows a great increase in
membrane fluidity and molecular disorder compared to the rippled gel
phase (Abboud et al., 2018).

In the presence of Chol, a lipid bilayer can acquire a new phase,
called ‘liquid ordered’ (Lo) phase. In this case, the acyl chains have
intermediate properties between those of So and Ld phases. Vist and
Davis (1990) presented the dynamic of DPPC membrane at various
temperatures and Chol levels. The authors showed that for intermediate
membrane content of Chol (7-30%), the So phase coexists with the Lo
phase below the transition temperature. Above the transition tem-
perature, the Lo phase coexists with the Ld phase. Beyond 30mol %
membrane Chol content and whatever the temperature, the Lo phase is
reached.

Membrane fluidity is also influenced by the membrane PL compo-
sition. First, the nature of polar head group affects the membrane lat-
eral organization; membrane lipids with small polar heads allow a more
compact lipid assembly due to a reduced steric hindrance (Eemen and
Deleu, 2010). Additionally, saturation status of acyl chains strongly
affects the membrane lateral organization; namely, saturated lipids
have straight tails, thus promoting their tight packing. However, the cis
double bonds of unsaturated lipids prohibit their tight packing through
steric hindrance resulting in a more fluid membrane. In addition,
membrane fluidity depends on the length of the acyl chains; longer
alkyl chains are easily held together via Van der Walls and hydrophobic
interactions in comparison to those with shorter ones (Zalba and ten
Hagen, 2017).

quuld disordered phase

Fig. 2. The different physical states of a lipid bilayer in an aqueous environment. At low temperature, the solid ordered phase exists. At pre-transition temperature
(Tp), a lipid bilayer passes from the solid ordered phase to the rippled phase (left). At main transition temperature (Tm), a lipid bilayer passes to the liquid disordered
phase (down). Adding Chol (green) to a lipid bilayer induces the formation of the liquid ordered phase (right).
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Fig. 3. The chemical structure of the most common native cyclodextrins.

5. Cyclodextrins
5.1. Structure

Cyclodextrins (CDs) are non-toxic cyclic oligosaccharides formed of
a-1,4-linked D-glucopyranose units. They are obtained from starch by
means of enzymatic degradation. Due to the *C, chair conformation of
glucopyranose, CDs have a bottomless bowl shape (truncated cone) of
various sizes according to the number of glucose units. The most
common native CDs are formed of 6 (a-CD), 7 (B-CD), or 8 (y-CD)
glucose subunits, with a respective cavity size of approximately 0.5,
0.6, and 0.8 nm (Fig. 3) (Gharib et al., 2015).

Based on X-ray studies, CDs dispose their hydroxyl functional
groups to the cone exterior extending the primary hydroxyl group (C6)
of glucopyranose from the narrow edge of the ring and the secondary
hydroxyl groups (C2 and C3) from the wider edge as shown in Fig. 4
(Del Valle, 2004). This arrangement provides CD a hydrophilic outer
surface, whereas the interior cavity is hydrophobic.

5.2. Derivatives

Natural CDs, especially 3-CD, have limited solubility in water be-
cause of their relatively strong intermolecular hydrogen bonding in the
crystal state. The aqueous solubility of CDs determined at 25°C is
0.1211, 0.0163, and 0.1680 mol/L for a-CD, -CD, and y-CD, respec-
tively (Connors, 1997). Chemical modifications such as amination,
etherification, methylation, and esterification of the primary and sec-
ondary hydroxyl groups are applied to synthesize various hydrophobic,
hydrophilic, and ionic CD derivatives with an improved aqueous solu-
bility compared to the native CDs (Gharib et al., 2015).

In addition to the native CDs, various CD derivatives have been used

Wide edge

Secondary face

Primary face

Narrow edge

Fig. 4. The truncated cone-shaped structure of a cyclodextrin molecule with its
hydroxyl groups disposed outside.

to study their interaction with membranes. They include the hydro-
xypropyl derivatives (HP-a-CD, HP-f3-CD, and HP-y-CD), maltosylated
derivatives (Gz-a-CD and G2-f-CD), sulfobutylether-B-CD (SBE-B-CD),
carboxyethylated-y-CD (CE-y-CD), and the methylated derivatives (Me-
a-CD, DM-a-CD, Me-B-CD, dimeb, trimeb, Me-y-CD). The latters also
include the randomly methylated B-CD derivatives (rameb) and the
partially methylated crystallized-3-CD (crysmeb). Recently, interest in
multi-substituted-B-CDs such as hydroxypropyl-sulfobutyl-ether-B-cy-
clodextrin (HP,-SBEx-[-CD), which is substituted by hydroxypropyl
and sulfobutyl groups: n-(2,3,6-0-2-hydroxypropyl)-m-(2,3,6-O-sulfo-
butyl)-B-CD has emerged. Two HP,-SBE,,-3-CDs (HP,-SBE;-B-CD and
HP,-SBE,-[3-CD) were evaluated for their effects on biological mem-
branes (Wang et al., 2011).

5.3. Cyclodextrins used as drug delivery enhancers

CDs are able to entrap hydrophobic drugs in their cavities forming
CD/drug inclusion complexes. As a result, CDs favor drug dissolution in
the aqueous phase, making them suitable to diffuse in an aqueous
medium, to come in contact with membrane surface, and to permeate
through membrane. Moreover, encapsulation in CD protects the drug
from chemical and enzymatic degradation (Babu and Pandit, 2004;
Rong et al., 2014; Rosa Teixeira et al., 2013).

6. Drug-in-cyclodextrin-in-liposome

Van der Waal forces, hydrogen bonds, and hydrophobic interactions
are involved in the CD/drug inclusion complex formation (Gidwani and
Vyas, 2015). Therefore, the inclusion complex will rapidly dissociate
following intravenous administration where blood components may
displace the encapsulated drug. As for liposomes, highly lipophilic
drugs incorporated in the liposomal PL bilayer would be also rapidly
released after intravenous and transdermal administration (Kirby and
Gregoriadis, 1983; Maestrelli et al., 2005; Takino et al., 1994). To en-
sure a stable encapsulation of hydrophobic drugs, an approach has been
proposed (McCormack and Gregoriadis, 1994) where the drugs are
encapsulated in the aqueous phase of liposomes in the form of CD/drug
inclusion complexes. This approach combines the relative advantages of
both carriers in a single “drug-in-CD-in-liposome” (DCL) system. In-
deed, the entrapment of a water-soluble CD/drug inclusion complex
into liposomes would allow accommodation of insoluble drugs in the
aqueous phase of vesicles (Fig. 5) (Gharib et al., 2017).

7. Cyclodextrin-lipid membrane interaction

The interaction of native and modified CDs with fatty acids, Chol
and PLs was recently reviewed by Szente and Fenyvesi (2017). In the
sections below, we will focus, in particular, on the interaction between

24



Z. Hammoud, et al.

Lipid bilayer
CD/drug
inclusion
Aqueous phase complex

Fig. 5. Schematic representation of drug-in-cyclodextrin-in-liposome system
composed of lipid bilayer and an aqueous inner cavity. The drug in the form of
CD/drug inclusion complex is loaded in the aqueous phase.

CDs and both biomimetic and biological membranes, with respect to the
composition of biomimetic membrane, the type of biological mem-
brane, the lipid to CD molar ratio, as well as the CD type and con-
centration.

7.1. The effect of cyclodextrins on membrane fluidity

The effect of CDs on the fluidity and stability of liposome mem-
branes and biological systems (stratum corneum and colon carcinoma
cells) was evaluated using differential scanning calorimetry (DSC),
fluorescence anisotropy, and electron spin resonance (ESR) techniques.

DSC is used in lipid membrane research to study the thermal be-
havior of lipid bilayers in the presence of active agents, i.e. CDs. The
thermodynamic parameters such as pre-transition temperature (Tp),
main transition temperature (Tm), main transition enthalpy (AH,,), and
temperature width at half peak height (AT, /») can be determined using
DSC (Demetzos, 2008).

Tp is represented by a flat endothermic peak and its disappearance
reflects drug interaction with the polar head groups of PLs. Tm is a
sharp endotherm represented by the apex of the peak (Demetzos, 2008;
Gharib et al., 2018a). AH,, is the heat required for the entire transition;
it is calculated from the area under the main transition peak. The de-
crease in AH,, suggests an increase in the membrane fluidity and dis-
order (increase in the number of acyl chains in the gauche conforma-
tion) while its increase reflects an interaction of the drug with the upper
glycerol head group region of the lipid bilayer. Furthermore, AT,
reflects the cooperativity of the transition, being inversely proportional
to it. It is very sensitive to the presence of additives (Gharib et al.,
2018a).

Most studies in the literature evaluated the effect of CDs on DPPC
liposome membrane. The latter, in the absence of CD, displayed a pre-
transition at approximately 35 °C and a main transition at around 41 °C
(Gharib et al., 2018a). The interaction of CDs with liposomal mem-
branes induced alterations in the membrane calorimetric parameters.
Table 1 summarizes the literature data on the DSC results obtained with
CD-loaded liposomes, showing the liposomal membrane composition,
CD type and concentration as well as lipid:CD molar ratio. As can be
seen from Table 1, CDs influence the membrane fluidity.

Indeed, B-CD (Castelli et al., 2006) and HP-B-CD (Gharib et al.,
2018a) abolished the pre-transition peak values of DMPC and DPPC
liposomes, respectively, suggesting an interaction of CDs with the polar
head groups of PLs. Regarding the effect of CDs on Tm value, it was
reported that dimeb, B-CD, trimeb (Puglisi et al., 1996), and HP-B-CD
(Gharib et al, 2018a) increased the Tm of DPPC membranes as a
function of lipid:CD molar ratio (Fig. 6). In addition, 3-CD, at a con-
centration of 167 mM, increased the Tm of DMPC liposome membrane
(Castelli et al., 2006). Thus, CDs appear to stabilize the liposome lipid
bilayer by hydrogen bonding to polar lipids. In contrast, Nishijo and
Mizuno (1998) showed that the Tm value of DPPC membrane was re-
duced in the presence of trimeb, while 3-CD, y-CD, and HP-B-CD barely
influenced the Tm of this membrane model. The authors suggested that
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CDs exhibit a membrane fluidizing effect and may extract PLs from the
membrane. On the other side, Liossi et al. (2017) showed a lowering
effect of HP-B-CD towards DPPC membrane. The AH,, of DPPC mem-
brane was significantly decreased in the presence of a-CD (Nishijo and
Mizuno, 1998), dimeb (Nishijo and Mizuno, 1998; Puglisi et al., 1996),
or HP-f3-CD (Liossi et al., 2017) suggesting an increase in the membrane
fluidity and disorder. Conversely, Gharib et al. (2018a) demonstrated
an increase in AH,, of DPPC liposome at low HP-B-CD molar fraction
(1.81 and 4.54); an HP-B-CD interaction with the upper chain/glycerol/
head group region of the lipid bilayer was proposed. However, at higher
molar fraction (9.09 and 13.63), HP-B-CD exerted a lowering effect on
the AH,,,; HP-P-CD was suggested to interact with the hydrophobic core
of the lipid bilayer leading to perturbation of DPPC packing order.
Furthermore, adding Chol appears to modulate the effect of CDs on
DPPC membranes. Thus, B-CD and trimeb increased the AH,, of
DPPC:Chol (90:10) membrane at all the studied lipid to CD molar ra-
tios. Whereas the effect of dimeb differed depending on its molar
fraction; the AH,, increased to its maximal value (4.94 = 0.18 kcal/
mol) at lipid:CD molar ratio of 1:7; however, a further increase in its
molar fraction (1:32) led to a decrease in AH,, (2.88 = 0.31 kcal/mol).
According to the authors, dimeb is able to extract both DPPC and Chol
at higher CD molar fraction (Puglisi et al., 1996).

Few studies have determined the effect of CD on the cooperativity of
transition. The presence of dimeb, trimeb (Puglisi et al., 1996), or HP--
CD (Gharib et al., 2018a) induced an increase in the AT, ,, of DPPC
vesicles. This could be explained by the interaction between CD and the
hydrophobic region of DPPC bilayer which causes membrane disruption
(Gharib et al., 2018a).

Angelini et al. (2017) determined the ratio of pyrene fluorescence
intensities in excimer and monomer state for palmityl-oleoyl-phospha-
tidylcholine (POPC) and (-CD-loaded-POPC liposomes. The results
showed that 3-CD increased the membrane fluidity in comparison with
the control.

The anisotropy value is known to be inversely proportional to the
membrane fluidity. To our knowledge, the study of Gharib et al.
(2018a) is the only one using fluorescence anisotropy to evaluate the
CD effect on the membrane fluidity. The authors used 1,6-diphenyl-
1,3-5-hexatriene (DPH) as a probe since membranes do not exhibit a
natural intrinsic fluorescence. Due to its low aqueous solubility, DPH
inserts in the bilayer core; the depolarization property of DPH depends
on the packing of the acyl chains. Thus, the fluorescence anisotropy of
DPH in liposomes gives information about the organization of the
membrane environment around the fluorescent probe (Gharib et al.,
2018a). The authors determined the DPH anisotropy values of blank
and HP-3-CD-loaded DPPC liposomes prepared at different DPPC:HP-3-
CD molar ratios (100:181, 100:454, 100:909, and 100:1363) at 28, 41,
and 50 °C. The results showed that HP-B-CD reduced the DPH aniso-
tropy of DPPC membrane at all the studied temperatures in a con-
centration-dependent manner (Fig. 7), suggesting an increase in the
membrane fluidity of DPPC liposomes in the presence of HP-B-CD
(Gharib et al., 2018a).

Moreover, Gharib et al. (2018a) determined the anisotropy values of
DPH inserted in liposomes composed of saturated PLs and Chol or un-
saturated PLs and Chol; in addition, different PL:Chol:HP-3-CD molar
ratios were used in this study. HP-B-CD was found to increase the
membrane fluidity of liposome membranes composed of unsaturated
PLs, while no effect was exerted on those composed of saturated lipids.
Thus, the packing state of PLs can modulate the CD effect on membrane
model systems.

ESR spectroscopy is another technique used to provide information
about the structure and dynamic of biological membranes. The fatty
acid spin-label agents, 5-doxyl stearate (5-DSA) and 16-doxyl stearate
(16-DSA), are generally used as paramagnetic probes. 5-DSA is located
at the lipid-aqueous interface of the membrane while 16-DSA is inserted
into its hydrophobic core. The nitroxide group of the spin probes moves
around the point of attachment. Hence, the ESR spectra allow the
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Table 1
The effect of cyclodextrins on the thermotropic parameters of the liposome membranes determined by DSC.
Membrane Lipid:CD molar CD type [CD] (mM) Variation in thermotropic parameters Ref
composition ratio
-DPPC 1:0 - B-CD NI Effects of CDs on DPPC vesicles: Puglisi et al., 1996
1:3 - HP-$-CD - Dimeb, B-CD, and trimeb: Tm was increased with increasing lipid:CD molar
1.7 - Dimeb ratio
1:16 - Trimeb - Dimeb: AH,, was decreased while AT, ,, was increased
1:32 - Trimeb: an increase in AT, ,, without affecting AH,,
-DPPC:Chol (90:100) Effects of CDs on DPPC:Chol vesicles:
- Trimeb and B-CD: AH,, was increased
- Dimeb: an increase in AH,, up to DPPC:Chol molar ratio of 1:7; after that it
was decreased
- HP-B-CD: no effect on both vesicles.
DPPC 8:17 - a-CD 0-50 - a-CD and dimeb: AH,,, was decreased with increasing CD concentration Nishijo and Mizuno,
8:27 - p-CD while Tm was not affected 1998
8:37 - HP-B-CD - Trimeb: a slight decrease in Tm without affecting AH,,
8:50 - Dimeb - B-CD, v-CD, and HP-B-CD: Tm and AH,, were barely affected.
- Trimeb
- y-CD
DMPC ND B-cD 0-167 - no effect at low CD concentration Castelli et al., 2006
- at 167 mM, the pre-transition peak was abolished and Tm was increased
DPPC 80:20 HP-B-CD NI - both pre-transition and main transition peaks were preserved Liossi et al., 2017
- Tm and Tp were reduced
- AH,, was reduced.
DPPC 100:181 HP--CD 29-221 - the pre-transition peak was abolished Gharib et al., 2018a
100:454 - Tm was increased as a function of [CD]
100:909 - an increase in AH,, at low molar ratios (100:181 and 100:454) but it was
100:1363 decreased at high ratios (100:909 and 100:1363)

- ATy,» was increased.

[CD]: Cyclodextrin concentration, Chol: cholesterol, DMPC: dimyristoyl phosphatidylcholine; DPPC: dipalmitoyl phosphatidylcholine, NI: not indicated.
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Fig. 6. DSC scans of blank and HP-B-CD-loaded DPPC liposomes prepared at

DPPC:HP-B-CD molar ratios of 100:181; 100:454; 100:909 and 100:1363
(Gharib et al., 2018a).
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Fig. 7. DPH anisotropy values for blank and HP-B-CD-loaded DPPC liposomes
prepared at different DPPC:HP-B-CD molar ratios at 28, 41, and 50 °C (Gharib
et al., 2018a).

identification of changes in the probe rotational mobility in biological
membranes and can be further correlated with membrane fluidity
(Abboud et al., 2018; Grammenos et al., 2010).

ESR was applied to examine the effect of rameb (0-10 mM) on the
microviscosity of human colon carcinoma cell membrane. In the

absence of rameb, the microviscosity was found to be 298 cP. This value
decreased with increasing CD concentration and stabilized at 265 cP for
a rameb concentration of 2.5 mM. Then, the values remained constant
until 10 mM (Grammenos et al., 2010).

Finally, it is worthy to note that the membrane Chol content was not
considered in the above mentioned studies. Nevertheless, it is well
known that Chol has a key role in maintaining the membrane fluidity;
its content can modulate CD-induced membrane fluidity changes.

7.2. Extraction of lipid membrane components from biomimetic and
biological membranes

Several studies evaluated the extent of lipid extraction mediated by
CDs. Following the incubation of membrane with CD, the suspension is
subjected to centrifugation, and the supernatant is collected to de-
termine the amount of extracted PLs and Chol in the suspension. In
general, CDs enable rapid extraction of membrane lipids. Alpha-CDs
were found to extract mainly PLs; B-CDs, in particular methylated f-
CDs, extract preferably Chol; y-CDs are less lipid selective compared to
the other CDs (Fig. 8).

The fluorescent analogs of PLs and Chol have been widely used to
investigate the structural and dynamic properties of membranes. The
interaction of CDs with fluorescent-labeled Chol (Milles et al., 2013)
and PLs (Denz et al., 2016) bearing 7-nitrobenz-2-oxa-1,3-diazol-4-yl
(NBD) or dipyrromethene boron difluoride (BODIPY) moieties induced
a modification in Forster resonance energy transfer (FRET) signals. The
latter occurred between a rhodamine moiety linked to phosphatidy-
lethanolamine (Rh-PE) and the NBD or BODIPY moieties linked to li-
posomal PLs. Excitation of the BODIPY or NBD moieties induced a large
FRET signal; large rhodamine fluorescence was obtained when the
fluorophores came close together within the membrane. Consequently,
the CD-mediated extraction of the fluorescent analogs reduced their
concentration in the membrane, resulting in a decrease of FRET signals
(Denz et al., 2016).

Table 2 resumes the literature data regarding CD-mediated extrac-
tion of lipid components from biomimetic and biological membranes;
the studies on biomimetic membranes are presented first (liposomes
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Fig. 8. A scheme presenting a general technique for evaluating the extent of cyclodextrin-mediated lipid extraction.

then monolayers) followed by those on biological membranes. Fur-
thermore, Table 2 shows the lipid composition of liposomes and
monolayers, the cell type from which membranes are extracted as well
as the type and concentration of CD used in each study.

7.2.1. Kinetics of cyclodextrin-induced lipid extraction from membranes

Several studies examined the ability of CDs to induce lipid extrac-
tion from liposomal and biological membranes; the extraction kinetics
was determined by monitoring the extraction as a function of time; the
release rate constants or half times were evaluated.

Generally, Chol release from liposomes and biological membranes
displayed a rapid exponential kinetics (Iborra et al., 2000; Milles et al.,
2013). However, Yancey et al. (1996) reported that HP-f-CD-mediated
Chol release from mouse L-cell fibroblasts, human fibroblasts, and rat
hepatoma cells followed a bi-exponential kinetics, revealing a fast pool
with half-times of 19-23s and a slow pool with half-times ranging from
15 to 35 min. Moreover, Kilsdonk et al. (1995) demonstrated that HP-f3-
CD-induced a rapid Chol release from mouse L-cell fibroblasts over an
initial period (up to about 2h) until the equilibrium between Chol in
the outer medium and in the membrane compartment was reached.
Also, the kinetics of the PL extraction from liposomes by Me-a-CD and
Me-B-CD was fitted to a bi-exponential equation (Denz et al., 2016).

7.2.2. The factors affecting lipid extraction from membranes

The data presented in Table 2 show that CDs have a potential to
extract lipid components from biomimetic and biological membranes;
the extent of extraction depends on CD type and concentration, PL
structure, overall lipid membrane composition, and cell type.

7.2.2.1. Cyclodextrin type and concentration. The interaction of
methylated CDs such as Me-a-CD, Me-B-CD, and Me-y-CD, with
liposome membrane containing NBD-labeled PLs was examined by
detecting FRET between the NBD and Rh-PE as described earlier (Denz
et al., 2016). Me-a-CD and Me-3-CD were similarly efficient in inducing
a high efflux of fluorescent-labeled PLs embedded in the membrane,
whereas Me-y-CD produced no effect. Also, the interaction of different
CDs (a-CD, B-CD, HP-B-CD, Me-B-CD, and y-CD) with NBD and
BODIPY-labeled Chol was characterized (Milles et al., 2013). The
results demonstrated that Me-f-CD induced the greatest Chol
extraction while a-CD had no effect.

Moreover, many studies analyzed the effect of CDs on the

erythrocyte membrane. Beta-CD induced greater Chol extraction from
human erythrocytes relative to other native CDs (Irie et al., 1982;
Ohtani et al., 1989). On the other hand, a-CD was more potent in in-
ducing PL extraction (Ohtani et al., 1989). The influence of diverse CD
derivatives on rabbit erythrocyte membrane was studied; a-CD and
DM-a-CD were shown to extract PLs while HP-a-CD had no effect
(Motoyama et al.,, 2006). In addition, methylated B-CD derivatives
caused a greater Chol efflux from the erythrocyte membrane, as com-
pared to 3-CD (Motoyama et al., 2009b).

The presence of 3-CD and its derivatives, HP-3-CD and Me-B-CD, did
not modify the PL content of mouse L-cell fibroblast membrane but
reduced the Chol content in the order of Me-B-CD > f-CD > HP-B-CD
(Kilsdonk et al., 1995). Moreover, the impact of CD type on the lipid
release was demonstrated using a blood brain barrier model. Indeed, a-
CD preferentially promoted PL extraction, (3-CD selectively extracted
Chol, while both CD types induced SM release (Monnaert, 2004). Using
various -CD derivatives, it was shown that CDs enhanced Chol efflux
from human umbilical vein endothelial cells, with rameb inducing the
greatest effect (Castagne et al., 2009). In addition, B-CD derivatives
(HP,-SBE;-B-CD, HP3-SBE,-B-CD, SBE-B-CD, Me-B-CD, and dimeb)
caused Chol extraction from human embryonic kidney cells with dimeb
exerting the strongest effect (Wang et al., 2011). The impact of the
three native CDs as well as G,-a-CD and G,-f-CD on Caco-2 cell
membrane was also investigated (Ono et al., 2001); the authors de-
monstrated that 3-CD and G,-3-CD did not affect the PL content while
a-CD extracted most of the PLs from cell membrane, and y-CD produced
no effect. According to Szente et al. (2018), the cavity size and the
substitution groups of CDs influenced their ability to extract Chol from
biological membranes and to evoke cell damage. Methylated CDs
(dimeb and rameb) were more potent in solubilizing Chol compared to
HP-B-CD and SBE-B-CD, whereas HP-y-CD was not found to extract
Chol.

CD concentration can also influence the CD-mediated lipid extrac-
tion. All studies on this subject, both on biomimetic and biological
membranes, highlight the importance of CD concentration. Indeed,
increasing the CD concentration increases the extent of lipid release
from membranes (Denz et al., 2016; Milles et al., 2013; Ohvo and
Slotte, 1996; Ohvo-Rekild et al., 2000; Yancey et al., 1996).

7.2.2.2. Phospholipid type. The effect of PL acyl chain length and
saturation as well as PL head group type on the strength of CD-
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Table 2
Extraction of lipid membrane components by cyclodextrins.
Membrane CDs type [CD] (mM)  Outcomes Ref
Liposomes
- POPC:DHE (70:30) HP-B-CD 04 - CD-mediated sterol extraction in a concentration dependent manner Ohvo-Rekild
- SM:DHE (70:30) - Slower sterol extraction rate from SM vesicles compared to POPC vesicles et al., 2000
- POPC:cholestatrienol - Better extraction of cholestatrienol compared to DHE.
(70:30)
- SM:cholestatrienol (70:30)
- DOPC Me-$-CD 0.002-8 - No DOPC extraction at all CD concentrations used Besenicar et al.,
- DOPC:Chol (70:30) - Fast Chol extraction rate 2008
- DOPC:Chol (55:45) - Reduced Chol extraction rate in the presence of SM.
- DOPC:SM:Chol
- (53:17:30)

- DOPC:SM:Chol (40:40:20)
- DOPC:SM:Chol (30:30:40)

- DOPC:Rh-PE:NBD-Chol - a-CD 0-10 - CD-mediated Chol extraction in a concentration dependent manner Milles et al.,
(99:0.5:0.5) - B-CD - Rapid exponential kinetics of Chol efflux with release rate constants ranging from 0.2 to 2013
- DOPC:Rh-PE:BODIPY-Chol - HP-B-CD 065!
(99:0.5:0.5) - Me-B-CD - Greater Chol extraction by Me-B-CD compared to other CDs. Slight extraction of NBD-Chol
- y-CD by HP-B-CD, B-CD, and y-CD; no effect was exerted on BODIPY-Chol.
- POPC:Rh-PE:C6/C12 NBD- - Me-a-CD - CD-mediated PL extraction in a concentration dependent manner Denz et al.,
PC (99:0.5:0.5) - Me-B-CD - Bi-exponential kinetics of PL efflux 2016
- POPC:Rh-PE:C6/C12 NBD- - Me-y-CD - High extraction of PL by Me-a-CD and Me-R-CD whereas Me-y-CD was less effective
PS (99:0.5:0.5) - Better extraction of short chain PLs (C6) compared to the long ones (C12)
- POPC:Rh-PE:C6/C12 NBD- - Better extraction of NBD-PC and NBD-SM compared to NBD-PS and NBD-PE.
PE (99:0.5:0.5)
- POPC:Rh-PE:C6/C12 NBD-
SM (99:0.5:0.5)
Monolayers
- Chol B-CD - CD-mediated Chol extraction in a concentration dependent manner Ohvo and
- DPPC - Insignificant PL extraction compared to Chol extraction Slotte, 1996
- DDPC - B-CD-induced disappearance of Chol rich domains in DDPC:chol membranes
- SM - Reduced Chol extraction in the presence of PL and SM; SM effect > PL effect.

- DPPC:Chol (0.5-1 to 9:1)
- DDPC:Chol (0.5:1 to 9:1)
- SM:Chol (0.5:1 to 9:1)

- DHE HP-B-CD 1.6: pure - Lipid extraction from pure sterol monolayers in the order: Ohvo-Rekila
- Cholestatrienol layers chol ienol > deh g I > Chol et al,, 2000
- Chol 16: mixed - Slower extraction rate from mixed monolayers compared to the pure ones.
- POPC:DHE (70:30) layers
- POPC:Cholestatrienol

(70:30)
- POPC:Chol (70:30)

- DPPC B-CD 0.7 - Lipid extraction in the order: SM > POPC > DPPC Grauby-

- DMPC - No extraction of DMPG was obtained. Heywang and
- POPC Turlet, 2008
- DMPG

- SM

Biological membranes

Human erythrocytes - a-CD 0-40 CD-mediated membrane Chol extraction in the order: B-CD > v-CD > a-CD. Irie et al., 1982
- B-CD
- y-CD
Human erythrocytes - aCD 0-40 - CD-mediated PLs extraction in the order: a-CD > B-CD: y-CD Ohtani et al.,
- B-CD - CD-mediated extraction of Chol in the order: B-CD > y-CD; no effect of a-CD. 1989
- vCD
Rabbit erythrocytes - a-CD 3 - PLs were extracted by DM-a-CD and a-CD but no effect of HP-a-CD Motoyama
- HP-a-CD - No Chol extraction by all CDs used. et al,, 2006
- DM-a-CD
Rabbit erythrocytes - pCD B-CD: 3 - Only dimeb induced PL and SM release Motoyama
- Me-B-CD Me-B-CD:1 - CD-mediated Chol extraction in the order: dimeb = Me-$-CD > B-CD. et al., 2009b
- Dimeb Dimeb: 0.8
- Mouse L-cell fibroblast - B-CD 0-10 - CD-mediated Chol extraction in a concentration dependent manner Kilsdonk et al.,
- Human fibroblast - HP-B-CD - CD-mediated Chol extraction in the order: Me-$-CD > B-CD > HP-B-CD 1995
- Rat hepatoma cells - Me-B-CD - HP-B-CD-induced a rapid Chol extraction (up to about 2h)

- Me-B-CD and HP-B-CD induced cellular release of desmosterol as a function of CD
concentration; Me-B-CD effect > HP-B-CD effect

- No significant PLs release was obtained

- Extent of Chol extraction was the same for all the cell types.

- Mouse L-cell fibroblast HP-B-CD 0-200
(continued on next page)
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Membrane CDs type [CD] (mM)  Outcomes Ref
- Human skin fibroblast - CD-mediated Chol extraction in a concentration dependent manner till reaching saturation  Yancey et al.,
- Rat hepatoma cells at high CD concentration (50 mM for rat hepatoma cells and 75 mM for L-cell fibroblasts) 1996
- Bi-exponential kinetics of Chol efflux. The range of half-times for the fast pool: 19-23 s, and
that for the slow pool: 15-35 min
- The Chol extraction rate from cells in the order: rat hepatoma cells > mouse L-cell
fibroblasts > human skin fibroblasts.
Human skin fibroblasts HP-B-CD 5-15 - CD-mediated Chol extraction in a concentration dependent manner Ohvo et al.,
- Chol extraction was stimulated by SM degradation (using sphingomyelinase), while PC 1997
degradation (using PC-PLC) had no effect on Chol extraction.
Human sperm Me-f-CD 0-10 - CD-mediated Chol extraction in a concentration dependent manner. Cross, 1999
Goat sperm B-CD 0-16 - CD-mediated Chol extraction in a concentration dependent manner Iborra et al.,
- Rapid exponential kinetics of Chol efflux with half time of about 10 min 2000
- No PL extraction was obtained.
T lymphocytes Jurkat cell lines  Me-B-CD 0.5-15 - CD-mediated Chol extraction in a concentration dependent manner Mahammad
- Rapid Chol efflux at a single rate; a plateau was reached after 15 min. and Parmryd,
2008
Rod outer segment Me-$-CD 0-40 - CD-mediated Chol extraction in a concentration dependent manner Niu et al., 2002
- Significant PL extraction at CD concentration above 15 mM.
Rod outer segment Me-B-CD 15 - CD-mediated membrane Chol extraction Elliott et al,
- No effect of CD on the PL membrane content. 2003
Blood brain barrier model - aCD y-CD: 0-50 - Selective extraction of PC by a-CD compared to other CDs Monnaert, 2004
- pCD other: 0-5 - Selective Chol extraction by B-CD in a concentration dependent manner
- v-CD - a-CD and B-CD mediated extraction of SM
- y-CD was less lipid selective.
Human umbilical vein - B-CD 0-10 - CD-mediated Chol extraction in a concentration dependent manner Castagne et al.,
endothelial cells - HP-B-CD - CD extraction ability was as follows: 2009
- Me-B-CD trimeb < HP-B-CD < B-CD = crysmeb < dimeb = Me-f-CD < rameb.
- Dimeb
- Trimeb
- Rameb
- Crysmeb
Human embryonic kidney- - HP,-SBE;- 0-20 - CD-mediated Chol extraction in a concentration dependent manner Wang et al.,
derived HEK293A cells B-CD - For the same CD concentration, the effect of CDs on Chol extraction was in the order: 2011
- HP5-SBE- HP,-SBE;--CD < HP5SBE,-B-CD < SBE-B-CD < Me-B-CD < dimeb.
B-CD
- SBE-B-CD
- Me-B-CD
- Dimeb
Caco-2 cells - a-CD B-CDs:0-15 - No effect of B-CD and G»-B-CD on PLs extraction at low CD concentrations (< 15 mM) Ono et al., 2001
- B-CD other CDs: - The majority of membrane PLs were extracted by a-CD
- v-CD 0-150 - Moderate PLs extraction was obtained at CD 37.5mM for G,-a-CD and G,-$-CD
- Gra-CD - No effect of y-CD.
- GB-CD
- Human embryonic kidney - HP-§-CD 50 - The Chol extraction by CDs was in the order: Dimeb > Rameb:» HP-B-CD > SBE--CD  Szente et al.,
derived HEK293T cells - HP-y-CD - No effect of HP-y-CD. 2018
- Human cervical cancer- - SBE-B-CD
derived HeLa cells - Dimeb
- T lymphocyte Jurkat cell - Rameb

lines

BODIPY: dipyrromethene boron difluoride; Chol: cholesterol; DDPC: didecanoyl-phosphatidylcholine; DHE: dehydroergosterol; Dimeb: dimethylated-B-cyclodextrin;
DM-a-CD: dimethyl-a-cyclodextrin; DMPC: dimyristoyl-phosphatidylcholine; DMPG: dimyristoyl- phosphatidylglycerol; DOPC: dioleoyl-phosphatidylcholine; DPPC:
dipalmitoyl-phosphatidylcholine; NBD: 7-nitrobenz-2-oxa-1,3-diazol-4-yl; PC: phosphatidylcholine; PE: phosphatidylethanolamine; PL: phospholipid; PLC: phos-
pholipase C; POPC: palmitoyl-oleoyl-phosphatidylcholine; PS: phosphatidylserine; Rh: Rhodamine; SM: sphingomyelin; Trimeb: trimethylated-f-cyclodextrin.

mediated PL extraction have been discussed in the literature (Denz
et al., 2016; Grauby-Heywang and Turlet, 2008). Short chain lipids are
better extracted than long ones from liposome membrane when various
methylated CDs were applied. In addition, PC was more effectively
removed from liposome membrane in comparison with PE and PS (Denz
et al, 2016). Moreover, 3-CD was capable to release PC from
monolayers without any effect on phosphatidylglycerol (PG)
monolayers (Grauby-Heywang and Turlet, 2008).

Concerning the saturation status of acyl chains, the presence of an
unsaturated acyl chain was reported to favor the 3-CD-induced PLs
desorption from monolayers (Grauby-Heywang and Turlet, 2008); a
double bond creates a kink in the carbon chain rendering the structure

less tightly packed. In addition, the lipid backbone influences its ex-
traction; thus, SM (sphingosine backbone) was easier extracted from
biomimetic membranes than PLs (glycerol backbone) (Grauby-
Heywang and Turlet, 2008). This difference can be explained by the
fact that SM can act as both H-bond donor and acceptor while PC is only
a H-bond acceptor; H-bonds between lipids and CDs stabilize lipid-CD
complex, thereby favoring lipid extraction (Boggs, 1987).

7.2.2.3. Membrane lipid composition. CD-mediated Chol desorption
from pure Chol monolayer was studied and compared to those
composed of Chol mixed with PLs or SM. The results showed that
CDs induced minimal efflux of Chol from mixed monolayers in
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Fig. 9. A scheme for cyclodextrin-mediated formation of asymmetric vesicles:
cyclodextrins can promote lipid efflux (red and green) from symmetric donor
membranes, form soluble complexes in aqueous phase, and carry the lipids to
acceptor membranes.

comparison with pure Chol monolayers (Ohvo and Slotte, 1996; Ohvo-
Rekild et al., 2000), and SM exerted a greater effect in lowering Chol
desorption rate compared to PLs (Ohvo and Slotte, 1996). The rate of
HP-B-CD-mediated sterol extraction was higher from POPC:sterol
vesicles than that from SM:sterol vesicles (Ohvo-Rekila et al., 2000).
Besenicar et al. (2008) reported that the addition of SM to dioleoyl-
phosphatidylcholine:Chol (DOPC:Chol) vesicles slowed the Me-f-CD-
mediated Chol extraction. These findings are corroborated by the study
of Ohvo et al. (1997). The authors stated that reducing SM content in
human skin fibroblasts by about 76%, using sphingomyelinase,
stimulated the HP-B-CD-induced Chol removal from the plasma
membrane (23% compared to 13% from untreated cells), while
reducing PC content by about 12% using PC-phospholipase C, had no
effect on membrane Chol level. Hence, Chol interaction with other
membrane components may retard its CD-induced extraction.

7.2.2.4. Cell type. Two studies compared the effect of CDs on the Chol
extraction rate from three different cell types: mouse L-cell fibroblast,
human skin fibroblast, and rat hepatoma cells (Kilsdonk et al., 1995;
Yancey et al., 1996). Kilsdonk et al. (1995) used -CD, HP-B-CD, and
Me-B-CD (in the range of 0-10mM), and Yancey et al. (1996) used HP-
B-CD (0-200 mM). According to the first study, the rate of Chol release
did not differ among the cell types. In contrast, Yancey et al. (1996)
found that Chol release rate varied between the cells as follows: rat
hepatoma cells > mouse L-cell fibroblasts > human skin fibroblasts.
This difference might be due to the disparate CD concentrations tested;
at high concentrations such as 200 mM, HP-3-CD might have various
Chol efflux capacities towards different cell types.

7.2.3. The mechanisms of cyclodextrin-mediated lipid extraction

The mechanisms of Chol and PL extraction by CDs were discussed in
several studies. Thus, Fauvelle et al. (1997) evaluated the effect of a-
CD-induced PI extraction using '"H NMR, 2H NMR, and *'P NMR spec-
troscopy techniques (1997). Fauvelle and coworkers showed that a-CD
was attracted to membrane surface by electrostatic interaction between
the positively charged primary hydroxyl side of a-CD and the nega-
tively charged PI at the bilayer surface. This promoted the PI molecule
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extraction; in addition, another a-CD molecule was observed to include
the PI unsaturated sn-2 acyl chain.

Lépez et al. (2011) applied molecular dynamic (MD) simulations to
study the mechanism of Chol extraction by 3-CD. It is known that 3-CDs
in aqueous solution are associated to form dimers which are bound to
the membrane surface assuming either a tilted or untilted configura-
tion. Only the untilted configuration was appropriate to extract Chol
allowing the formation of a membrane-bound CD/Chol complex. Al-
though Chol is inserted quite deeply within the channel, the dimethyl
end of its hydrophobic tail remains in contact with the monolayer
surface until the CD/Chol complex tilts by 90°. Finally, the complex is
desorbed where each dimer extracts one Chol molecule from mem-
brane. It is worthy to mention that the CD monomer is able to interact
with membrane but the strength of this interaction is insufficient to
extract Chol. Also, Yancey et al. (1996) proposed that the CD-mediated
Chol extraction occurs by its desorption from the surface directly into
CD hydrophobic core (without passage through the aqueous phase). In
addition, Steck et al. (2002) suggested that Chol efflux induced by CDs
takes place through an activation-collision mechanism where the re-
versible partial projection of Chol molecules out of the erythrocyte lipid
bilayer precedes their collisional capture by CD.

Furthermore, Sanchez et al. (2011) used Laurdan generalized po-
larization to investigate the specificity of Me-B-CD (0.25, 1, and 2 mM)
in removing Chol from the coexisting macro-domains (liquid-ordered
and liquid-disordered domains) of GUV membranes composed of
DOPC:DMPC:Chol (1:1:1). The authors proved that Me-f-CD selectively
remove Chol from the liquid disordered phase of the liposome bilayer.

7.2.4. Cyclodextrin-mediated lipid exchange between membranes

Based on the capacity of natural CDs and their derivatives to extract
membrane lipid components, they had been widely used to catalyze the
lipid exchange between different membrane vesicles or between a lipid
vesicle membrane and a biological cell membrane. CD-mediated lipid
exchange has been mainly performed to build up lipid vesicles with
lipid asymmetry (Fig. 9); indeed, in natural biological membranes, the
lipid composition of the inner and the outer leaflets is different (Huang
and London, 2013). CDs promote the lipid molecule efflux from a donor
membrane surface partially or fully forming a soluble complex with this
lipid in aqueous medium and carrying it to an acceptor membrane
(Tanhuanpéda and Somerharju, 1999).

Various studies were carried out to investigate the transfer of PLs
and Chol between donor and acceptor membranes. Donor vesicles,
containing unlabeled lipids as well as labeled ones bearing a fluorescent
moiety (NBD, BODIPY, pyrene, or other), a heavy isotope, or a radio-
active molecule, were incubated with CDs; the unlabeled acceptor
membranes are generally cells or lipid vesicles. After incubation, the
acceptor membranes were separated from the donor membranes, sub-
jected to lipid extraction, and analyzed. Besides, Huang and London
(2013) studied CD-mediated lipid exchange assessing FRET between
NBD-labeled lipids and rhodamine-labeled lipids embedded in donor
vesicles. FRET was also used to monitor the DHE transfer from CD/DHE
complex to lipid vesicles containing dansyl-PE (McCauliff et al., 2011).

Table 3 summarizes the literature regarding the CD-induced lipid
exchange between membranes. The membrane lipid compositions of
donor and acceptor vesicles, the type and concentration of CD used in
each study are presented as well.

As it is obvious from Table 3, CDs are able to mediate efficient
transfer of PLs and Chol between lipid vesicles or between a lipid ve-
sicle and a cell; the transfer is controlled by several parameters. First,
the level of CD-mediated lipid exchange between vesicles is directly
proportional to the CD concentration (Iuang and London, 2013; Kainu
et al.,, 2010; Leventis and Silvius, 2001; McCauliff et al., 2011;
Tanhuanpaa and Somerharju, 1999). However, at high CD concentra-
tions, it may induce membrane damage and vesicle solubilization
(Huang and London, 2013). Second, the level of lipid exchange between
membranes is affected by the CD type. Me-B-CD is more efficient
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Table 4
Some examples of cyclodextrin-induced protein extraction.

Cell type CD type [CD] (mM) Qutcomes Ref

Human erythrocytes - a-CD 0-40 - Proteins were randomly extracted, without preference to any particular ones Ohtani et al., 1989
- B-CD - The CD-induced protein extraction was in the order: B-CD>» y-CD > a-CD.
- y-CD

T lymphocytes Me-B-CD 0-50 - Me-B-CD-induced extraction of the proteins: Thy-1 (cluster of differentiation-90), cluster  Ilangumaran and

of differentiation-45, cluster of differentiation-26, MHC-1, PTK-1, Lck, and Fyn. Hoessli, 1998

Caco-2 cells - a-CD B-CD: 0-15 - Proteins were randomly extracted, without preference to any particular ones Ono et al., 2001
- p-CD Others: 0-150 - The CD-induced protein extraction was in CD concentration dependent manner
- v-CD - At 150 mM, the CD-induced protein extraction was in the order:
- Ga-a-CD y-CD < GrB-CD < Gp-f-CD < < a-CD
- Go-B-CD - At 15mM, B-CD exhibited no ability for protein extraction.

B lymphocytes Me-B-CD 10 - Me-B-CD induced extraction of BCR and cluster of differentiation-20. Awasthi-Kalia et al.,

2001
Rod outer segment Me-B-CD 15 - Me-B-CD induced extraction of transducin a subunit (Ta) from detergent resistant Elliott et al., 2003
domains.

Rabbit erythrocytes - a-CD 3 - Proteins were randomly extracted, without preference to any particular ones Motoyama et al., 2006
- HP-a-CD - DM-a-CD induced protein extraction
- DM-a-CD - No extraction was detected with other CDs.

Rabbit erythrocytes - B-CD B-CD: 3 Me-f: 1 - Proteins were randomly extracted, without preference to any particular ones Motoyama et al., 2009
- Me-f-CD  Dimeb: 0.8 - Me-f-CD and dimeb induced protein extraction
- Dimeb - No extraction was obtained with B-CD.

Rod outer segment Me-B-CD 0-20 - Me-B-CD induced extraction and purification of prenylated proteins GRK1 and PDE6. Saito et al., 2012

BCR: B cell receptor; GRK1: rhodopsin kinase; Lek: lymphocyte-specific protein tyrosine kinase; MHC 1: major histocompatibility complex 1; PDE 6: ¢<GMP phos-

phodiesterase 6; PTK: protein tyrosine kinase; Thy-1: Thymocyte antigen 1.

towards lipid exchange between liposomes compared to HP-B-CD and
HP-a-CD (Huang and London, 2013). Moreover, Me-B-CD and a-CD are
found to be more potent in mediating DPPC transfer between vesicles
compared to that of Chol; on the contrary, 3-CD and y-CD are more
efficient transfer inducers of Chol in comparison with DPPC (Leventis
and Silvius, 2001). Another factor affecting the lipid exchange is the
type of PL. For instance, Me-a-CD induced the transport of SM (75%),
PC and PE (10-15%) but not PI and PS. Also, SM molecules with shorter
acyl chains (fewer than 36C) were exchanged to a greater extent than
the longer ones (Li et al., 2016). These findings are consistent with
those of Kainu et al. (2010) reporting that the transport of PLs triggered
by Me-f-CD depends on length of their acyl chains; at the same time,
there was no consistent relation with the PLs head group. Similarly, the
lipid transport rate mediated by CE-y-CD (5 mM) decreased as the acyl
chain length of PC increased from 6 to 14 C atoms (Tanhuanpid and
Somerharju, 1999). Furthermore, CE-y-CD enhanced the PI transport
rate by about twice compared to PG, PE, PS, and PC; besides, the SM
transport mediated by this CD was about 3 folds more rapid than that of
PC. The authors concluded that the overall molecular hydrophobicity of
PLs is an essential factor controlling their CE-y-CD-mediated transport.

McCauliff et al. (2011) studied the mechanism of transfer of DHE, a
fluorescent Chol analogue, from HP-B-CD/DHE complex to PL mem-
branes. They demonstrated that the DHE transfer occurred by a colli-
sional transfer mechanism involving a direct interaction of HP-3-CD
with the membrane. HP-3-CD acts like Niemann-Pick C2 protein; the
latter is involved in Chol transport and metabolism.

7.2.5. The effects of cyclodextrins on signal transduction pathways

To the best of our knowledge, CDs do not interact with specific
membrane receptors. They act through a non-classical mechanism
which is based on the extraction of membrane components (Chol, PL,
lipid metabolites, and proteins), and/or the disruption of raft domains
(Kabouridis et al., 2000; Matassoli et al., 2018). This may result in the
alteration of signaling pathways; for example, Chol extraction by CDs
leads to several changes including: i) the activation of phosphatidyli-
nositol-3-kinase/protein kinase B/ Bcl-2-associated death promoter
(PI3K/Akt/Bad) pathways (Motoyama et al., 2009); i) the stimulation
of ERK (extracellular signal-regulated kinase) phosphorylation and the

inhibition of PI3K/Akt phosphorylation, thereby reducing the expres-
sion of the transcription factor c-Jun in colon carcinoma cells
(Scheinman et al., 2013); iii) the suppression of resveratrol-induced
activation of kinase-dependent signaling pathways (c-Jun NHy-terminal
kinase/ERK/Akt) and caspase-dependent apoptosis in colon cancer cells
(Colin et al., 2011); iv) the activation of Wnt/[-catenin pathway which
plays multiple roles at different stages of development of Xenopus
laevis (Reis et al.,, 2016); v) the activation of protein kinase A and
tyrosine kinase resulting in protein phosphorylation and sperm capa-
citation (Osheroff, 1999; Visconti et al., 1999); vi) the enhancement of
antigen receptor-mediated intracellular calcium release in Ramos B
cells (Awasthi-Kalia et al., 2001), and its inhibition in Jurkat T cells
(Kabouridis et al., 2000); vii) the enhancement of signaling pathways
associated with B1-adrenergic receptors resulting in compartmentalized
cyclic adenosine monophosphate (cAMP) response in cardiac mono-
cytes (Agarwal et al., 2011); viii) the suppression of cAMP-dependent
protein kinase (PKA) modulation of voltage-gated potassium channel
(Kv) current in rat mesenteric artery smooth muscle cells (Brignell
et al., 2015); ix) the suppression of signaling pathways associated with
chemokine receptor (CCR5), leading to the inhibition of calcium release
and abrogation of inhibition of forskolin-stimulated cAMP accumula-
tion in Chinese hamster ovary cells and human embryonic kidney cells
(Cardaba et al., 2008), x) the suppression of insulin-stimulated Akt
phosphorylation in mice hepatocytes (Key et al., 2017); xi) other sig-
naling pathways may also be involved. Additionally, CD-induced ex-
traction of other membrane components (PLs or proteins) may affect
several signal transduction pathways. For instance, DM-a-CD sup-
pressed nitric oxide and tumor necrosis factor-a (TNF-a) production as
well as nuclear factor-gB (NF-¢B) activation in stimulated macrophages
due to the efflux of PLs and cluster of differentiation 14 from lipid rafts
(Motoyama et al., 2005).

The signaling pathways changes would depend on the cell line
(Awasthi-Kalia et al., 2001; Kabouridis et al., 2000; Motoyama et al.,
2005), the CD type and concentration (Colin et al., 2011; Motoyama
et al., 2005), the CD forms (free or CD/guest complex) (Key et al.,
2017), etc. This illustrates the vastness of this topic and requires se-
parate consideration in a special review.
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7.3. Protein extraction

Table 4 resumes the results of several studies, as examples, on the
ability of CDs to extract proteins from different cell membranes. The
type and concentration of CD are also presented.

As shown in Table 4, CDs are able to solubilize membrane proteins;
the CD concentration and type are modulating factors of the process
(Ono et al., 2001; Ohtani et al, 1989; Motoyama et al., 2006,
Motoyama et al., 2009). Thus, B-CD was more potent in inducing pro-
tein extraction from human erythrocytes compared to the other native
CDs (Ohtani et al., 1989). On the other side, a-CD was more effective in
inducing protein extraction from Caco-2 cell membrane, and no effect
was exerted by B-CD (Ono et al., 2001). Furthermore, DM-a-CD
(Motoyama et al., 2006) and the methylated derivatives of 3-CD (Me-f3-
CD and dimeb), unlike the native a- and B-CDs (Motoyama et al.,
2009b), were found to induce the extraction of proteins spanning rabbit
erythrocytes membranes.

It is worthy to note that Me-B-CD was the only CD used in the lit-
erature to selectively extract membrane proteins from T lymphocytes
(Hlangumaran and Hoessli, 1998) and B lymphocytes (Awasthi-Kalia
et al., 2001). Also, it was observed to selectively extract prenylated
proteins GRK1 and PDE6 from rod outer segment membrane. These
proteins were demonstrated to have different EC50 values (effective
concentration to extract 50% of total protein amount); it depends on the
strength of protein-membrane association. For GRK1, EC50 was
0.17 mM while for PDE6 it was 5.1 mM (Saito et al., 2012). Moreover,
Elliott et al. (2003) reported that adding Me-f3-CD resulted in the ex-
traction of the peripheral protein transducin a subunit (Ta) from the
detergent resistant domains of rod outer segment membrane without
any effect on caveolin-1.

7.4. The effect of cyclodextrins on the membrane permeability

Cell membrane permeability is essential for many biological pro-
cesses. Therefore, liposome membrane permeability was examined in
the presence of various CDs by analyzing the release of fluorescent dyes
incorporated into liposomes such as carboxyfluorescein (Nishijo et al.,
2000) and calcein (Besenicar et al., 2008; Hatzi et al., 2007; Piel et al.,
2007). Regarding cellular membranes, permeability was evaluated by
analyzing the release of intracellular components such as hemoglobin
(Ohtani et al., 1989) and the enzyme lactate dehydrogenase (Wang
et al, 2011). Table 5 summarizes the results of the literature search
regarding the effect CDs on the membrane permeability with respect to
the membrane lipid composition or cell type, CD type and concentra-
tion, and intravesicular fluorescent dye or intracellular component used
to assess the membrane permeability.

The interaction of CDs with lipid membrane components increased
the membrane permeability; the extent of increase in permeability is
directly proportional to the CD concentration (Kilsdonk et al., 1995;
Nishijo et al., 2000; Ohtani et al., 1989; Piel et al., 2007; Wang et al.,
2011). On the other side, Besenicar et al. (2008) showed that Me-B-CD
(0-4 mM) did not influence the membrane permeability of DOPC and
DOPC:Chol liposomes. This is probably due to relatively low CD con-
centrations (0-4 mM) unlike other studies using higher CD concentra-
tions up to 10mM (Kilsdonk et al., 1995; Nishijo et al., 2000), 20 mM
(Wang et al., 2011), and 100 mM (Piel et al., 2007).

Additionally, several studies stated that the CD-induced membrane
permeability increase depends on the type of CD, namely its hydro-
phobicity and the cavity size. For instance, a-CD, dimeb, and trimeb
were shown to induce carboxyfluorescein release from DPPC, dis-
tearoyl-phosphatidylcholine  (DSPC), and dimyristoyl-phosphati-
dylcholine (DMPC) liposomes while no effect was produced by -CD,
HP-B-CD, and y-CD (Nishijo et al., 2000). Besides, the permeability of
soybean phosphatidylcholine (SPC):stearylamine (SA) liposome, as-
sessed by studying the kinetics of calcein release, was found to increase
after exposure to methylated 3-CDs such as dimeb, rameb, and trimeb
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(Piel et al., 2007). However, other CDs used in this work, B-CD,
crysmeb, HP-B-CD, SBE-3-CD, y-CD, and HP-y-CD, did not significantly
induce calcein leakage from liposomes. As suggested by the authors,
calcein molecules may escape from the liposomes as a result of the
interaction of methylated CDs with membrane lipids. Moreover, the
same authors showed that the methylated CDs increased the perme-
ability of liposomes containing or not Chol; this result allowed them to
conclude that Chol does not protect membranes from the effect of CDs
(Piel et al., 2007). Furthermore, Hatzi et al. (2007) demonstrated that
the CD-mediated membrane permeability increase was greater for Me-
B-CD than for HP-B-CD or HP-y-CD; thus, the effect of CD on the
membrane permeability depends on the lipophilicity of CD rather than
its cavity size.

Concerning the effect of CDs on the permeability of biological
membranes, the native CDs were able to increase the permeability of
human erythrocytes, with 3-CD exerting the greatest effect (Ohtani
et al., 1989). In addition, methylated CDs such as Me-B-CD (Kilsdonk
et al.,, 1995; Wang et al., 2011) and dimeb (Wang et al., 2011) were
demonstrated to be more potent in enhancing the membrane perme-
ability of mouse L cell fibroblasts (Kilsdonk et al., 1995) and human
embryonic kidney 293A cells (Wang et al., 2011) compared to other f-
CD derivatives.

Other factors controlling the CD-induced membrane permeability
are the type of PL constituting the liposomal membrane and the size of
liposomal vesicles (I1atzi et al., 2007). Indeed, liposomes composed of
saturated PLs (HPC) were found to be less affected by CDs in relation to
the unsaturated ones. Moreover, the presence of Chol in the membrane
lowered the permeability of unsaturated PC liposomes, while it in-
creased or did not affect that of HPC or DSPC liposomes (Hatzi et al.,
2007).

Moreover, for the same membrane lipid composition, the CD-in-
duced calcein release from MLV was greater relative to SUV. The
greater SUV stability is evidently due to the curvature of lipid molecules
which does not allow lipids to establish an optimal contact angle to
interact with CDs (Hatzi et al., 2007).

Furthermore, Monnaert (2004) measured the endothelial perme-
ability coefficient (Pe) of [MC]-sucrose across blood brain barrier at
0-5mM for a-CD and B-CD, and at 0-50 mM for y-CD. The sucrose
permeability was determined to be dependent of CD concentration; the
effect of CDs was in the order of a-CD > Me-a-CD = HP-a-CD = [3-
CD = Me-B-CD = HP-3-CD > y-CD, Me-y-CD > HP-y-CD.

Table 5 presents the data on the kinetics of intravesicular compo-
nents release from liposomes induced by different CDs. We can notice
that most CDs induced an instant release of intravesicular components
after CD adding to liposomes followed by a slow (Nishijo et al., 2000) or
negligible (Hatzi et al., 2007) release stage. This finding can be ex-
plained by the fact that at the initial stage, the CD-induced extraction of
membrane lipids results in membrane permeabilization. Following this
stage, CD/lipid complexes may act as lipid donors towards membrane
allowing its re-organization (Hatzi et al., 2007).

7.5. Vesicles solubilization upon cyclodextrin — membrane interaction

The particle size analysis by dynamic light scattering (Hatzi et al.,
2007) and turbidity measurements (Boulmedarat et al., 2005; Hatzi
et al., 2007) revealed that CDs, in particular methylated (3-CDs, induced
vesicle solubilization due to the CDs ability to draw PLs and Chol out of
the liposome membrane (Anderson et al., 2004).

Hatzi et al. (2007) showed that Me-B-CD was more potent in solu-
bilizing PC and PC:Chol liposomes than HP-B-CD, at a CD concentration
starting from 60 mM. This result was attributed to the ability of Me-f-
CD to mediate a faster extraction of Chol with respect to HP-f3-CD. Also,
POPC vesicles were solubilized in a concentration-dependent manner
when mixed with rameb solution (15-150 mM); the increase in rameb
concentration from 80 to 100 mM led to a 2-fold increase in the amount
of extracted POPC (Anderson et al., 2004). In addition, rameb
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Table 5
The effect of cyclodextrins on liposomal and biological membrane permeability.
Membrane CD type [CD] (mM)  Released Outcomes Ref
substance
Liposome
- DPPC - a-CD 0-10 CF - Release of CF was proportional to the CD concentration Nishijo et al.,
- DSPC - B-CD - Release of CF was in the order: DPPC liposome: Dimeb > a-CD > Trimeb 2000
- DMPC - HP-$-CD DSPC liposome: Dimeb > Trimeb > a-CD
- Dimeb DMPC liposome: a-CD > Dimeb > Trimeb
- Trimeb Other CDs had no effect
- ¥-CD - a-CD induced the CF release as function of time
- Dimeb and Trimeb induced a rapid release of CF at the initial stages followed by a
slow release which finally levelled off.
- SPC:SA (90:10) - B-CD B-CD: 0-7.5 Calcein - Release was proportional to the CD concentration Piel et al.,
- SPC:Chol: SA - Dimeb Crysmeb: - Release was in the order: 2007
(60:30:10) - Trimeb 0-50 SPC: SA liposome: Dimeb > Rameb > Trimeb
- Rameb others: SPC:Chol:SA liposome: Dimeb > Rameb > Trimeb > y-CD
- Crysmeb 0-100 Other CDs had no effect
- HP-B-CD - Dimeb induced total release immediately after addition. Other CDs induced the
- SBE-B-CD release as a function of time.
- v-CD
- HP-y-CD
- PC - HP-B-CD HP-B-CD: Calcein - Release of calcein was in the order: Me-B-CD > HP-B-CD = HP-y-CD Hatzi et al.,
- PC:Chol (1:1) - Me--CD 27 - Release of calcein was in the order: PC > HPC > DSPC 2007
- HPC - HP-y-CD Me-B-CD: - Release of calcein: MLV > SUV
- HPC:Chol (1:1) 31 - The presence of Chol reduced the permeability of PC liposomes but increased or did
- DSPC HP-y-CD: not affect that of other liposome types
- DSPC:Chol (1:1) 25 - CDs induced a significant release of calcein immediately after its addition; no further
effect was produced.
- DOPC Me-B-CD 0-4 Calcein - Me-B-CD did not induce the calcein release from the mentioned liposomes. Besenicar
- DOPC:Chol et al., 2008
(60:40)
Biological cells
Human erythrocytes - a-CD 0-40 Potassium and - Release was proportional to the CD concentration (Ohtani
- B-CD hemoglobin - Release was in order of p-CD > a-CD > y-CD et al,, 1989)
- v-CD - Higher CD concentration was needed for hemoglobin release compared to potassium
release.
Mouse L-cell - B-CD 0-10 4C-adenine - Release was proportional to the CD concentration (Kilsdonk
fibroblast - HP-B-CD - Effect of Me-B-CD > HP-B-CD et al,, 1995)
- Me-B-CD - B-CD had no effect.
Human embryonic - HP5-SBE,-  0-20 LD - Release was proportional to the CD concentration (Wang et al,,
kidney 293A B-CD - Release was in the order: 2011)
cells - HP;-SBE;3- Me-B-CD = Dimeb > HP5-SBE,-B-CD = HP,-SBE;-B-CD = SBE-B-CD.
B-CD
- SBE-B-CD
- Me-B-CD
- Dimeb

CF: carboxyfluorescein; Chol: cholesterol; DMPC: dimyristoyl-phosphatidylcholine; DOPC: dioleoyl-phosphatidylcholine; DPPC: Dipalmitoyl-phosphatidylcholine;
DSPC: distearoyl-phosphatidylcholine; HPC: hydrogenated phosphatidylcholine; LD: lactate dehydrogenase; PC: phosphatidylcholine; SA: stearylamine; SPC: soybean

phosphatidylcholine.

(0-152mM) caused a progressive decrease in the turbidity of
SPC:Chol:SA (60:30:10) liposomes until a transparent solution was
obtained (above a CD concentration of 50mM). Furthermore, Huang
and London (2013) used FRET to study CD-induced vesicle solubiliza-
tion. Their results showed that, among different CDs (Me-3-CD, HP-f3-
CD, and HP-a-CD), a significant vesicle solubilization (abolishment of
FRET signals) was achieved by Me-p-CD; the effect was depending on
the acyl chain length and saturation degree as well as on the PL head
group.

Based on the data discussed in this section and in the preceding
sections, we can conclude that CDs are inactive at concentrations below
0.5 mM. In contrast, at moderate concentrations, they can induce lipid
extraction and catalyze lipid exchange between membranes. CDs can
also promote vesicles solubilization at relatively high concentrations
(> 50mM). It is worthy to mention the “shuttle-sink” model for lipid
efflux described by Atger etal. (1997). According to this model, the rate
of Chol exchange (influx and efflux) between cell membrane and
medium compartment, as it is the case with serum lipoproteins,

increases in the presence of low CD concentrations; the equilibrium is
not changed and there is no clear change in the membrane and medium
Chol pools. However, in the presence of lipid vesicles and CDs, the
vesicles act as a sink shifting the equilibrium to favor net efflux of Chol
from the cell membranes.

7.6. Cyclodextrins act as cryoprotectants during freeze-drying

Freeze-drying, also known as lyophilization, is essential to ensure
the long-term storage of liposomes and biological cells. Nevertheless, it
may cause membrane disruption owing to ice crystal formation,
membrane phase transition, and osmotic dehydration (Chen et al.,
2010; Ingvarsson et al., 2011; Wolkers, 2013). Freeze-drying appeared
to be effective for storage of several cell types including erythrocytes
(Arav, 2013), platelets (Crowe and Fitzpatrick, 2013), and sperms
(Keskintepe and Eroglu, 2015). It was mostly applied on spermatozoa;
cryopreservation may promote damage in all sperm compartments,
resulting in the loss of sperm motility, viability, acrosomal integrity,
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and the fertilizing capacity of the frozen-thawed sperms (Mocé et al.,
2010).

Hence, maintaining the integrity of the lipid bilayer structure during
freezing of liposomes and biological cells (particularly sperm cell) is
highly recommended. Several papers studied the effect of CD as a
cryoprotectant to preserve liposomal and biological membranes during
the aforementioned process.

7.6.1. Cryopreservation of liposomes using cyclodextrins as cryoprotectants

Van den Hoven et al. (2012) demonstrated a stabilizing effect of HP-
B-CD, during freeze-drying, towards PEGylated DPPC:Chol liposomes
(lipid:CD w:w ratio of 1:6) loaded with prednisolone; its effect was
superior to that of sucrose or trehalose, other known cryoprotectants.
Sebaaly et al. (2016) compared the effect of different cryoprotectants
(HP-B-CD, sucrose, trehalose, maltodextrin Glucidex6D and 19D,
stearylamine, and cetyl alcohol) on phospholipon 90H-liposomes
loading eugenol, an essential oil component. HP-B-CD showed the best
protective effect; the mean vesicle size, pdl, Zeta potential, and eugenol
encapsulation efficiency values were maintained when freeze-drying
was conducted in the presence of HP-3-CD.

The effects of composition and saturation of soybean PLs on the
liposome stability during freeze-drying was evaluated by Gharib et al.
(2018b) using HP-B-CD as a cryoprotectant. HP-B-CD (10-100 mM)
added to suspensions of conventional liposomes or present in the in-
terior aqueous phase of CD-in-liposome system, protected hydrogenated
liposomes during freeze-drying, while this effect was not observed for
liposomes composed of unsaturated PLs.

HP-B-CD has a unique structure with numerous H-bond donors and
acceptors. It may replace water molecules at the liposome surface
during freeze-drying, thereby protecting the liposomal membrane from
damage and keeping its structure intact (van den Hoven et al., 2012).

7.6.2. Cryopreservation
cryoprotectants

The effect of CDs on sperm cell cryopreservation was documented in
a set of studies. In general, HP-3-CD and Me-p-CD, at optimal con-
centrations, have an ability to increase sperm cell viability after
thawing, as compared to the control. However, CD-induced resistance
of spermatozoa to the damage caused by freezing and thawing was
shown to vary between species; the variation is due to membrane
PL:Chol ratio that differs between species (Madison et al., 2013).

The study of Madison et al. (2013) on jack and stallion sperm cells
demonstrated that adding HP-B-CD (60 mM) resulted in an improved
cell viability and motility of both sperm cell types. In the presence of
HP-B-CD, the post thaw motility was 23 = 0.7% for jack and
17 *= 0.4% for stallion relative to control (20 = 0.7% for jack;
15 = 0.4% for stallion). Moreover, for both species, HP-B-CD induced
the sperm post thaw acrosome reaction. Zeng and coworkers studied
the effects of HP-B-CD (Zeng and Terada, 2000) and Me-3-CD (Zeng and
Terada, 2001) on boar sperm cell viability, motility, and acrosomal
status during freeze-drying. According to the authors, the pretreatment
with HP-B-CD (up to 40 mM) and Me--CD (up to 20 mM) increased the
number of sperm cells with intact acrosomes and enhanced the sperm
motility compared to untreated cells. However, further elevation of CD
concentration up to 80 mM and 40 mM for HP-3-CD and Me-B-CD, re-
spectively, lowered the sperm viability and motility.

of sperm cells using cyclodextrins as

7.6.3. Cryopreservation of sperm cells pretreated with cyclodextrin/
cholesterol complex

Chol-loaded CDs were suggested to facilitate Chol transfer into the
sperm plasma membrane. The effect of Me-[-CD/Chol inclusion com-
plex applied prior to the freeze-drying procedure, on sperm membrane
integrity, sperm motility, acrosome reaction, and sperm fertility was
extensively studied in the literature. Purdy and Graham (2004) showed
that pretreating bull sperm with Me-B-CD/Chol can increase the
number of survived sperm cells and preserve their fertilizing potential.
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In addition, adding treated or untreated sperm to oocytes gave similar
percentages of oocytes able to cleave and develop into embryos. Simi-
larly, Salmon et al. (2016) reported that Me-3-CD/Chol, added prior to
the cryopreservation procedure, improved the goat sperm cryosurvival
rate showing greater percentages of motile and live sperms with intact
acrosomes relative to untreated samples. However, contradictory re-
sults were published by Pinho et al. (2016) who demonstrated that Me-
B-CD/Chol application did not improve, it even decreases, the quality of
Piau swine sperm.

The effect of Me-p-CD/Chol inclusion complex was concentration
dependent. Pretreating boar sperm with Me-pB-CD/Chol (1 mg/
120 x 10° sperm) increased the percentages of viable (40 + 3%) and
total motile sperm (25 = 3%) determined after 1 h, in comparison with
untreated samples (viability 32 = 3% and total motility 19 = 3%).
However, higher concentrations of Me-pB-CD/Chol (above 3 mg/
120 x 10° sperm) resulted in lower percentages of viable and motile
sperm; thus, at the concentration of 6mg/120 x 10° sperm, the cell
viability and total motility were 24 + 3% and 11 * 3%, respectively
(Blanch et al., 2012). Furthermore, freezing stallion sperm in the pre-
sence of Me-B-CD/Chol (0-7.5 mg/ 120 x 10° sperm) enhanced sperm
membrane integrity, as compared to the control; the optimal Chol-Me-
B-CD concentration being 1.5mg/120 x 10° sperm (Moore et al.,
2005).

One of the damaging effects during freeze-drying is osmotic stress.
The use of a CD/Chol inclusion complex as a cryoprotectant was in-
vestigated by evaluating its effect on the osmotic tolerance of sperm
cells incubated in both hypo-osmotic and hyper-osmotic conditions. For
example, the pretreatment of ram sperm with Chol-loaded Me-p-CD
protected membrane integrity after short-term (15 min) exposure to
osmotic challenges and significantly increased the percentages of living
and intact sperm cells (Ahmad et al., 2013). Also, Me-f-CD/Chol ad-
dition increased rabbit sperm cell viability without affecting their
functional integrity during a set of osmotic challenges (Aksoy et al.,
2010).

8. Recent data in DCLs development

The DCLs systems have been characterized in many publications for
their morphology, size, encapsulation efficiency (EE), and rate of drug
release. In this section, the focus is done on the effect of CD/drug in-
clusion complex on the physiochemical properties and stability (based
on membrane integrity and drug retention) of liposomes by comparing
the characteristics of DCLs to those of blank and drug-loaded liposomes.
In 2015, a review had emerged discussing this topic (Gharib et al.,
2015). Hence, only the literature data reported between 2015 and 2018
will be presented in this section.

Many studies showed that the incorporation of a drug into lipo-
somes in the form of CD/drug inclusion complex resulted in an im-
provement of encapsulation efficiency (EE) and/or loading rate values,
and in a delay of drug release compared to conventional liposomes.
Thus, the loading rate was found to be 31.5 * 4.2% for eugenol-loaded
phospholipon90H:Chol liposomes and it doubled (63.54 = 2.28%)
when using the HP-B-CD/eugenol-loaded phospholipon90H:Chol lipo-
somes (Sebaaly et al., 2015). Similarly, for anethole, the loading rate
was 2 times higher for phospholipon90H:Chol DCLs (0.83 = 0.15%)
compared to phospholipon90H:Chol conventional liposomes
(0.48 = 0.07%). Moreover, DCLs demonstrated slower drug release
behavior, retaining 38% of anethole initially present in the vesicles,
with respect to 22% of anethole retained by conventional liposomes
(Gharib et al., 2017). Furthermore, the EE values of flurbiprofen-loaded
DCLs systems prepared with SBE-B-CD or HP-B-CD, were lower than
that of flurbiprofen-loaded liposomes; on the other hand, DCLs delayed
the flurbiprofen release (Zhang et al., 2015). Additionally, nerolidol
was efficiently embedded into both lipoid E80 conventional liposomes
and DCLs with high EE and loading rate values (> 90%), and DCLs was
more effective to prolong the nerolidol release in comparison to
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conventional liposomes (Azzi et al., 2018). DCLs exhibited higher es-
tetrol EE and slower estetrol release rate in comparison with conven-
tional liposomes; nevertheless, both formulations were characterized by
a high extent of drug release (80%) after 6 h (Palazzo et al., 2019).
Conversely, the EE of HP-B-CD/risperidone-loaded SPC:Chol liposomes
was less than that of risperidone-loaded SPC:Chol liposomes, and ris-
peridone was released faster from DCLs compared to conventional li-
posomes (Wang et al., 2016).

9. Conclusion

In this review, the interaction of CDs with biomimetic and biological
membranes was analyzed. The CD effect on membranes is mediated by
several factors including membrane structure and composition, in
particular acyl chain length and saturation of PLs and structure of their
head groups, as well as CD type and concentration. CDs can extract
membrane lipids; their extraction capacity depends on CD concentra-
tion which appears to be efficient above 0.5 mM. CDs induce vesicle
solubilization at concentrations near or above 50 mM. The interaction
of CDs with membrane lipids promotes an increase of membrane per-
meability and fluidity. None of the studies evaluating CD effect on
membranes considered the Chol content of lipid bilayer and few studies
determined lipid:CD molar ratio. Therefore, these parameters should be
analyzed in future studies. Finally, CDs and CD/Chol inclusion com-
plexes were proven to have cryoprotective properties being able to
preserve the integrity of liposomal and biological membranes during
freeze-drying.
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Chapter 2

Encapsulation of natural insecticides



Introduction

Invertebrates, weeds, and pathogens, collectively termed pests, have caused significant losses
in agricultural production worldwide. Synthetic organic pesticides have been extensively
developed to prevent and control pests in agriculture. Nevertheless, their widespread use is
associated with environmental and human health concerns. Therefore, natural-insecticides
“Green pesticides” could be considered as an alternative to synthetic insecticides (Mossa,
2016). This review focuses on the use of EOs as “bio”-insecticides for insect pest
management. In fact, many EOs have contact, fumigant, antifeedant, attractant, and repellent
activities against a broad spectrum of insects with some selectivity (Mossa, 2016). Acting on
the nervous system of insects is one of the important modes of action of EOs. The neurotoxic
effects of EOs include blocking octopamine or y-aminobutyric acid receptors, or inhibiting
acetyl-cholinesterase (Enan, 2001; Priestley et al., 2003). In addition to these mechanisms of
action, EOs influence the cytochrome P450-dependent monooxygenases, pheromone and
hormone system of insect pests (Garcia et al., 2005). However, EOs are volatile, poorly
soluble in water and sensitive to several environmental degradation factors (light, oxygen, and
temperature) (Moretti et al., 2002). Hence, there is a need to develop formulations able to
improve the stability and effectiveness of these natural compounds in various applications.
Formulation design is affected by numerous factors, such as the application mode, the
biological, physical, and chemical properties of the pesticide, crops or food stuff to be treated,

and agricultural practices.

Various types of carrier systems were used to improve the physicochemical properties of EOs,
including polymer based particles, nanoemulsions and microemulsions, and solid lipid
nanoparticles. Several studies in literature characterized the EO-loaded carrier systems with

respect to their size, morphology, drug encapsulation efficiency (EE), drug release, and
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storage stability. Variable factors were investigated to modulate these characteristics. For
instance, the type of polymer used, the insecticide:polymer ratio, and the process parameters
influence the characteristics of polymer based formulations. The characteristics of
nanoemulsion/microemulsions depend on the type of surfactant used, the concentration of
surfactant and insecticide, the addition of glycerol and its concentration, and the process

parameters.

In this manuscript, which is submitted to peer-reviewed journal, the insecticidal properties
and mechanisms of action of EOs are presented. Then, the various carrier systems used for the
encapsulation of EOs are described. The characteristics of the EO-loaded formulations
applied in agriculture pest control are considered. The literature data are resumed into
conclusive tables and discussed. The last section of the review deals with the insecticidal

activities of EO-loaded formulations compared to free molecules.
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Abstract
In recent times, the interest in healthy foods reconsideration is rising again. Issues related to
food protection and preservation for quality and safety improvements as well as longer shelf-
life of products are of global concern. Additionally, the concern on hazards associated with
pesticides use on human health and the environment is growing. Thus, actions targeting the
investigation of potentially low-risk active substances and natural compounds for food
conservation are needed. In this context, plant extracts including essential oils (EOs) have
been recognized as important natural sources of pesticides with widespread range of
activities. However, EOs are volatile, poorly soluble in water, and susceptible to degradation
and oxidation. Therefore, EO encapsulation in delivery systems made of natural components
seems to be a possible solution to overcome these restrictions. This review focuses on the
insecticidal potential of EOs in free and encapsulated forms with particular emphasis on the

types and characteristics of encapsulation systems loading natural insecticides.

Key words: delivery systems, essential oil, food preservation, insecticide, nanoparticles.
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1. Introduction

Estimations revealed that one-third of global food is lost or wasted, entailing significant
environmental, economic and social costs (Spang et al., 2019). Similarly, sobal and Nelson,
(2003) reported that food waste has become recognized as a significant nutritional,
environmental and social problem in recent decades. Concerns around food security have
been increased in recent years, with food price spikes focusing attention on rising of food
demand and how this will be met. Institutions such as the Food and Agriculture Organization
of the United Nations (FAO) and the International Food Policy Research Institute (IFPRI)
have published projections of an increase in global food demand out to 2050. The FAO
projections indicate that world food demand may increase to 70 % by 2050 (Linehan et al.,
2012). Thus, preservation of food quality and safety as well as prevention against food-borne
diseases, pests, and food chemical contamination are major issues for industries worldwide.
Pests, including insects, pathogens, mites and nematodes are the main restrictive factors in
profitable crop production. Traditional approaches of Integrated Pest Management (IPM) in
agriculture had certain major restrictions. Indeed, in the last decade, synthetic organic
pesticides have been extensively used to prevent and control pests in agriculture, showing a
high toxicity against insects. Despite their benefits, chemical pesticides can be hazardous to
human and animals health and to the environment (soil fertility, pollution, residue, etc.).
Hence, consumers’ demand for safe and natural food products free from chemical
preservatives and minimally processed with a longer shelf life are notably increasing (Mossa,
2016). Accordingly, nanotechnology would provide an eco-friendly and efficient solution for
pest’s management without damaging the environment (Rai and Ingle, 2012).

Essential oils (EOs) are considered as promising natural alternatives of synthetic pesticides in
many food industries. EOs can inhibit the growth of superficial food pathogens and modify
nutritious values without affecting the sensory food qualities. Additionally, EOs, as naturally
occurring functional ingredients, were widely used in active food packaging for prolonging
the shelf life of food products (Ataei et al., 2020). Moreover, EOs have exhibited strong
pesticide potential against insects pests, weeds and fungi (Ben Jemaa, 2014). Nevertheless,
limitations related to EOs volatility, potential for oxidation and poor solubility in water
presented major constraints for their industrial applications (Moretti et al., 2002). One
possible solution to overcome these constraints is encapsulation (Gharib et al., 2017; Sebaaly
etal., 2015).

In these regards, Martin et al., (2010) reported that encapsulation achieved controlled release

of EOs, facilitated their handling and protected them against evaporation losses and
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degradation. Encapsulation within nanoparticle is completed in three ways: the component
could be i) encapsulated inside nanoporous materials, ii) coated with thin polymer film, or iii)
delivered as particles or emulsions of nanoscale dimensions (Rai and Ingle, 2012).

The aim of this review is the exploration of the insecticidal effects of natural products, mainly
EOs, in free and encapsulated forms. Here, the insecticidal properties and mechanisms of
action of EOs are presented. Then, the encapsulation systems used in the literature to carry
natural insecticides (polymer based particles and micelles, nanoemulsions and
microemulsions, solid lipid nanoparticles, and cyclodextrins) were described. Moreover, the
characteristics of delivery systems loading natural insecticides were discussed. The last

section focused on the insecticidal effect of encapsulated EOs compared to free form of EOs.

2. Insecticidal properties and mechanism of action of essential oils on insects

During last decades, several studies have focused on the usage of EOs for insect pests’
control. EOs toxicity depends on many factors including the structure and the characteristics
of the various components, their ability to cross the biological membranes and their
mechanism and sites of action (Mossa, 2016). The lipophilic chemicals of essential oils can
enter into insects and cause biochemical dysfunction and mortality (Lee et al., 2004b). On the
other hand, investigations indicated that EOs from the plants families, as Lamiaceae (Park et
al., 2016), Asteraceae (Boussaada et al., 2008) Apiaceae (Ben-Khalifa et al., 2018),
Myrtaceae (Ebadollahi, 2013) and Rutaceae (Zarrad et al., 2015) exhibited interesting
insecticidal activities. EOs have been investigated for their attractant/ repellent (Ben Jemaa,
2014; Mediouni Ben Jemaa et al., 2012), antifeedant (Laarif et al., 2013), fumigant (Hamdi et
al., 2015; Titouhi et al., 2017) and contact effects (Aouadi et al., 2020). Various activities
were assessed against eggs, larvae and adults of insect species belonging to orders like
Coleoptera, Lepidoptera, Diptera, Hemiptera and Isoptera (Badreddine et al., 2015; Bosly,
2013; Digilio et al., 2008; Gongalves et al., 2005; Lima et al., 2013; Ogendo et al., 2008). On
the other hand, several studies focused on site of action and toxicity mechanisms of EOs
toward insect pests (Abdelaziz et al., 2014; Houghton et al., 2006; Lee et al., 2004a; Ogendo
et al., 2008; Park et al., 2016). In fact, most of the essential oils are volatile; they can serve as
chemical messengers for insects. Moreover, they serve as a signal of short duration, making
them valuable for alarm pheromones and synomones. Also, they are toxic to animal cells,
impairing respiration, decreasing cell membrane permeability and causing a severe decrease
in the number of Golgi bodies and mitochondria (Lee et al., 2005; Rice and Coats, 1994;

Watanabe et al., 1990). Recognitions about the mechanisms of action of EOs on insects are
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recondite, but treatments with different essential oils cause symptoms that suggest their
neurotoxic action (Kostyukovsky et al., 2002; Mossa, 2016; Re et al., 2000). According to
Enan, (2001) and Priestley et al., (2003), the neurotoxic effects of essential oils can be
presented by blocking the octopamine receptors or by acetyl-cholinesterase (AChE) inhibition
and also through blocking the y-aminobutyric acid (GABA) receptor. In addition to these
modes of action, essential oils affect the cytochrome P4s9 monooxygenase, pheromone and
hormone system of insect pests (Garcia et al., 2005). Octopamine is a neurohormone,
neurotransmitter and at the same time circulating neurohormone-neuromodulator. Its
perturbation stops the nervous system function in insects (Enan, 2001) . According to
the anti-cholinesterase, the neurotoxic action and symptoms are comparable to that
provoked by carbamates and organophosphates insecticides (hyperactivity,
convulsions, tremors followed by paralysis) (Enan, 2001; Isman, 2002). Several studies
pointed out that monoterpenoids (1,8-cineole, carvone, fenchone and linalool)
toxicity may be due to the inhibition of AChE at hydrophobic sites (Enan, 2001).
Figure 1 illustrated the mechanism of essential oils-induced toxicity to insects as

suggested by Mossa (2016).
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Figure 1: Proposed mechanism of essential oils toxicity against insects (Mossa, 2016) (IGR:
Insect Growth Regulators).
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3. Encapsulation systems

A wide variety of carrier systems have been established for delivery of natural insecticides. In
this section, the traditional delivery systems are reviewed. The advantages offered by the
systems are highlighted, together with the main challenges that must be resolved prior to their
application for agricultural pest control. The structures of the different carrier systems used

for the delivery of natural insecticides are depicted in Figure 2.
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Figure 2: The structures of various delivery systems reported for delivery of natural
insecticides.

3.1. Polymer based particles and micelles
Polymer based nanoparticles are solid colloidal particles of size ranging from 10 nm to 1 pm.
Furthermore, polymer based microparticles are defined as structures with dimensions less
than 1000 um and greater than 1 um. Different types of polymer based nanoparticles and
microparticles could be distinguished: (1) nanospheres/microspheres, which are carriers
where active molecules are dissolved, entrapped, encapsulated, chemically bound or adsorbed
to the polymeric matrix; and (2) nanocapsules/microcapsules which are systems where active
molecules are embedded in a cavity surrounded by a polymeric membrane (Figure 2)
(Campos et al., 2013; Yadav et al., 2019). There are several methods used for the preparation
of polymer based nanocapsules: nanoprecipitation, emulsion-diffusion, double emulsification,
emulsion-coacervation, polymer-coating and layer-by-layer. These methods are described in

Figure 3.
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Polymer based particles are biocompatible, biodegradable, and nontoxic structures. All these
characteristics make them suitable for delivery of natural insecticides (Campos et al., 2013;
Rana and Sharma, 2019; Yadav et al., 2019). Nevertheless, polymer based nanoparticles have
some drawbacks such as poor drug loading and scale up limitation (Kahraman et al., 2017).
Moreover, polymeric microparticles have some disadvantages that must be taken into
consideration. For instance, the high complexity and high cost of its manufacturing process
and the reduced stability of the encapsulated material during processing may present a

challenge (Campos et al., 2013).
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Figure 3: General procedures of the different methods developed for the preparation of

nanocapsules (Mora-Huertas et al., 2010).

Polymeric micelles are nano-sized structures formed by self-assembly of amphiphilic block
copolymers when added to aqueous solutions at concentration above the critical micelle
concentration (Croy and Kwon, 2006). Control over the amphiphiles’ shapes (by varying the
critical packing factor parameter Cp,) gives the possibility to develop and manipulate

nanostructure architectures (Figure 4) ranging from spherical micelles (C,, < 1/3) to
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cylindrical micelles (1/3 < C,, < 1/2), vesicles (1/2 < C,, < 1) and lamellar structures (Cp,p, =
1), while for larger values (C,, > 1), the amphiphiles will assemble into “inverted” phases
(Lombardo et al., 2019). Polymeric micelles are used in delivery of natural insecticides
because of their interesting properties such as biocompatibility and low toxicity (Yadav et al.,
2019). These carriers have a hydrophobic core—hydrophilic shell architecture that facilitates
the entrapment of hydrophobic active molecules into the core (Figure 2) (Jones and Leroux,
1999). The major disadvantages of polymeric micelles include lack of stability and lack of

suitable methods for large scale production (Lu and Park, 2013).
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Figure 4: Analysis of the critical packing parameter C,, and relevant shape factors that

influence the amphiphilic nanocarrier morphology (Lombardo et al., 2019).

3.2. Nanoemulsions and microemulsions

Emulsions are ternary systems consisting of two immiscible liquids, generally water and oil,
with one of the liquids being dispersed as small spherical droplets in the other liquid. There
are two basic types of emulsions (oil-in-water and water-in-oil) depending on whether the oil
is dispersed as droplets in water, or vice versa (McClements, 2012).

Emulsions applied in agricultural and food industries are classified into two categories:
microemulsions and nanoemulsions which presented several similarities, but also some
important differences. Figure 5 summarizes the major differences between macroemulsions,

nanoemulsions and microemulsions with respect to their size, shape, stability, method of
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preparation, and polydispersity. Nanoemulsions and microemulsions are usually fabricated
using the same components: oil, water, surfactant and possibly a co-surfactant. For both, the
nonpolar tails of the surfactant molecules protrude into the hydrophobic core (oil phase),
whereas the polar head groups of the surfactant molecules protrude into the surrounding
aqueous phase (Figure 2) (McClements, 2012). However, a fundamental difference is the
thermodynamic stability: microemulsions are thermodynamically stable while nanoemulsions
are thermodynamically unstable with spontaneous tendency to separate into the constituent
phases. Consequently, an energy input is always required for the formation of nanoemulsions,
and they must be prepared shortly before their use. In contrast, microemulsions can be
prepared by simply mixing oil, water and surfactant together at a particular temperature
without the use of any external energy (Kale and Deore, 2016).

Microemulsions are one of the best carrier systems because of their improved drug
solubilization and long shelf life with ease of preparation and administration (Bagwe et al.,
2001). Nevertheless, they may lose their stability if one of the constituents is chemically
modified during storage or if the environmental conditions are altered into a range where the
system is no longer thermodynamically stable. For example, a microemulsion may break
down if the temperature is changed during fabrication and storage of the colloidal system
(McClements, 2012). Regarding nanoemulsions, the lack of stability is the major
disadvantage; degradation of the structure often takes place during storage due to several
physicochemical mechanisms including gravitational separation (creaming/sedimentation),
coalescence, flocculation, and Ostwald ripening. The rates at which these degradation
processes occur depend on system composition (e.g., oil type, surfactant type, and solvent
type) and environmental conditions (e.g., temperature, pH and applied forces) (Komaiko and

McClements, 2016).
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macroemulsions nanoemulsions microemulsions

50

size 1-100 pym 20-500 nm 10-100 nm
shape spherical spherical spherical, lamellar
stability thermodynamically thermodynamically thermodynamically

unstable, weakly unstable, kinetically stable

kinetically stable stable
method of high & low energy high & low energy low energy method
preparation methods methods
polydispersity | often high (>40%) typically low (<10-20%) | typically low (<10%)

Figure 5 : Comparison of macroemulsions, nanoemulsions, and microemulsions with respect
to their size, shape, stability, method of preparation, and polydispersity (Gupta et al., 2016).

3.3. Solid lipid nanoparticles
Solid lipid nanoparticles are colloidal carrier systems developed in the last decade as an
alternative system to the existing traditional carriers (emulsions, polymeric nanoparticles,
etc.). Among the various carrier systems, lipid-based nanoparticles bear the advantage of
being the least toxic for in vivo applications. Solid lipid nanoparticles possess a solid lipid
core, which may contain triglycerides, glyceride mixtures, or waxes that are solid at room
temperature. The lipid core is stabilized by surfactants (Figure 2) (Puri et al., 2009). Solid
lipid nanoparticles could be prepared by mixing a lipid excipient with an aqueous emulsifier
solution above the melting temperature of the lipid excipient, to produce a hot oil-in-water
emulsion that is then cooled to form the solid nanoparticles as shown in Figure 6. It has been
stated that solid lipid nanoparticles combine the advantages and avoid the drawbacks of other
colloidal carriers. Their advantages include: (1) capability of carrying lipophilic and
hydrophilic drugs, (2) possibility of controlled drug release and drug targeting, (3)

biocompatibility and low toxicity, (4) ease of scaling up. Potential disadvantages such as poor
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drug loading efficiency and drug release during storage have been observed (Mukherjee et al.,

2009).

Mechanical
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-

Jonic & Stearic Stabilization of SLN

Figure 6: Preparation of nanoparticles by solvent diffusion technique (Shah et al., 2012).

3.4. Cyclodextrins (CDs)
Cyclodextrins (CDs) are non-toxic cyclic oligosaccharides formed of a-1,4-linked D-
glucopyranose units. Most common native CDs are formed of 6 (a-CD), 7 (B-CD), or 8 (y-
CD) glucose subunits, with a respective cavity size of approximately 0.5, 0.6, and 0.8 nm.
CDs have a form of a truncated cone with an external hydrophilic surface and an internal
hydrophobic cavity (Figure 2). This particular structure offers to CDs the ability to
accommodate lipophilic drugs in their cavity forming CD/drug inclusion complex. Natural
CDs have limited solubility in water because of their relatively strong intermolecular
hydrogen bonding in the crystal state. Chemical modifications such as amination,
etherification, methylation, and esterification of the primary and secondary hydroxyl groups
are applied to synthesize various hydrophobic, hydrophilic, and ionic CD derivatives with an
improved aqueous solubility compared to the native CDs. However, Van der Waal forces,

hydrogen bonds, and hydrophobic interactions are involved in the CD/drug inclusion complex
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formation. Therefore, the inclusion complex will rapidly dissociate following intravenous

administration (Piel et al., 1999; Zuo et al., 2002).

4. Characterization of delivery systems loading natural insecticides

Several characterization techniques were used to determine the properties of delivery systems
loading natural insecticides. The various insecticide-loaded carriers were characterized for the
mean particle size using different techniques such as photo correlation spectroscopy,
transmission electron microscopy and scanning electron microscopy. Additionally, filtration
and centrifugation methods were carried out to separate the particles from unloaded active
molecules and the encapsulation efficiency (EE) was determined by quantifying insecticide
content before and after separation. Moreover, release studies were conducted to examine the
effect of encapsulation on the release of active molecules. In the sections below, we discuss

the data reported in literature for the different types of insecticide-loaded formulations.

4.1. Characteristics of polymer based particles and micelles

In this section, we analyzed the characteristics of polymer based particles and micelles
entrapping natural insecticides. Tables 1-3 resume the size, EE and active molecules release,
respectively, of polymer based particles with respect to polymer type and insecticide to
polymer mass ratio; the studies on capsules are presented first (nanocapsules then
microcapsules) followed by those on nanospheres/microspheres (nanospheres then
microspheres). The data presented in Tables 1-3 show that various parameters affect the
characteristics of insecticide-loaded polymer based particles, including solubility of active

molecule, insecticide:polymer ratio, type of polymer, and process parameters.

Various types of natural or synthetic polymers are used for the delivery of natural bio-
insecticides. Natural polymeric materials and their derivatives are sustainable sources, which
are readily available, facilitating their large-scale production. They have gained more
attention than synthetic polymers in food and agriculture industries due to their non-toxicity,
biodegradability, biocompatibility, and low cost (Campos et al., 2015).

The natural polymers used in the preparation of insecticide-loaded particles generally include
proteins (gelatin) and polysaccharides (chitosan, starch and starch derivatives such as
maltodextrins (MDX)). Gelatin is a protein-based polymer soluble in water. It is produced by

the partial hydrolysis of native collagen extracted from the skin, bones, and connective tissues
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of animals (Song et al., 2018). Chitosan is industrially produced by partial deacetylation of
chitin, which is composed of D-glucosamine and N-acetyl-D-glucosamine monomers, linked
by B-(1,4) glycosidic bonds, and is the primary component of the invertebrates' exoskeleton
and of the cell walls of some bacteria and fungi (Campos et al., 2015). Chitosan is considered
as one of the most promising polymeric materials for the efficient delivery of agrochemicals
(Kashyap et al., 2015). A factor that limits the use of chitosan in sustained release applications
is its hydrophilicity, resulting in a poor capacity to carry hydrophobic molecules. This issue
can be overcome by the introduction of a cross-linker. A cross-link is formed through a
chemical reaction, which links two polymers together, either through covalent/ionic bonds or
weaker bonding interactions such as van der Waals forces (Ryan et al., 2017). The
crosslinking agents commonly used in preparation of chitosan nanoparticles are
tripolyphosphate (TTP), glutaraldehyde (GLA), and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC). Moreover, efforts have been made to improve the ability of chitosan to
carry hydrophobic substances, notably by means of functionalization of the chitosan structure
with CDs (Fan et al., 2012). Starch is the energy storage molecule of most green plants and is
found in grains, roots, legumes and fruits. This polymeric hydrocarbon is composed of two
types of polymer chains known as amylose and amylopectin. Amylose is constituted of
glucose units connected by a-(1,4) bonds, forming a linear chain, while amylopectin forms
branched structures between the glucose units by means of a-(1,4) and a-(1,6) bonds (Campos
et al., 2015). The poor water solubility of native starch makes it difficult to process under
mild conditions. Physical or chemical modifications have been adopted to improve its
properties and adequacy as pesticide formulation. For example, MDX [(C¢H ¢Os),-H,O] are
water-soluble polymers produced by the enzymatic hydrolysis of starch and consist of glucose
units, primarily linked by a-1,4 glycosidic bonds (Klinjapo and Krasaekoopt, 2018).

Synthetic polymeric materials are nontoxic, or can be degraded by microbes, and their
decomposition products have low hazard to non-target organisms and the environment. The
most common synthetic polymers used as nanocarriers of insecticides are the polyesters poly-
e-caprolactone (PCL) and polyethylene glycol (PEG). PEG is a polyether composed of
repeated ethylene glycol units [-(CH,CH,O),]. It is soluble in water and in most organic
solvents. Because of its wide range of solubility and safety properties such as lack of toxicity,
absence of antigenicity and immunotoxicity, non-interference with conformations of
polypeptides and enzymatic activities as well as ease of excretion from living organisms, PEG
has been FDA-approved (D’souza and Shegokar, 2016). PCL [-(C¢H00,)s] 1is an FDA-

approved biodegradable polymer prepared by ring opening-polymerization of e-caprolactone
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using a catalyst such as stannous octanoate. PCL is insoluble in water and alcohols but soluble

in almost all aromatic, polar, and chlorinated hydrocarbons (McKeen, 2013).

4.1.1. Size of particles

Table 1: Size of polymer based nanoparticles and microparticles loading natural insecticides.

Insecticide Polymer Size Reference
1. Type
2. Insecticide:polymer
mass ratio
Nanocapsule
Garlic EO 1. PEG Less than 240 nm. (Yang et al., 2009)
2. 1:10
Geranium and | 1. PEG Particles of 10:100 insecticide:polymer ratio were the | (Werdin Gonzalez et
bergamot EOs 2. 5:100, 7.5:100, | smallest (234 + 25 and 184 + 18 nm for geranium and | al., 2014)
10:100, 12.5:100 bergamot EOs, respectively).
PONNEEM® 1. Chitosan:TTP (1:1) | Particles composed of TTP (122.7 nm) were smaller | (Gabriel Paulraj et
Chitosan:GLA (1:1) | than those composed of GLA (243.5 nm). al., 2017)
2. 5:50
Geranium and | 1. PEG Particles composed of PEG (253 £ 22 and 239 + 29 | (Werdin Gonzilez et
Bergamot EOs 2. 1:10 nm for geranium and bergamot, respectively) were | al., 2017)
1. Chitosan:TTP (1:1) | smaller than those composed of chitosan (439 + 35
2. 1:1 and 535 = 42 nm for geranium and bergamot,
respectively).
Satureja  hortensis | 1. Chitosan:TTP (2:1) | EO-loaded particles (192 £ 11 nm) were slightly | (Ahmadi et al.,
EO 2. 25:10 larger than empty ones (85 £ 5 nm). 2018)
Carvacrol and | 1. Functionalized EO-loaded particles (175.2 + 2.9 and 245.8 £29.8 nm | (Campos et al.,
linalool chitosan:TTP (3:1) | for carvacrol and linalool, respectively) were smaller | 2018)
2. ND than empty ones (465.7 + 45.4 nm).
Geraniol 1. Chitosan: Arabic - Decreased from 749 + 363 (at 0.15:3 | (de Oliveira et al.,
gum chitosan:Arabic gum ratio) to 235 + 19 nm (at | 2018)
(0.15:3, 1:3, 1.5:3, 1.5:3 chitosan:Arabic gum ratio).
0.15:0.3, 0.15:1, | - Increased from 660 =+ 375 (at 0.15:0.3
and 0.15:3) chitosan:Arabic gum ratio) to 749 + 363 nm (at
2. ND 0.15:3 chitosan: Arabic gum ratio).
Avermectin 1. Chitosan:PGA (1:1) | Particles prepared at pH 5.5 (56 £ 3 nm) were slightly | (Liang et al., 2018)
2. 7.5:1 smaller than those prepared at pH 7 (61 = 5 nm).
Nicotine 1. Chitosan:TTP (1:1) | Increased from  249.9 nm (at 1:0.05 | (Yang et al., 2018)
2. 1:0.05, 1:0.1, | insecticide:polymer ratio) to 1376 nm (at 1:0.2
1:0.15, 1:0.2 insecticide:polymer ratio).
Siparuna guianensis | 1. Chitosan 82 nm. (P. Ferreira et al.,
EO 2. 1:2 2019)
Peppermint and | 1. PEG 335 £ 38 and 167 = 3 nm for peppermint EO- and | (Yeguerman et al.,
palmarosa EOs 2. 1:10 palmarosa EO-loaded particles, respectively. 2020)
Microcapsules
Rosmarinus and | 1. Gelatin:GLA (15:3) | 58.5 and 56.7 um for Rosmarinus EO- and Thymus | (Moretti et al., 2002)
Thymus EOs 2. 3:15 EO-loaded particles.
Citronella oil 1. Gelatin:Arabic gum | Ranges from 25 to 100 um. (Specos et al., 2010)
(1:1)
2. 5:1
Lavandin EO 1. PEG - Ranges from 30 to 100 ym. (Varona et al., 2010)
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2. 2.5:10, 2.9:10, | - Influenced by process parameters.
3.2:10, 3.7:10,
3.4:10
Schinus molle EO 1. MDX:Arabic gum | Decreased from 40 (at 4:1 MDX:Arabic gum) to 10 | (Lopez et al., 2014)
(4:1, 3:2; 2:3; and | Mm (at 1:1 MDX:Arabic gum).
1:1)
2. 14
Neem seed oil 1. - Polyvinyl alcohol | Significant difference between particles composed of | (Sittipummongkol
- Arabic gum polyvinyl alcohol (29 + 12 um), Arabic gum (32 = 13 | and Pechyen, 2018)
- whey protein um), and whey protein isolate:MDX (53 = 17 pum).
isolate:MDX
2. 12
Nanosphere
Lippia sidoides EO | 1. Chitosan:angico Particles of 1:4 insecticide:polymer ratio were the | (Paula et al., 2010)
gum (1:10) smallest (12 £ 2 nm).
2. 1:2,1:4,1:10, 1:20
Lippia sidoides EO | 1. Chitosan:cashew - Increased from 391 + 55 (at 1:1 chitosan:cashew | (Abreu et al., 2012)
gum (1:1, 1:10, gum ratio) to 899 nm (at 10:1 chitosan:cashew
10:1) gum ratio) using 1:10 insecticide:polymer ratio.
2 1:10.2:10 - Increased from 335 <+ 116 (at 1:10
’ insecticide:polymer ratio) to 558 = 116 (at 2:10
insecticide:polymer ratio) using 1:10
chitosan:cashew gum ratio.
Carum copticum | 1. Chitosan:EDC (3:1) | 133 nm (Ziaee et al., 2014)
EO 2.ND
Zanthoxylum 1. PCL No difference between blank (452+ 0.2 nm) and EO- | (Christofoli et al.,
rhoifolium EO 2. 5:15,10:15, 25:15 loaded particles for all insecticide:polymer ratios used. | 2015)
Microsphere
Spinosad:emamecti | 1. PLA:PCL Around 7 pm for all formulations. (Huang et al., 2017)

n benzoate (4:1)

(5:1,4:2,3:3,2:4, 1:5)

2.

ND

EDC: 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; EO: essential oil; GLA: glutaraldehyde, MDX :
maltodextrin, PCL: polycaprolactone; PEG: polyethylene glycol; PGA: poly-y-glutamic acid; PLA: polylactic
acid; TTP: tripolyphosphate

Several papers characterized insecticide-loaded polymer based particles with respect to their

size. For example, Yang et al., 2009 developed PEG nanocapsules carrying garlic EO; the

mean size of the resulting particles was less than 240 nm. The sizes of PEG nanocapsules

containing peppermint and palmarosa EOs were 335 + 38 and 167 + 3 nm, respectively

(Yeguerman et al., 2020). The size of Siparuna guianensis EO-loaded chitosan nanocapsule

was 82 nm (Ferreira et al., 2019). Citronella oil was encapsulated into gelatin: Arabic gum

microcapsules; the size of the obtained batches ranges between 25 and 100 um (Specos et al.,

2010). The mean size of chitosan:EDC nanosphere retaining Carum copticum EO was 133

nm (Ziaee et al., 2014). The size of polylactic acid:PLC (PLA:PCL) microsphere entrapping

spinosad and emamectin benzoate were around 7 ym (Huang et al., 2017).
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Ahmadi et al., 2018 prepared and characterized empty and Satureja hortensis EO-loaded
chitosan: TTP nanocapsules. Size analysis showed that EO-loaded particles were larger than
empty ones. Campos et al., 2018 prepared and characterized functionalized chitosan:TTP
nanocapsules containing carvacrol and linalool. The size of blank particles was 465.7 + 45.4
nm, and the addition of active agents led to a significant reduction of the mean size to 175.2 +
2.9 and 245.8 £ 29.8 nm for carvacrol and linalool, respectively. Moreover, geranium and
bergamot EOs were encapsulated into PEG nanocapsules. No important difference in size was
observed between both formulations; the particle size ranges from 230 to 620 nm for
geranium EO and from 240 to 580 nm for bergamot EO (Werdin Gonzalez et al., 2014).
Similarly, Rosmarinus EO- (58.5 pum) and Thymus EO-loaded (56.7 um) gelatin:GLA
microcapsules were of similar size (Moretti et al., 2002).

The effect of active molecule concentration on nanoparticle size was previously examined.
Empty and Zanthoxylum rhoifolium EO-loaded PCL nanospheres were prepared using
different insecticide:polymer ratios (5:15, 10:15, 25:15). For all ratios, no significant
difference was found between the sizes of empty and EO-loaded particles (Christofoli et al.,
2015). However, the effect of Lippia sidoides EO on nanoparticle size was concentration
dependent; the increase in Lippia sidoides EO:polymer mass ratio from 1:10 to 2:10 led to an
increase in chitosan:cashew gum nanosphere size from 335 + 116 nm to 558 + 116 nm (Abreu
etal., 2012).

Additionally, the type of polymer used and its concentration influence the size of
nanoparticles and microparticles. Nanocapsules containing geranium EO and bergamot EO
were fabricated using PEG and chitosan. The size of PEG nanocapsules (253 + 22 and 239 +
29 nm for geranium and bergamot, respectively) was significantly smaller than that of
chitosan nanocapsules (439 + 35 and 535 + 42 for geranium and bergamot, respectively)
(Werdin Gonzalez et al., 2017). Also, the size of PONNEEM®-loaded chitosan:TTP
nanocapsule (122.7 nm) was noticeably smaller than that of chitosan:GLA nanocapsule
(243.5 nm) (Gabriel Paulraj et al., 2017). Sittipummongkol and Pechyen, 2018 synthesized
and characterized neem seed oil-loaded microcapsules using three different polymeric shells:
polyvinyl alcohol, Arabic gum, and whey protein isolate in combination with MDX. The
results showed that all formulations have a broad size distribution, and the average size was
29+ 12,32 + 13, and 53+ 17 um for microcapsules containing polyvinyl alcohol, Arabic gum,
and whey protein isolate:MDX, respectively. According to the authors, the large particle size
of whey protein isolate:MDX microcapsule compared to that of polyvinyl alcohol and Arabic

gum microcapsules may result from weak core-shell interactions, as neem seed oil is
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hydrophobic while the whey protein isolate:MDX shell surface is hydrophilic due to the
presence of polar protein and carbohydrate moieties. Regarding polymer concentration, Paula
et al., 2010 reported that a slight increase in chitosan:angico gum nanosphere size was
observed after the addition of Lippia sidoides EO but the increase is independent of polymer
concentration. On the contrary, chitosan:TTP nanocapsule size increased from 249.9 to 1376
nm with increasing nicotine:polymer mass ratio from 1:0.05 to 1:0.2 (Yang et al., 2018).
Schinus molle EO was incorporated into MDX:Arabic gum microcapsules using different
MDX:Arabic gum ratios (4:1, 3:2; 2:3; and 1:1). The size of microcapsule was 40 um at 4:1
MDX:Arabic gum ratio and 10 um at 1:1 ratio (Lopez et al., 2014). Moreover, de Oliveira et
al., 2018 determined the size of geraniol-loaded nanocapsules composed of chitosan and
Arabic gum, and different chitosan: Arabic gum ratios (0.15:3, 1:3, 1.5:3, 0.15:0.3, 0.15:1, and
0.15:3) were used. The researchers found that chitosan had a negative effect on the mean
particle size while Arabic gum showed a positive effect. Opposite results were reported by
Abreu et al., 2012 study which investigated that increasing chitosan content in the polymer
matrix induced an increase in chitosan:cashew gum nanosphere size. According to the
authors, the increase of chitosan proportion in the polymer matrix reduces gum-chitosan
interactions, and consequently favors the formation of hydrogen bonds between chitosan
chains. The positive amino group of chitosan causes repulsion between the chains, leading to
large nanoparticle size.

Liang et al.,, 2018 examined the effect of pH on the mean size of avermectin-loaded
chitosan:PGA nanocapsule by suspending freeze-dried particles in 20% ethanol phosphate
buffer (pH 5.5, pH 7.0 or pH 8.5). The nanocapsules showed a slightly smaller size at pH 5.5
(56 = 3 nm) compared to pH 7 (61 = 5 nm). Under mildly alkaline conditions (pH 8.5),
nanoparticles lost their integrity and formed heterogeneously-sized aggregates.

Lavandin EO was incorporated into PEG microcapsules through a high pressure precipitation
technique (particle precipitation from gas saturated solutions) using various gas to product
ratios (0.50 and 1.3) and pre-expansion pressures (5-9 MPa). The influence of the process
parameters on the particle size was investigated. The results demonstrated that particle size
decreased as the pre-expansion pressure or gas to product ratio increased. Higher pre-
expansion pressures and higher gas to product ratios induce Joule-Thomson effect, and
therefore promote faster PEG solidification, leading to the formation of smaller particles
(Varona et al., 2010).

4.1.2. Morphology
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Morphological characterization revealed spherical shapes for Lippia sidoides EO- (Abreu et
al., 2012), Lavandin EO- (Varona et al., 2010), Satureja hortensis EO- (Ahmadi et al., 2018),
Zanthoxylum riedelianum EO- (Pereira et al., 2018) and geraniol-loaded (de Oliveira et al.,
2018) polymer based particles with smooth surfaces for Carum copticum EO- (Ziaee et al.,
2014) and Siparuna guianensis EO-loaded (Ferreira et al., 2019) particles. Garlic EO-loaded
PEG nanocapsule has a round shape with an external surface presenting no apparent cracks
(Yang et al., 2009). Microcapsules loading Rosmarinus EO, Thymus EO (Moretti et al., 2002)
and citronella oil (Specos et al., 2010) self-assemble into spherical "blackberry"-like
structures.

4.1.3. Encapsulation efficiency

Table 2: The encapsulation efficiency of natural insecticides into polymer based nanoparticles
and microparticles

Insecticide Polymer Encapsulation efficiency Reference
1. Type
2. Insecticide:polymer
mass ratio
Nanocapsule
Geranium 1. PEG - EE of geranium increased from 75 + 5% at 7.5:100 | (Werdin
and 2. 5:100, 7.5:100, 10:100, insecticide:polymer ratio to 84 + 3% at 12.5:100 ratio. | Gonzalez
bergamot 12.5:100 - EE of bergamot increased from 71 + 3% at 7.5:100 | et al.,
EOs insecticide:polymer ratio to 89 + 6% at 12.5:100 ratio. | 2014)
PONNEEM | 1. Chitosan:TTP (1:1) EE was 59.3 and 65.0% using TPP and GLA, respectively. | (Gabriel
® Chitosan:GLA (1:1) Paulraj et
2. 5:50 al., 2017)
Geranium 1. PEG - EE was 77 £ 7 and 68 + 5% for PEG nanoparticles | (Werdin
and 2. 1:10 containing geranium and bergamot, respectively. Gonzélez
bergamot 1. Chitosan:TTP (1:1) - EE was 38 + 4 and 22 + 3% for chitosan nanoparticles | et al.,
EOs 2. 1:1 containing geranium and bergamot, respectively. 2017)
Satureja 1. Chitosan:TTP (2:1) EE decreased from 97.7% at 5:10 insecticide:polymer ratio | (Ahmadi
hortensis EO | 2. 5:10, 10:10, 25:10, to 46.2% at 50:10 ratio. et al.,
40:10, 50:10 2018)
Carvacrol 1. Functionalized EE was 953 + 0.8 and 93.1 =+ 1.2% for carvacrol and | (Campos
and linalool | chitosan:TTP (3:1) linalool, respectively. et al.,
2. ND 2018)
Geraniol Chitosan: Arabic gum - EE was more than 90% for all formulations. (de
(0.15:3, 1:3, 1.5:3, - EE was not influenced by chitosan and Arabic gum | Oliveira et
0.15:0.3,0.15:1, and content. al., 2018)
0.15:3)
2. ND
Avermectin 1. Chitosan:PGA (1:1) EE was around 34.7%. (Liang et
2. 7.5:1 al., 2018)
Nicotine 1. Chitosan:TTP (1:1) EE increased from 42.1% at insecticide:polymer ratio of | (Yang et
2. 1:0.05, 1:0.1, 1:0.15, 1:0.05 to 59.7% at 1:0.2 ratio al., 2018)

1:0.2
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Peppermint 1. PEG EE was 93.8 and 94.5% for peppermint and palmarosa | (Yeguerm
and 2. 1:10 EOs, respectively. an et al.,
palmarosa 2020)
EO
Microcapsules
Rosmarinus | 1. Gelatin:GLA (15:3) EE was 99.2 and 98.6% for Rosmarinus and Thymus EOs, (Moretti et
and Thymus | 2. 30:15 respectively. al., 2002)
EOs
Zanthoxylum | 1. Gelatin:GLA (2:5, 3:1, |- EE increased from 784 + 0.9% at 7:2|(Maji et
limonella EO 3:2, 3:5, 3:10) insecticide:polymer ratio to 97.5 = 1.0% at 7:3 ratio. al., 2007)
2. 7:2,5:3,7:3,10:3, 13:3, | - EE decreased from 982 <+ 1.1% at 5:3
15:3,7:5 insecticide:polymer ratio to 78.0 £ 1.7% at 15:3 ratio
Lavandin EO | 1. PEG - EE ranges between 14 and 66%. (Varona et
2. 2.5:10,2.9:10, 3.2:10, - EE was influenced by the process parameters. al., 2010)
3.7:10, 3.4:10
Citronella oil | 1. Gelatin - EE increased with increasing oil concentration. (Solomon
2.1:1,2:1 - EE was influenced by the process parameters. et al.,
2012)
Schinus 1. MDX:Arabic gum (4:1, | EE was about 100% in all the formulations. (Lopez et
molle EO 3:2;2:3;and 1:1) al., 2014)
2. 14
Neem seed 1. Polyvinyl alcohol EE was 92.9 + 3.8, 89.6 + 1.5, and 60.7 + 2.7% for particles | (Sittipum
oil Arabic gum composed of polyvinyl alcohol, Arabic gum, and whey | mongkol
whey protein protein isolate:MDX, respectively. and
isolate:MDX Pechyen,
2. 12 2018)
Nanosphere
Lippia 1. Chitosan:angico gum | EE increased from 16.0% at 1:2 insecticide:polymer ratio to | (Paula et
sidoides EO (1:10) 69.3% at 1:20 ratio al., 2010)
2. 1:2,1:4,1:10, 1:20
Carum 1. Chitosan:EDC (3:1) EE was 83.6 £ 1.0%. (Ziaee et
copticum EO | 2. ND al., 2014)
Zanthoxylum | 1. PCL EE was not influenced by insecticide:polymer ratio (> 96% | (Christofo
rhoifolium 2. 5:15,10:15, 25:15 for all formulations). li et al.,
EO 2015)

EDC: 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; EO: essential oil; GLA:
glutaraldehyde; MDX : maltodextrin, PCL: polycaprolactone; PEG: polyethylene glycol;
PGA: poly-y-glutamic acid; PLA: polylactic acid; TTP: tripolyphosphate

Many studies evaluated the EE of several natural insecticides into polymer based particles.
Ziaee et al., 2014 reported that Carum copticum EO was encapsulated into chitosan:EDC
nanospheres with EE value of 83.6 + 1.0%. The EE of avermectin into chitosan:PGA
nanocapsules was around 34.7% (Liang et al., 2018). Schinus molle EO-loaded MDX:Arabic
gum microcapsules showed high EE value (about 100%) (Loépez et al., 2014). Besides,
Rosmarinus EO- and Thymus EO-loaded gelatin:GLA microcapsules (Moretti et al., 2002) as
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well as peppermint EO- and palmarosa EO-loaded PEG nanocapsules (Yeguerman et al.,
2020) presented high EE values (more than 93%). Also, a high EE value of 95.3 £+ 0.8% and
93.1 + 1.2% was obtained for carvacrol- and linalool-loaded functionalized chitosan:TTP
nanocapsules, respectively (Campos et al., 2018).

Variable factors modulate the incorporation of natural insecticides into polymer based
particles. The effect of polymer type on the EE of natural insecticides was studied in
literature. The EE of PONNEEM® into chitosan : GLA nanocapsules was higher (65%) than
that of chitosan:TTP (59.3%) nanocapsules (Gabriel Paulraj et al., 2017). Geranium and
bergamot EOs were entrapped more effectively in PEG nanocapsules (more than 65%) in
comparison to chitosan nanocapsules (less than 40%) (Werdin Gonzalez et al., 2017). The EE
of neem seed oil-loaded microcapsules composed of whey protein isolate and MDX (60.7 +
2.7%) was smaller than that of microcapsules composed of polyvinyl alcohol (92.9 + 3.8%)
and Arabic gum (89.6 + 1.5%) (Sittipummongkol and Pechyen, 2018). Namely, polymeric
particles exhibiting stronger interactions between the shell components and the core
constituents showed a higher EE of insecticides (Porras-Saavedra et al., 2015;
Sittipummongkol and Pechyen, 2018). Moreover, the EE of natural insecticides into polymer
based particles relies on the insecticide to polymer ratio. The encapsulation of Zanthoxylum
rhoifolium EO into PCL nanospheres was characterized using various insecticide:polymer
ratios (5:15, 10:15, and 25:15). There was no significant EE variation between all
formulations (Christofoli et al., 2015). For geranium EO, bergamot EO (Werdin Gonzélez et
al., 2014) and citronella oil (Solomon et al., 2012), the EE values increased with increasing
the concentration of EO. In contrast, the EE of Satureja hortensis EO (Ahmadi et al., 2018)
and Zanthoxylum limonella EO (Maji et al., 2007) into chitosan:TTP and gelatin:GLA
particles, respectively, decreased with increasing the concentration of EOs. Besides, it was
demonstrated that the extent of insecticide incorporation (insecticide EE) into polymer based
particles depends on the initial concentration of polymer utilized to fabricate the particles
(Maji et al., 2007; Paula et al., 2010; Yang et al., 2018). However, no correlation was found
between the EE of geraniol into chitosan:Arabic gum nanocapsules and the initial
concentration of chitosan and Arabic gum used to prepare the formulations (de Oliveira et al.,
2018). The dependency of EE on oil and polymer concentrations was explained by Maji et al.,
(2007), who postulated that upon increasing the initial concentration of polymer, a higher
polymer amount will be available to encapsulate the insecticide, and thereby EE would
increase. Also, according to Maji and coauthors, EE decreased with increasing the initial

concentration of EO due to the higher percentage of EO loss during separation of loaded and
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unloaded EO. At high EO concentration, the amount of polymer present in the system might

not be sufficient to encapsulate the whole EO amount. The unloaded EO content might get

lost during separation.

Other factors controlling the incorporation of natural insecticides into polymeric particles are

the process parameters. For instance, increasing the stirring rate from 500 to 750 rpm induced

an increase in the EE of citronella oil into gelatin microcapsules (Solomon et al., 2012). The

EE of lavandin EO into PEG microcapsules fabricated using a high-pressure precipitation

technique decreased when pre-expansion pressure and gas to product ratios increased (Varona

etal., 2010).

4.1.4. Active molecule release

Table 3: Release of natural insecticides from polymer based nanoparticles and microparticles

Insecticide Polymer Active molecule release Reference
1. Type
2. Insecticide:polymer
mass ratio
Nanocapsules
Satureja 1. Chitosan:TTP (2:1) | Rapid release at the initial stages followed by a | (Ahmadi et al.,
hortensis EO 2. 25:10 slow release. 2018)
Geraniol 1. Chitosan:Arabic - Rapid release at the initial stages followed | (de Oliveira et al.,
gum by a slow release which finally leveled off. | 2018)
(1.5:0.3) - The release rate increased with increasing
2. ND temperature from 20 (72 £ 1% at 5 h) to 30
°C (81 £1% at 5 h).
- Fickian diffusion mechanism
Avermectin 1. Chitosan:PGA (1:1) | - Rapid release at the initial stages followed by | (Liang et al.,
2. 7.5:1 slow release which finally leveled off. 2018)
- The release at pH 5.5 was slower (57.6% at
72 h) compared to pH 8.5 (69.1% at 72 h).
Microcapsules
Rosmarinus and | 1. Gelatin:GLA (15:3) Rapid release at the initial stages followed by a | (Moretti et al.,
Thymus EOs 2. 30:15 slow release. 2002)
Zanthoxylum 1. Gelatin:GLA (2:5, 3:5, | - Rapid release at the initial stages followed | (Maji et al., 2007)
limonella EO 5:5) by slow release which finally leveled off.
2. 7:2, 533, 7:3, 10:3, |- The release at 7:2 insecticide:polymer ratio
13:3, 15:3, 7:5 (65% at 70 h) was faster compared to 7:5
ratio (45% at 70 h).
- The release at 5:3 insecticide:polymer ratio
(60% at 70 h) was slower compared to 15:3
ratio (100% at 70 h).
Citronella oil 1. Gelatin Rapid release at the initial stages followed by a | (Solomon et al.,
2.2:1 slow release. 2012)
Schinus molle 1. MDX:Arabic gum The release was prolonged when loaded in | (Lopez et al.,
EO (1:1) nanoparticles: 85% of free EO was released | 2014)
2. 14 after 24 h compared to less than 15% for
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encapsulated EO.

Neem seed oil 1. Polyvinyl alcohol - Rapid release at the initial stages followed | (Sittipummongkol
Arabic gum by a slow release and Pechyen,
whey protein | - The release from whey protein isolate:MDX | 2018)
isolate:MDX particles was greater (79% at 72 h) compared
2. 12 to polyvinyl alcohol (50% at 72 h) and Arabic
gum (65% at 72 h) particles.
- Fickian diffusion mechanism
Nanospheres
Lippia sidoides 1. Chitosan:angico - Rapid release at the initial stages followed by a | (Paula et al.,
EO gum (1:10) slow release. 2010)
2. 1:10, 1:20 - The release at 1:10 insecticide:polymer
ratio was slower (26.7% at 24 h) compared
to 1:20 ratio (52.6% at 24 h).
- Non-Fickian diffusion mechanism
Lippia sidoides 1. Chitosan: cashew - Rapid release at the initial stages followed | (Abreu et al.,
EO gum (1:1, 1:10, by a slow release. 2012)
10:1) - The release was slower at 10:1
2. 2:10 chitosan:cashew gum ratio (30% at 3h)
compared to 1:10 chitosan:cashew gum
ratio (65% at 3 h).
- Fickian diffusion mechanism
Nicotine 1. Chitosan:TTP The release was prolonged when loaded in | (Yang et al,
2. 1:0.1 nanoparticles: 90% of free nicotine was | 2018)
released after 24 h compared to less than 20%
for encapsulated nicotine.
Zanthoxylum 1. PCL Rapid release at the initial stages followed by | (Christofoli et al.,
rhoifolium EO 2. 5:15,10:15, 25:15 a slow release. 2015)
Microspheres
Spinosad:emame | 1. PLA:PCL - Rapid release at the initial stages followed | (Huang et al,
ctin benzoate | (5:1, 4:2, 3:3, 2:4, 1:5) by a slow release 2017)
(4:1) 2. ND - The release at 5:1 PLA:PCL ratio (75% at

15 h) was slower compared to 1:5 ratio
(98% at 15 h).

EO: essential oil; GLA: glutaraldehyde; MDX: maltodextrin, PCL: polycaprolactone; PGA:
poly-y-glutamic acid; PLA: polylactic acid; TTP: tripolyphosphate.

The in-vitro release profile of natural insecticidal agents from polymeric based particles is

characterized by a burst release followed by a sustained release which finally leveled off
(Abreu et al., 2012; Ahmadi et al., 2018; Christofoli et al., 2015; de Oliveira et al., 2018;
Huang et al., 2017; Liang et al., 2018; Maji et al., 2007; Moretti et al., 2002; Paula et al.,

2010; Sittipummongkol and Pechyen, 2018; Solomon et al., 2012). The initial fast release

may be related to the amount of active principle adsorbed at the surface of the particles. The

slower release can be assigned to the active molecule diffusion from the interior of particles.

Encapsulation of nicotine (Yang et al., 2018) and Schinus molle EO (Loépez et al., 2014) into
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chitosan: TTP nanosphere and MDX:Arabic gum microcapsules, respectively, prolonged their
release compared to free molecules.

The mechanisms of insecticides release from polymeric based particles were discussed in
several studies. The release of geraniol (de Oliveira et al., 2018), Lippia sidoides EO (Abreu
et al., 2012), and neem seed oil (Sittipummongkol and Pechyen, 2018) from polymeric based
particles occurred via Fickian diffusion. Sittipummongkol and Pechyen, (2018) demonstrated
that the loss of structural integrity over time promotes the egress of insecticide from the
particles via diffusion under the influence of a chemical potential gradient. However, Paula et
al., (2010) showed that the release of Lippia sidoides EO from chitosan:angico gum
nanospheres followed a non-Fickian diffusion.

Upon temperature elevation from 20 to 30 °C, the release rate of geraniol from
chitosan:Arabic gum nanocapsules increased; 72 = 1 and 81 + 1% were released after 5 h at
20 and 30 °C, respectively. Changes in temperature can directly affect the diffusion of the
active compound and the interactions between the nanoparticle components, thereby affecting
the release of the active agent (de Oliveira et al., 2018).

Insecticides release from polymer based particles depends on the pH of the medium. The
release of avermectin from chitosan:PGA nanocapsule was evaluated at various pH values
(5.5, 7.0 or 8.5). After 72 h, the lowest amount of released avermectin (57.6%) was obtained
at pH 5.5 and the highest amount (69.1%) at pH 8.5 (Liang et al., 2018). According to the
authors, the slower release at pH 5.5 was attributed to the high stability of the nanoparticles in
an acidic environment resulting from the strong electrostatic interaction between the
constituents of the particles, while the release was facilitated at the alkaline pH due to the
disintegration of the particles.

The impact of insecticide to polymer ratio on insecticide release was demonstrated in some
studies. Lippia sidoides EO-loaded nanocapsule of 10:1 insecticide:polymer ratio showed a
slower release profile (26.7% after 24 h) than that of 20:1 ratio (52.6% after 24 h) (Paula et
al., 2010). Besides, the increase of cashew gum concentration in the polymer matrix of
cashew gum:chitosan nanospheres loading Lippia sidoides EO seemed to favor the release of
EO from the formulations: 30, 50 and 65% of EO were released after 3 h at cashew
gum:chitosan ratio of 1:10, 1:1 and 10:1, respectively (Abreu et al., 2012). The release rate of
Zanthoxylum limonella EO from gelatin:GLA microcapsules was found to increase with
increasing the initial concentration of EO: after 70 h, 60% of EO was released at 5:3
insecticide:polymer ratio compared to 100% at 15:3 insecticide:polymer ratio (Maji et al.,

2007). Moreover, the same authors showed that the release rate of Zanthoxylum limonella EO
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decreased with increasing the initial concentration of gelatin; 65% of EO was released at 7:2
insecticide:polymer ratio compared to 45% at 7:5 ratio. As suggested by the authors, the
increase in wall thickness of microcapsules with increasing gelatin concentration or
decreasing oil concentration might be responsible for delaying EO release; the increase in
wall thickness elongates the diffusional path for the active molecule release (Madan, 1981).
The insecticide release rate from polymer based particles can also differ according to the type
of polymer constituting the particle membrane. Microcapsules composed of whey protein
isolate and MDX were found to exhibit the lowest retention capacity toward neem seed oil
relative to those composed of polyvinyl alcohol or Arabic gum. The percentage of released
neem seed oil after 72 h was 79, 50, and 65% from whey protein isolate:MDX, polyvinyl
alcohol, and Arabic gum microcapsules, respectively (Sittipummongkol and Pechyen, 2018).
The authors concluded that the degree of affinity between the active molecule and the
polymer modulates the active molecule retention level into particles. Furthermore, spinosad
and emamectin benzoate were encapsulated into microspheres using various concentrations of
wall constituents (PLA and PLC), and the active molecule release from the various
formulations was studied. The results showed that increasing the hydrophilic PCL content in
the PLA:PCL mixture accelerated the release of active molecules (Huang et al., 2017).

In addition, it was demonstrated that smooth surfaces prevent oil loss, while the presence of
pores and cracks on the particle surfaces may facilitate the solvent diffusion into the particles,
thereby enhancing the EO release rates (Sittipummongkol and Pechyen, 2018).

4.1.5. Stability studies

Chitosan: TTP microcapsules loading nicotine were stable after 45 days of storage at 25 °C;
neither nicotine leakage nor vesicle size alteration occurred during this period (Yang et al.,
2018). Similarly, the sizes of geranium EO- and bergamot EO-loaded PEG nanocapsules were
not altered after 6 months of storage at 25 °C. However, the EE decreased from 83 to 60% and
from 78 to 52% for geranium and bergamot nanoparticles, respectively (Werdin Gonzalez et
al., 2014).

The entrapment of avermectin (Liang et al., 2018), geraniol (de Oliveira et al., 2018) and
Zanthoxylum riedelianum EO (Pereira et al., 2018) into polymeric nanoparticles protected
them from degradation induced by ultraviolet (UV) irradiation. Heat stability measurements
of free and microencapsulated Schinus molle EO indicated that MDX:Arabic gum
microcapsules enhanced the stability of the EO. Less than 15% of free EO was retained after
24 h of storage at 45 °C while 71% of encapsulated EO was retained after 366 h of storage
(Lopez et al., 2014). On the other hand, Zhang et al., (2019) characterized the encapsulation
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of natural pyrethrins into mixed micelles using three amphiphilic copolymers including a
temperature-responsive  copolymer (poly[2-(2-Methoxyethoxy) ethyl methacrylate-co-
Octadecyl methacrylate]) and two block polymers: monomethoxy (polyethylene glycol)13-
poly(D, L-Lactide-co-glycolide) and monomethoxy (polyethylene glycol)45-poly(D, L-
Lactide). Zhang and coworkers demonstrated that the mixed micelles loaded with natural
pyrethrins represented a spherical shape with particle diameter ranging from 60 to 120 nm.
Also, the formulations showed a controlled pyrethrin release in response to temperature
changes; the amount of released pyrethrin increased with the increase of temperature. Finally,

this system protected the encapsulated pyrethrin from UV degradation at 26 °C.

4.2. Characteristics of nanoemulsions and microemulsions:

The nanoemulsions and microemulsions loading natural insecticides have been characterized
in many publications for their size, morphology, EE, stability, and rate of insecticide release.
The main findings of these studies are discussed below. In general, we can conclude that the
properties of insecticide-loaded nanoemulsions and microemulsions depend not only on the
composition variables (initial amounts of insecticide and surfactant, the presence of a co-
solvent such as glycerol) but also on preparation variables (emulsifying energy and time), and
environmental conditions (temperature, pH, etc.).

4.2.1. Size of particles

In Table 4, we summarized the literature regarding the size of the various insecticide-loaded
nanoemulsions and microemulsions, showing the insecticide used in each study, the type of
surfactant molecules and the insecticide:surfactant mass ratio. The studies on nanoemulsions
are presented first followed by those on microemulsions. In general, the polydispersity index
(PdI) values of the various formulations were inferior to 0.5; thus the formulations were

largely homogeneous.
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Table 4: The size of nanoemulsions and microemulsions loading natural insecticides.

Insecticide Surfactant Size of droplets Reference
1. Type
2. Insecticide:surfacta
nt mass ratio
Nanoemulsion
Citronella oil 1. Montanov 82 | - At 25% glycerol concentration, the size decreased | (Sakulku
with/without from 178 nm (at 20:2.5 insecticide:surfactant ratio) | et al.,
glycerol (0-100%) to 135 nm (at 20:10 ratio). 2009)
2. 20:2.5,20:5,20:10 |- At 75% glycerol concentration, the size increased
from 175 nm (at 20:2.5 insecticide:surfactant ratio)
to 334 nm (at 20:10 ratio).
Lavandin EO 1. OSA-modified - No difference between emulsions composed of | (Varona et
starches span 20:tween 20 and OSA-modified starches. al., 2009)
Tween 20:span 20 |- The size decreased from 1020 nm (at 18:1
2. 18:1,3:1,1:1, 1:3 insecticide:surfactant ratio) to 503 nm (at 1:3 ratio).
- The size decreased with increasing of the amount of
energy input provided for formation of emulsions.
Neem oil 1. Tween 20 The size decreased from 251 (at 1:0.3 | (Anjaliet
2. 1:0.30, 1:0.50, imsecticide:surfactant ratio) to 31 nm (at 1:5 ratio). al., 2012)
1:0.62, 1:0.66,
1:0.77, 1:1, 1:1.5,
1:2,1:2.33, 1:3,
1:4,1:5
Menthaxpiperi | 1. CABS-70:NP-20 The size decreased with increasing the amount of | (Kumar et
ta oil 2. 40:12 energy input provided for formation of emulsions. al., 2013)
Rosmarinus 1. Tween 20 50 nm. (Duarte et
officinalis EO | 2. 5:5 al., 2015)
Pulegone 1. Tween 80 The size increased from 62 + 7 (at 1:1 | (Golden et
2. 1:1,5:1,10:1 insecticide:surfactant ratio) to 220 £ 10 nm (at 10:1 | al., 2018)
ratio).
Citral 1. Tween 80 - Three populations were obtained with the largest | (Pascual-
2. 1:2 population being the major one. Villalobos
- The mean droplet size was 59, 712, and 2670 nm | et al.,
for populations 1, 2 and 3, respectively. 2017)
Ocimum 1. Tween 80 The particles size was less than 200 nm. (Sundarar
basilicum L. 2. 1:1 ajan et al.,
EO 2018)
Avermectin 1. CO-PU Insecticide loaded batches were slightly larger than | (Zhang et
2. 1:18.9,1.5:18.9, empty ones (39 nm). al., 2018)
2:18.8,2.5:18.9
Microemulsio
n
T. ammi EO | 1. Tween 80 with |- Two populations were obtained with the smaller | (Pavela et
and C. glycerol (30%) population being the major one. al., 2019)
maritimum EO | 2. 0.25:13, 0.5:13, | - The mean droplet size of the two populations was
0.75:13,1.5:13 58 and 700 nm for T. ammi EO as well as 50 and

500 nm for C. maritimum EO.
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CABS: calcium salt of alkyl benzene sulfonate, C. maritimum: Crithmum maritimum, CO-PU:
castor oil-based polyurethane, EO: essential oil, NP: nonylphenol, OSA: n-octenyl succinic
anhydride, Span: sorbitan monolaurate, T.ammi: Trachyspermum ammi

It can be seen from Table 4, that the various insecticide-loaded nanoemulsions studied in the
literature exhibited a small mean droplet size (Anjali et al., 2012; Duarte et al., 2015; Golden
et al., 2018; Kumar et al., 2013; Pavela et al., 2019; Sakulku et al., 2009; Sundararajan et al.,
2018; Zhang et al., 2018). However, Pascual-Villalobos et al., 2017 reported that citral-loaded
nanoemulsions, composed of the surfactant tween 80, presented a large particle size in which
three populations, centered at 59 nm, 712 nm and 2670 nm, were obtained. The fraction of the
population with the largest droplet size was predominant. Also, from Table 4, we conclude
that the size of droplet might be affected by the concentration of surfactant and insecticide
used, the addition of glycerol and its concentration, and the amount of energy input applied
for the fabrication of the nanoemulsion.

Blank and avermectin-loaded nanoemulsions were prepared by Zhang et al., 2018. The size of
blank formulations was around 39 nm, and it increased slightly after the addition of
avermectin. The size of avermectin-loaded particles was less than 50 nm. In addition, Golden
et al., 2018 fabricated pulegone-loaded nanoemulsions using various pulegone:tween 80 ratios
(1:1, 5:1 and 10:1). The authors investigated that increasing pulegone:tween 80 ratio from 1:1
to 10:1 led to an increase in nanoemulsion particles size from 62 + 7 to 220 &+ 10 nm.
Lavandin EO-loaded nanoemulsions were prepared using n-octenyl succinic anhydride
(OSA)-modified starches as well as with tween 20 in combination with span 20. The various
formulations were characterized and compared in terms of their droplet size. The size of the
nanoemulsions prepared with OSA-modified starches was very similar to that obtained with
the non-ionic surfactants (combination of tween 20 and span 20) (Varona et al., 2009).
Additionally, several studies demonstrated that increasing the surfactant concentration used
for nanoemulsion preparation resulted in a decrease in the droplet size of nanoemulsion
(Anjali et al., 2012; Sakulku et al., 2009; Varona et al., 2009) (Table 4). According to Reiss,
1975, the reduction of particle size with increasing the concentration of surfactant might be
ascribed to the fact that surfactants can freely move and absorb around oil droplets, thus
increasing the surface to volume ratio of the particles. Furthermore, the surfactant minimizes
the interfacial free energy and provides a mechanical barrier to coalescence. However, the
addition of glycerol at high concentration cancelled this pronounced impact of surfactants. At
low glycerol concentration (less than 50%), a decrease in the mean particle diameter of

citronella oil-loaded nanoemulsions was found (eg. from 178 to 135 nm at glycerol
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concentration of 25%) upon increasing the concentration of the surfactant Montanov 82 from
2.5 to 10%. At high glycerol concentration (75%), an increase in the droplet size from 175 to
334 nm was obtained upon increasing the surfactant concentration. According to the authors,
glycerol behaves as co-solvent and possesses a high viscous property. The highly viscous
environment obtained in the presence of a high amount of glycerol may complicate the ability
of surfactants to prevent coalescence (Sakulku et al., 2009).

As mentioned earlier, mechanical energy must be applied for the fabrication of
nanoemulsions. Some studies evaluated the effect of the emulsifying energy level on the size
of nanoemulsions. For example, Varona et al., 2009 produced Lavandin EO-loaded
nanoemulsions using a rotor stator machine at three different homogenization velocities
(quantified with the frequency of rotation of the rotor, set to 50, 60 and 70 Hz). The authors
published that a noticeable reduction in the size of droplet was observed when the velocity of
the rotor stator machine was increased. Similarly, Kumar et al., 2013 prepared
Menthaxpiperita oil-loaded nanoemulsions, subjected the samples to three cycles of
homogenization (each cycle of 5000 rpm for 30 min) as further preparative steps, and
evaluated the droplet size after each cycle. A slight decrease in the average particle size was
obtained after each homogenization cycle. It might be that particle coalescence is
counteracted upon increasing the amount of energy input applied for nanoemulsion
production (Chen and Tao, 2005).

4.2.2. Morphology

A few studies, which characterized the encapsulation of an insecticide into nanoemulsions,
determined the morphology of the particles. However, all of these studies agreed that the
insecticide-loaded nanoemulsions demonstrated a spherical shape (Anjali et al., 2012; Golden
et al., 2018; Sundararajan et al., 2018) and a homogeneous aspect (Sundararajan et al., 2018;
Zhang et al., 2018).

4.2.3. Amount of natural insecticide loaded into the formulations

A few studies evaluated the EE values of natural insecticides into nanoemulsions. For
instance, the EE was 28.7 + 2.2% and 10.2 + 1.3% for basil and coriander oils, respectively
(Pascual-Villalobos et al., 2015). Furthermore, Zhang et al., 2018 calculated the EE of
avermectin into nanoemulsions using various concentrations of avermectin (20, 30, 40 and
50%). The authors demonstrated that the EE values of avermectin were more than 85% for all
the formulations. Hence, a small loss of avermectin occurred during the preparation of
nanoemulsions, and most of the insecticide amount could be effectively loaded into the

samples.
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4.2.4. Active molecules release

Some papers in the literature examined the release of insecticides from nanoemulsions. The
insecticides avermectin (Zhang et al., 2018) and pulegone (Golden et al., 2018) manifested
biphasic release patterns in which the release was fast at the first phase, followed by a slow
release over the second phase. The initial rapid release of insecticides is related to the non-
uniform distribution of insecticides in the batches; some of active molecules including those
adsorbed on the particle surface and close to the surface inside the particles would be released
quickly with respect to the active molecules incorporated more deeply inside the particles.
The release rate of insecticides from nanoemulsions is influenced by the concentrations of
surfactant, insecticide, and glycerol used, and the environmental conditions (temperature,
pH).

With respect to the insecticide content, Zhang et al., 2018 reported that the release rate of
avermectin from nanoemulsions was slightly increased with the increase of avermectin
concentration from 20 to 50%. However, Golden et al., 2018 published contradictory results
regarding the impact of insecticide content on its release. The authors stated that increasing
the concentration of pulegone from 1 to 10% induced a decrease in pulegone release rate from
nanoemulsions.

On the other hand, the release rate of avermectin (Zhang et al., 2018) and pulegone (Golden et
al., 2018) significantly increased as the temperature rose from 25 to 40 °C and from 10 to 32
°C, respectively. With respect to Zhang et al., 2018, the increase in release rate with
increasing temperature may be attributed to the accelerated molecular thermal motion and
increased insecticide solubility at higher temperature. In addition, Zhang et al., 2018
evaluated the effect of the pH of the medium (4, 6.8, 7.2, 9, 10) on the release behavior of
avermectin from nanoemulsions constituted of castor oil-based polyurethane as a building
material. The authors demonstrated that the release rate of avermectin was moderate at pH 7.2
compared to the other pH values. The release was accelerated at both acidic and alkali
conditions but the acceleration was faster in acidic medium: After 120 h, the release rate
reached 99.6 and 94.1% at pH 4.0 and 10.0, respectively, but this value was only 71.7% at pH
7.2. The authors explained their results by the break of the electrical equilibrium of particles
when the pH changes. This induces a decrease in the electrical double layer of the particles,
and as a consequence a decrease in their stability.

The effect of Montanov 82 and glycerol concentrations on the release of citronella oil from
nanoemulsions was studied by Sakulku et al., 2009. A slow release of citronella oil from the

formulations was obtained at high surfactant concentration (10%) compared to lower
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concentrations (2.5 and 5%) at glycerol concentration of 50%. According to the authors, it is
possible that the nanoemulsions are abundantly covered by the surfactant molecules at high
surfactant concentration. Also, it might be possible that there is an excess amount of
surfactants capable of inhibiting the diffusion of citronella oil to the carrier solution.
Furthermore, the authors investigated that the concentration of glycerol greatly affected the
release of citronella oil from the emulsion: the avermectin release was slower at high glycerol
concentration (75 and 100%) compared to its lower concentrations (0, 50%). These findings
were related to the high viscosity of nanoemulsions at high glycerol concentration, resulting
in a less diffusion of insecticides into the carrier solution.

4.2.5. Stability studies

The stability of nanoemulsions loading natural insecticidal agents was assessed by simply
monitoring the droplet size or evaluating the kinetics of creaming during a storage period.
Most of the formulations revealed an increment in droplet size after storage. For instance, the
mean droplet size of nanoemulsions incorporating Rosmarinus officinalis EO (Duarte et al.,
2015), Ocimum basilicum EO (Sundararajan et al., 2018), and citronella oil (Sakulku et al.,
2009) significantly increased after a storage period of 1 month, 1 month, and 2 months,
respectively. Moreover, Golden et al., 2018 examined the change in droplet size of pulegone-
loaded nanoemulsion over a period of a month. The results showed that the droplet size
increased at the beginning, whereas after 7 days, the size remained with no significant
alterations during the measurement period. For the nanoemulsions encapsulating Lavandin
EO (Varona et al., 2009) and Mentha x piperita oil (Kumar et al., 2013), the droplet size and
the creaming volume significantly increased after a period of storage of 50 days and 2
months, respectively.

4.3. Characteristics of solid lipid nanoparticles

Solid lipid nanoparticles containing pyrethrum were prepared and characterized by Oliveira et
al., (2019) using tripalmitin (glyceryl tripalmitate) as a solid lipid and polyvinyl alcohol as a
surfactant. The pyrethrum-loaded samples had a mean diameter of 261 = 3 nm, and they
remained physically stable after 2 months. Pyrethrum was efficiently encapsulated in the
formulations; the EE of pyrethrum into this carrier system was 99%. Moreover, the
incorporation of Artemisia arborescens L EO into solid lipid nanoparticles was previously
studied. Two different formulations were prepared using Compritol 888 ATO as lipid and
Poloxamer 188 or Miranol Ultra C32 (sodium cocoamphoacetate) as surfactants (Lai et al.,
2006). The size was 199 and 207 nm for nanoparticles composed of Poloxamer 188 and

Miranol Ultra C32, respectively. Both formulations presented a high capability of entrapping
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the EO. In particular, the EE of EO was 87% and 92% into Poloxamer 188 and Miranol Ultra
C32 nanoparticles, respectively. Additionally, the authors analyzed the release of EO from
both formulations. During the first 24 h, both formulations showed a higher release rate than
that in the subsequent hours. Also, the release of EO from Miranol Ultra C32 particles (45.5%
of EO was released after 48 h) was faster compared to Poloxamer 188 particles (37.1% of EO
was released after 48 h). Similar to pyrethrum-loaded nanoparticles, the Artemisia

arborescens L EO-loaded solid lipid nanoparticles were physically stable after 2 months.

5. Insecticidal toxicity of encapsulated EOs

Recently, several studies have focused on essential oils’ applications as alternative methods
for insect pests and microorganisms’ control due to their protective effects on human health
and environment as opposed to synthetic pesticides (Pillmoor et al., 1993). Table 5 illustrates
some insecticidal uses of encapsulated essential oils.

Among Coleoptera, Kaushik et al., (2013) studied the insecticidal activity of alginate
formulation of Curcuma longa (Zingiberaceae) essential oil against Callosobruchus
maculatus (Chrysomelidae). This study showed that this formulation is an appropriate tool to
protect pulses grains from the attack of this pest. According to the same authors, low
mortality of C. maculatus in high alginate concentration beads could be attributed to the low
diffusion rate through the pores of alginate beads. Furthermore, better performance of
Artemisia sieberi (Asteraceae) essential oil was attended when encapsulated under urea
formaldehyde. The fumigant toxicity of encapsulated essential oil (LCso= 11.24 ppm) against
Tribolium castaneum (Tenebrionidae) was significantly higher than that of pure essential oil
(LCso= 15.68 ppm) (Negahban et al., 2012). Also, Sankar and Abideen (2015), showed that
from the 4™ day after application, the toxicity of free Avicennia marina (Acanthaceae)
essential oils against Sitophilus oryzae (Curculionidae) was very low compared to silver and
lead nanoparticles.

Several researchers indicated the efficacy of encapsulated essential oils as tools to control
infestation with Lepidoptera species. In this context, Chung et al., (2013) pointed out that
thyme (Lamiaceae) essential oil encapsulated using melamine—formaldehyde prepolymer
expressed high repellent efficacy (over 90% after 4 weeks) against larvae of Plodia
interpunctella (Pyralidae). Additionally, Jesser et al., (2020) demonstrated the potential of
encapsulation to enhance the toxicity of geranium (Geraniaceae) essential oil against larvae of

Culex pipiens (Culicidae) (Crude essential oil LCs5y=80.97 ppm, encapsulated essential oil

73


https://www.google.com/search?sxsrf=ACYBGNQ0RHniYOz3IWQNeN6uoDo2Ir1bxQ:1577711339507&q=Zingiberaceae&stick=H4sIAAAAAAAAAONgVuLQz9U3sLCIN1_EyhuVmZeemZRalJicmpgKACXqGiEcAAAA&sa=X&ved=2ahUKEwiZ5cvfuN3mAhUVA2MBHf6kBOoQmxMoATAdegQIDRAK&sxsrf=ACYBGNQ0RHniYOz3IWQNeN6uoDo2Ir1bxQ:1577711339507
https://species.wikimedia.org/wiki/Asteraceae
https://www.google.com/search?sxsrf=ACYBGNTuSnMqbqYr76VvMfMCWyzNagvRsw:1577711960789&q=Acanthaceae&stick=H4sIAAAAAAAAAONgVuLQz9U3yDHMqVrEyu2YnJhXkpGYnJqYCgB13rqAGgAAAA&sa=X&ved=2ahUKEwjugOyHu93mAhUwzoUKHQKvBJ8QmxMoATAZegQIDRAZ&sxsrf=ACYBGNTuSnMqbqYr76VvMfMCWyzNagvRsw:1577711960789

LCs50=48.27 ppm) and P. interpunctella (Crude essential oil LDsy=0.16 png larvae_l,
encapsulated essential oil LDsp=0.07 pg larvae—"). This study pointed out that nanoemulsions
can increase by twofold the insecticidal efficacy of Geranium maculatum essential oil.
Similarly, Werdin Gonzalez et al., (2017) investigated the larvicidal toxicity of G. maculatum
and Citrus bergamia (Rutaceae) essential oils polymeric nanoparticle and chitosan as the
polymeric matrix/coating) against Culex pipiens (Diptera). The toxicological test showed that
chitosan nanoparticles produced higher acute and residual activity than PEG particles. This
study illustrated also that chitosan nanoparticles and PEG nanoparticles (LCsy=38.52 ppm and
LCs50=22.63 ppm, respectively) containing G. maculatum were more toxic than crude essential
oil (CL5¢=57.28 ppm). According to the authors, high efficacy of the encapsulated essential
oil compared with crude one might be due to their nanometric size which amplified surface
area, allowed a better penetration into the larval body and an effective distribution of the
active ingredient, enhancing the larvicidal toxicity. In addition, many studies showed that the
encapsulation of EOs can be successfully exploited to furnish prolonged security from insect
infestation. In this context, Negahban et al., (2012) demonstrated that encapsulation allowed
the essential oil to be entrapped without any changes in its composition and control release.
Also, the half-life time of the encapsulated essential oil (LTso= 28.73 days) was significantly
much longer than that of the crude essential oil (LTso= 4.27 days). On the other hand, the
study of Lopez et al., (2014) illustrated that over a period of 366 h, a very slow liberation
profile of the encapsulated essential oil was observed as well as a slower time-dependent
insecticide effect (32 and 73% of dead flies at 2 and 4 h of exposure time) compared to the
free EO (96% of dead flies at 2 h of exposure).
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Table 5: Insecticidal activities of some encapsulated essential oils.

Order |Insect Essential oil/ Encapsulation system Reference
species Botanical family
Coleop | Callosobruch | Curcuma longa / Calcium alginate (Kaushik et al.,
tera us maculatus | Zingiberaceae 2013)
Tribolium Artemisia sieberi / Urea and formaldehyde (Negahban et al.,
casteneum Asteraceae/ 2012)
Tribolium Rosmarinus officinalis / | Polycaprolactone (Khoobdel et al.,
castaneum Lamiaceae 2017)
Zabrotes Azadirachta indica / Polymer nanoparticles (da Costa et al.,
subfasciatus | Meliaceae 2014)
Tribolium Allium sativum/ Polyethylene glycol (PEG) |(Yang et al., 2009)
castaneum | Liliaceae
Sitophilus Euphorbia prostrate / | Silver nanoparticles (Zahir et al., 2012)
oryzae Euphorbiaceae
Sitophilus Avicennia marina/ Silver and lead nanoparticles | (Sankar and
oryzae Acanthaceae Abideen, 2015)
Lepido | Plodia Thymus herbabarona / | Melamine and formaldehyde |(Chung et al.,
ptera |interpunctell |Lamiaceae 2013)
a
Limantria Rosmarinus officinalis | Gelatin and glutaraldehyde | (Coté et al., 2005)
dispar Thymus herbabarona / | solution
Lamiaceae
Plutella Azadirachta indica / Polycaprolactone (Forim et al., 2013)
xylostella Meliaceae
Tuta Lemon Polyethylene glycol (PEG) | (Campolo et al.,
absoluta Mandarin 2018)
sweet orange /
Rutaceae
Culex pipiens | Geranium maculatum / | Nanoemulsions with Tween | (Jesser et al., 2020)
pipiens Geraniaceae 80 as surfactant.
Plodia
interpunctell
a
Lymantria Thymus herba-barona | Gelatin (Moretti et al.,
dispar Rosmarinus officinalis 2002)
Plodia Salvia officinalis /
interpunctell |Lamiaceae
a

Myrtus communis
Eucalyptus globules /
Myrtaceae

Helichrysum italicum /
Asteraceae

Disterigma
microphyllum /
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Ericaceae
Hemipt | Haematobia |Schinus molle / Maltodextrin (MDX) and (Pereira et al.,
era irritans Anacardiaceae gum Arabic as carrier (wall |2018)
material)
Blattop | Bemisia Zanthoxylum Polycaprolactone (Christofoli et al.,
tera tabaci rhoifolium/ Rutaceae 2015)
Diptera | Culex pipiens | Geranium maculatum / | Polyethylene glycol (PEG (Werdin Gonzalez
Geraniaceae 6000) and chitosan et al., 2017)
Citrus bergamia /
Rutaceae
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6. Conclusions and perspectives

Diverse opportunities exist for nanotechnologies applications in food preservation against insect
pests, diseases and microorganisms. Many studies reported that encapsulation displays the
benefit of more effective and targeted usage of herbicides, pesticides and insecticides in eco-
friendly greener manner. On the other hand, in recent years, plant extracts including essential oil
(EOs) have been recognized as important natural sources of pesticides with widespread range of
activities. Numerous researches indicated the great prospects for essential oils as bioactive
ingredients in botanical pesticides production. However, EOs are sensitive to several
environmental degradation factors (light, oxygen availability, temperature). Therefore,
conventional formulating procedure will diminish their efficiency and limit their uses in practice.
Thus, loading them in protective nanostructures will offer controlled release and delay their fast
evaporation and degradation. Many EOs and their bioactive components were encapsulated in
different systems including nanodispersions, nanoemulsions and polymer based formulations.
Various studies highlighted the applications potentials of nanotechnologies in crop protection
comprising pathogen and pest control with metallic and biopolymer nanoparticles and post-
harvest management of diseases and insect pests. The key issues which remain to be considered
consist of the demonstration of the clear cut effectiveness of the formulations compared to
conventional ones under industrial conditions (mills, silos, etc.). Furthermore, other key future
challenges, including the development of nanomaterials (microencapsulation stabilization
processes), the limitations and current issues of nanomaterials applications in food industry
(safety, eco-toxicity, costs of commercial nanoparticles production, commercial prices,...), the
optimization of aromatic and medicinal plant cropping conditions and extraction procedures
permitting homogeneous composition of EOs, should be also addressed. In addition,
biopesticides authorization requirements should be a priority when these biopesticides will be

applied to food conservation.
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The effect of the chemical structure and the physicochemical properties
of essential o1l components on the characteristics of the selected
delivery systems
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Introduction

Liposomes and DCLs were recognized as effective drug delivery systems applied to preserve EO
components, thereby enlarging their applications. In this chapter, we evaluated the effect of the
chemical structure and the physicochemical parameters of an EO component on its incorporation
and release from CLs and DCLs. This chapter is presented in the form of two articles that are
published in the International Journal of Pharmaceutics. The first article focuses on the factors
influencing the characteristics of EO-loaded liposomes. The second article concerns the

identification of the parameters that affect the DCL encapsulation of EOs.

EOs are complex compounds formed by aromatic plants as secondary metabolites. They are a
mixture of volatile components which can be classified into four groups: (i) terpenes; (ii) PPs;
(ii1) hydrocarbons; (iv) miscellaneous components such as sulfur- or nitrogen-containing
compounds. According to the number of isoprene units, terpenes are classified into:
hemiterpenes (C5), MTs (C10), sesquiterpenes (C15) and diterpenes (C20). The terpenes present

in EOs are mainly sesquiterpenes and MTs (Morsy, 2017).

Several previous studies prepared and characterized EO-loaded liposomes and DCLs. However,
these studies used different experimental conditions to prepare the liposome and DCL
formulations (liposome preparation method, process parameters, type and concentration of PL
used, presence of CHOL and its concentration, etc.). Particularly, using the ethanol injection
method, trans-anethole and eugenol were loaded into CLs and DCLs composed of Lipoid S100
or Phospholipon 90H in combination with CHOL (Gharib et al., 2017; Sebaaly et al., 2015,
2016a) and nerolidol was loaded into CLs and DCLs composed of Lipoid E80 (Azzi et al.,

2018). Using the thin film hydration method: Zanthoxylum tinguassuiba EO was entrapped into
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DPPC liposomes (Detoni et al., 2009), Artemisia arborescens L. EO was loaded into liposomes
composed of hydrogenated (Phospholipon 90H) and non-hydrogenated (Phospholipon 90) PLs
(Sinico et al., 2005), carvacrol and THY were encapsulated in liposomes composed of egg
phosphatidylcholine and CHOL (Liolios et al., 2009). Moreover, a few studies investigated the
effect of the experimental conditions on the liposomes characteristics (Sebaaly et al., 2016b;
Shaker et al., 2017). Hence, the effect of the chemical structure and the physicochemical
properties of EO components on their incorporation and release from liposomes and DCLs
cannot be extracted from the literature data. For that, this work was conducted to encapsulate a
series of EO components (EST, EUC, ISOEUG, PUL, TER and THY) in liposomes and DCLs
under the same experimental conditions. The selected EO components differ by their aqueous

solubility, volatility, and hydrophobicity.

The EO-loaded liposomes and DCLs were prepared by the ethanol injection method using Lipoid
S100 and CHOL as liposome membrane constituents. The size of vesicles, their morphology, the
PL and CHOL incorporation rates (IR), the drug encapsulation efficiency (EE), the drug loading
rate (LR), the release kinetics, and the storage stability of liposome and DCL vesicles were

assessed. Their H, values are also experimentally determined.

It was shown that several parameters control the incorporation and release of EOs from CLs and
DCLs. The features of EO components promoting their incorporation in CLs were the presence
of a hydroxyl group in their structure and exhibiting a low H, as well as a low aqueous solubility
value. Also, the drug release from liposomes was controlled by the liposome size and
composition. Regarding DCLs, the EO components manifesting a high log P value were better
loaded in the vesicles. Furthermore, the presence of a propenyl tail or a hydroxyl group in the

structure of the EO component may improve its loading into DCLs. Moreover, the EE of EO
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components into DCLs was shown to decrease with increasing the CHOL membrane content of
vesicles. DCLs exhibiting a high EE value presented delayed drug release compared to the
corresponding inclusion complex. The results obtained in these studies may allow predicting the
ability of Lipoid S100-liposomes and DCLs to encapsulate an EO component based on its

physicochemical properties.

The successful investigation of the parameters that control the encapsulation of EO components
into CLs and DCLs allowed us to proceed further. According to the results obtained in this
chapter, we predicted the degree of encapsulation of the MTs a-PIN and CAM into Lipoid
S100:CHOL liposomes and DCLs based on their physicochemical properties (log P and aqueous
solubility) before performing the experiments to confirm our prediction. CL and DCL vesicles
may highly entrap a-PIN since it exhibits a very low aqueous solubility value and a high log P
value compared to the other studied EO components. On the other hand, CAM possesses higher
solubility in water and lower log P value compared to the other components. Accordingly, we

supposed that it may show lower encapsulation in both CLs and DCLs.
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The encapsulation of essential oil components into liposomes was demonstrated to improve their solubility and
chemical stability. In this study, we investigated the effect of chemical structure, Henry’s law constant (H,), and
aqueous solubility of essential oil components on their liposomal encapsulation. Estragole, eucalyptol, iso-
eugenol, pulegone, terpineol, and thymol were encapsulated in lipoid $100-liposomes using the ethanol injection
method. The H, values were determined. The incorporation in liposomes was more efficient (encapsulation
efficiency > 90%) for the essential oil components exhibiting low aqueous solubility (estragole, isoeugenol, and
pulegone). Moreover, efficient entrapment into vesicles (loading rate > 18%) was obtained for isoeugenol,
terpineol, and thymol. This result suggests that the presence of a hydroxyl group in the structure and a low He
value enhance the entrapment of essential oil components into liposomes. Furthermore, drug release rate from
liposomes was controlled by the loading rate of essential oil components into liposomes, the size of particles, the
location of essential oil components within the lipid bilayer, and the cholesterol incorporation rate of liposomes.
Finally, considerable concentrations of isoeugenol, pulegone, terpineol, and thymol were retained in liposomes
after 10 months with respect to the initial concentration.

1. Introduction

Essential oils are complex mixtures composed mainly of mono-
terpenes and phenylpropenes biosynthesized in nature by aromatic
plants for their protection against various pathogens (Bakkali et al.,
2008). Recently, essential oils have received remarkable attention in
the food, cosmetics, and pharmaceutical industries. For instance, they
are widely used as flavouring agents and food preservatives, as well as
in several dosage forms including suppositories, capsules, soap, per-
fumes, and others (Asbahani et al, 2015). In the present study, the
phenylpropenes estragole and isoeugenol, and the monoterpenes eu-
calyptol, pulegone, terpineol, and thymol, are chosen as models of es-
sential oil components. These components exhibit considerable biolo-
gical effects including antimicrobial, antifungal, antinociceptive, and
anti-inflammatory (de Oliveira et al., 2012; de Sousa et al., 2011; Dogan
et al., 2017; Kfoury et al., 2016; Melo Jtnior et al., 2017; Riella et al.,
2012; Wattanasatcha et al., 2012), antioxidant (Kfoury et al., 2014b),
and anaesthetic (Reiner et al., 2013) activities.

The selected essential oil components differ with respect to their

*Corresponding author.

aqueous solubility, octanol/water partition coefficient (Log P) and
Henry’s law constant (H,) values. According to the literature, log P
values vary between 2.6 (Pubchem, n.d.) and 3.4 (Pubchem, n.d.) for
isoeugenol and estragole, respectively (Table 1). Their aqueous solu-
bility ranges between 178 for estragole (Yalkowsky and Dannenfelser,
1992) and 7100 mg/L for terpineol (Li and Perdue, 1995) (Table 1). In
the literature, H. values of the chosen essential oil components were
estimated from the vapour pressure and aqueous solubility values at
25 °C using the vapour pressure/aqueous solubility method (US EPA,
2012). However, to the best of our knowledge, no experimental H,
values have been reported for these essential oil components.

The use of essential oil components is limited by their volatility,
poor water solubility, and instability in the presence of heat, light, and
oxygen (Turek and Stintzing, 2012). It was demonstrated that their
encapsulation into different carrier systems including liposomes, cy-
clodextrins, solid lipid nanoparticles, micelles, polymer-based nano-
carriers, and others could overcome these drawbacks and preserve their
activities (Cristani et al., 2007; Gomes et al., 2011; Hosseini et al., 2013;
Kfoury et al., 2014a,b; Lai et al, 2006; Moghimipour et al., 2013;
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Table 1
The structure, log P, and aqueous solubility of the studied essential oil com-
ponents.

Essential oil
component

Structure Log P Aqueous solubility

(mg/L)

Estragole (o) 3.4 (Pubchem, 178 (Yalkowsky
~ e
nd.) and Dannenfelser,
1992)

Eucalyptol 2.74 (Griffin 3500 (Yalkowsky,
et al., 1999) He, and Jain, 2010)

Isoeugenol OH 2.6 (Pubchem, 665; 810 (HERA,
nd.) 2012; Kfoury et al.,
o/ 2014b)

Pulegone 3.08 (Griffin 276 (USEPA, 2012)
et al., 1999)

Terpineol OH 2.98 (Li and 7100 (Li and
Perdue, 1995) Perdue, 1995)

Thymol OH 3.3 (Pubchem, 900 (Yalkowsky
nd.) and Dannenfelser,

1992)

Sebaaly et al., 2015).

Liposomes are spherical microscopic vesicles comprising a central
aqueous compartment surrounded by a membrane constituted mainly
of phospholipids that may contain cholesterol. They are biocompatible,
biodegradable, non-immunogenic, and non-toxic (Gharib et al., 2015).
Thus, liposomes are suitable for the delivery of bioactive compounds. In
liposomes, hydrophobic substances can be entrapped within the lipid
bilayer, hydrophilic molecules within the aqueous internal cavity, and
amphiphilic structures at the water-bilayer interface (Laouini et al.,
2012). It has been reported that the liposomal incorporation of essential
oil components results in improving their solubility and chemical sta-
bility (Detoni et al., 2012).

The interaction of the selected essential oil components with di-
palmitoylphosphatidylcholine (DPPC) membrane was studied by
Raman spectroscopy, differential scanning calorimetry, and fluores-
cence anisotropy (Gharib etal., 2017b, 2018). The results demonstrated
that the oil components exhibit a membrane fluidizing effect. Ad-
ditionally, their incorporation, except in the case of eucalyptol, de-
creased the transition enthalpy (AH,,) value and increased the gauche
conformers, leading to an increase in lipid bilayer disorder.

Several studies prepared essential oil component loaded liposomes
and characterized them in terms of size, drug encapsulation efficiency
(EE) and loading rate (LR), release kinetics, storage stability, and bio-
logical activities (Gharib et al., 2017a; Detoni et al., 2009; Coimbra
et al.,, 2011; Sinico et al., 2005; Liolios et al.,, 2009; Sebaaly et al.,
2015). However, few studies discussed the effect of drug properties on
liposome characteristics. Zhigaltsev et al. compared the characteristics
of egg sphingomyelin/cholesterol liposomes containing three structu-
rally related vinca alkaloids (vincristine, vinorelbine and vinblastine)
and demonstrated that the lipophilicity of a drug, determined by its log
P value, influenced its loading and release kinetics from liposomes
(Zhigaltsev et al., 2005).

Several methods have been employed for liposome preparation. The
ethanol injection method offers several advantages compared to other
methods. It is simple, a one step process, inexpensive, rapid, and avoids
the use of harmful solvents as well as strong forces that may disrupt the
liposomes and the entrapped molecules (Justo and Moraes, 2010). In
addition, this method is reproducible and allows for the possibility to

International Journal of Pharmaceutics 561 (2019) 161-170

prepare small-sized vesicles (Batzri and Korn, 1973). Previous studies
were conducted in our laboratory to incorporate essential oil compo-
nents into liposomes (Gharib et al., 2017a; Sebaaly et al., 2015) in
which several parameters, such as phospholipid concentration, choles-
terol concentration, and ethanol to water ratio of the aforementioned
process, were optimized (Sebaaly et al., 2016).

In the present study, liposomal formulations containing estragole,
eucalyptol, isoeugenol, pulegone, terpineol, and thymol were prepared
by the ethanol injection method using lipoid S100 and cholesterol as
liposome constituents. The liposomal batches were characterized with
respect to their size, drug encapsulation efficiency (EE), loading rate
(LR), and drug release from liposomes. Phospholipids and cholesterol
incorporation rates were also determined. Finally, the stability of li-
posomal suspensions was evaluated after 10 months of storage at 4°C.
The effects of the physiochemical properties of essential oil compo-
nents, including their H, and aqueous solubility values, the presence of
hydroxyl groups in the structure and the final liposomal compositions
(phospholipid: cholesterol: drug molar ratio) on liposome character-
istics were discussed. This is the first study that includes a series of
components and estimates the factors that modulate their liposomal
encapsulation and release.

2. Materials and methods
2.1. Materials

Non-hydrogenated soybean phosphatidylcholine lipoid S100 (94%
soybean phosphatidylcholine, 3% lysophosphatidylcholine, 0.5% N-
acyl-phosphatidylethanolamine, 0.1% phosphatidylethanolamine, 0.1%
phosphatidylinositol, 2% water, 0.2% ethanol) was supplied by lipoid
GmBh, Germany. 4-Amino-3-hydroxy-1-naphthalenesulfonic acid was
purchased from Fluka, India and hydrogen peroxide from Fisher
Scientific, UK. Cholesterol (94%) was purchased from Sigma-Aldrich,
Japan; ammonium molybdate, eugenol, isoeugenol, potassium dihy-
drogenophosphate and thymol from Sigma-Aldrich, Germany; pulegone
and terpineol from Sigma- Aldrich, Switzerland; estragole from Sigma-
Aldrich, China; eucalyptol and triton X-100 from Sigma-Aldrich, USA;
and methanol HPLC grade from Sigma-Aldrich, France. Absolute
ethanol and sulfuric acid were purchased from VWR Pro-labo chemi-
cals, France. Cholesterol assay kit was purchased from Spin react
Company, Spain.

2.2. Preparation of liposomes

Ethanol injection method was applied to prepare the liposomal
formulations. The required amounts of lipoid $100 (10 mg/ml) and
cholesterol (5mg/ml) were dissolved in absolute ethanol. 10 ml of the
obtained organic phase was later injected using a syringe pump
(Fortuna optima, GmbH-Germany) into 20 ml aqueous phase at a flow
rate of 1 ml/min, under magnetic stirring at 400rpm at room tem-
perature. As soon as the organic phase was in contact with the aqueous
phase, spontaneous liposomes formation occurred. The liposomal sus-
pensions were then kept for 15 min under stirring (400 rpm) at room
temperature. Finally, ethanol was removed by rotary evaporation
(Heidolph instruments GmbH and co., Germany) at 41 °C and 60 rpm
under reduced pressure. Both blank liposomes and drug loaded lipo-
somes were formed in which the essential oil component (estragole,
eucalyptol, isoeugenol, pulegone, terpineol or thymol) was added to the
organic phase at a concentration of 2.5 mg/mL. Each of the batches was
prepared in triplicate. The liposomal formulations were stored at 4 °C
prior to analysis.

2.3. Characterization of liposomal formulations

2.3.1. Measurement of liposome particle size
The particle size of liposomes was determined by a laser
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granulometer (Partica Laser scattering, LA-950V2 particle size dis-
tribution analyser; HORIBA, Japan) designed for measuring particle
sizes between 0.01 and 3000 pm. The liposomal particle size and the
percentage of each population in the suspension were measured, and
data were expressed as the mean = standard deviation.

2.3.2. Morphological characterization by scanning electron microscopy
The liposomal suspensions were subjected to centrifugation at
15,000 rpm and 4 °C for 1h. The pellets were collected and dried at
room temperature. The powders were sputtered with gold, in a
Cressington 108 auto sputter coater (Watford, UK), for 20s using a
current of 25 mA/mbar. The samples were imaged using a scanning
electron microscope (SEM, AIS2100C, Seron Technology, Korea).

2.3.3. Determination of phospholipid: cholesterol: drug molar ratio in the
formulations

The liposomal suspension was centrifuged at 15,000 rpm and 4 °C
for 1 h using a Vivaspin 500 centrifugal concentrator (Sartorius Stedim
Biotech, Germany, MW cut off = 10,000 Da) to separate the un-re-
tained components from the retained ones. Aliquots were removed from
liposomal suspensions, then sonicated for 10 min in ice to determine the
total concentration of liposomal constituents (phospholipids, choles-
terol, and drugs). Aliquots were also removed from the filtrate to de-
termine the free concentration of liposomal constituents. For each for-
mulation, the phospholipids: cholesterol: drug molar ratio was later
calculated.

2.3.3.1. Assay of phospholipids. The phospholipids concentration in the
liposomal suspension and the liposomal filtrate was quantified through
Bartlett’s method. The organic phosphates in the samples (500 uL from
filtrate, liposomal suspension, and standard solution of phosphorus)
were digested by the addition of 400 uL sulfuric acid (5M) at 200 °C for
1h. Then, the organic phosphates were oxidized to inorganic
phosphates by incubating the samples in the presence of 100 pL H,0,
(30%) for 30 min at 200 °C. The phosphomolybdic complex was formed
through interaction with ammonium molybdite (4.6 ml). The complex
was reduced to a blue product upon interaction with 4-amino-3-
hydroxy-1-naphthalenesulfonic acid (200 uL) at 100 °C for 15 min and
the absorbance of this blue compound was later measured at 815 nm
using a UV-vis spectrophotometer (U-2900, Hitachi High-Tech Science
Corporation, Japan). Stock solution of potassium
dihydrogenophosphate was prepared in ultrapure water at a
concentration of 3.2 mM and diluted to obtain final concentrations of
phosphorus ranging from 0.016 to 0.416 mM. The corresponding
absorbance against the concentration of phosphorus was plotted. The
phospholipids incorporation rate (IR %) was calculated as follows

i M BT

IR pi-(%) =
4 =
mmi organic phase m

in which Mpez- is the mass of phospholipids in the liposomal

suspension, Mpo3- is the mass of phospholipids in the liposomal

filrate and mp3- is the initial mass of phospholipids added
organicphase

to the organic phase during liposomes preparation.

2.3.3.2. Dosage of cholesterol. For quantifying the total and free
concentrations of cholesterol in a suspension, the enzymatic
colorimetric method was utilized. 1ml of the cholesterol assay kit
containing cholesterol esterase, cholesterol oxidase, peroxidase, and 4-
aminophenazone, was added to the samples (10 pL of cholesterol
standards, filtrate and liposomal suspension). Cholesterol in the
samples was oxidized by cholesterol oxidase into 4-cholestenona and
hydrogen peroxide. The latter reacts with 4-aminophenazone in the
presence of peroxidase to form a coloured complex, quinonimine,
having a colour intensity proportional to cholesterol concentration in
the sample. The absorbance of the compound was measured at 505 nm
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using a UV-vis spectrophotometer (U-2900, Hitachi High-Tech Science
Corporation, Japan). Cholesterol stock solution was prepared in triton
X-100 at a concentration of 2mg/ml then diluted to obtain
concentrations ranging between 0.05 and 2mg/ml. The cholesterol
incorporation rate IR (%) was determined based on the following
equation:

Mcyor — Mchop % 100
M CHOumgnic phase (2)

IRcpo(%) =

where mgyo;is the cholesterol mass in the liposomal suspension, mcyq,-
is the mass of cholesterol in the filtrate and Mcuo, s 1 the initial
mass of cholesterol added to the organic phase during liposomal
preparation.

2.3.3.3. Determination of drug encapsulation efficiency and loading
rate. The EE (%) and LR (%) values of the selected essential oil
components were calculated after HPLC analysis of the samples. The
analysis was performed using an analytic column (C 18:
15cm x 4.6mm (Agilent)) at 204nm. Methanol and water mixture
(70:30) was used as mobile phase for all samples except for pulegone
(65:35). The flow rate was set at 1 ml/min. The injection volume was
20 pL.

The drugs stock solutions were prepared in methanol at a con-
centration of 1mg/ml and then diluted to desired concentrations.
Linearity was proved between 1 and 250pg/mL for estragole,
50-1000 ug/mL for eucalyptol, 0.2-100pg/mL for isoeugenol and
thymol, 2.5-100 pg/mL for pulegone, and 1-100 pg/mL for terpineol.
Besides, stock solutions (1 mg/ml) of the internal standards were pre-
pared in methanol and diluted to desired concentrations. Thymol
(100 pg/ml) was used as an internal standard for the dosage of estragole
and isoeugenol. Eugenol was used at a concentration of 1 pg/ml for
eucalyptol dosage and at a concentration of 2 ug/ml for the dosages of
pulegone, terpineol, and thymol.

100 pL of each solution (standard solution, liposomal suspension, or
liposomal filtrate) was added to a solution of internal standard (100 uL)
and methanol (200uL). The EE (%) value of each formulation was
calculated as follows:

lDrungoml - lDrungma % 100
[Drug o 3)

where [Drug|iraand [Drugliee correspond to the total and free drug
concentrations in liposomal suspension, respectively.

Besides, the LR (%) values were calculated according to the fol-
lowing equation:

EE(%) =

Myiposomal suspension — Miiltrate

LR(%) = x 100

n‘crganic phase (4)
where Myjposomalsuspension aNd My correspond to the mass of drug in the
liposomal suspension (total) and the liposomal filtrate (free), respec-
tively. My ganipiase 1S the initial mass of drug added to the organic phase
during liposome preparation.

2.3.4. Determination of drug loading capacity

The drug loading capacity (LC) values were calculated based on the
final liposomal composition (phospholipid:cholesterol:drug molar
ratio) determined as described above. They are expressed as ug of drug/
mg of total organic components of liposomes:

"Idmg

IC=— % .
mpr + Mcuo + Mdrg (5)

where mpy,mcy0,andmgn,, correspond to the masses of phospholipids,
cholesterol, and drug loaded in liposomes, respectively.

2.3.5. Invitro drug release kinetics

The dynamic release of drugs from liposomes was studied by mul-
tiple headspace extraction (MHE) coupled to gas chromatography. 1 ml
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of each drug loaded liposome sample was added to 9 ml of water in
22ml sealed vials; the corresponding free drug (estragole and thymol at
1 ppm, isoeugenol at 200 ppm, terpineol at 5 ppm, pulegone at 2 ppm,
and eucalyptol at 0.5 ppm) was also introduced in 22ml sealed vials.
After equilibrium, vials were submitted to 30 successive gas extractions
at constant time interval (8 min). The oven temperature of headspace
was set at 60 °C, transfer line temperature at 250 °C and nitrogen was
used as carrier gas. 1 ml of the vapour present in the gaseous phase was
then transferred to gas chromatography (GC) for analysis. All mea-
surements were conducted using an Agilent G1888 headspace sampler
coupled to a Perkin Elmer Autosystem XL gas chromatography
equipped with a flame ionization detector and a DB624 column. GC
conditions were set as follows: GC cycle of 8 min and column tem-
perature of 160 °C for estragole, eucalyptol, terpineol, pulegone, and
thymol and of 180 °C for isoeugenol. The percentage of essential oil
component remaining at time t was calculated as follows:

o o A
Percentage of remaining essential oil component = =X x 100

A (6)

where A, and A, correspond to the area of the chromatographic peak of
studied essential oil component at time t and at the first extraction,
respectively.

2.3.6. Study of liposome storage stability

After 10 months of storage at 4 °C, the hydrodynamic particle sizes
of the liposomal formulations were measured by laser granulometry
technique. The free and encapsulated concentration of each essential oil
component in liposomal suspension was assessed after 10 months by
HPLC analysis and compared to those obtained immediately after pre-
paration.

2.4. Determination of Henry’s law constant

Henry’s law constant (H,) is the vapor-liquid partition coefficient of
a volatile compound. H, could be determined by static headspace-gas
chromatography (SH-GC). The dimensionless H, is expressed as follows
(Kolb and Ettre, 2006):
Cg

Cr; 7)

where Cg and C;. correspond to the concentration of drug in the vapour
and aqueous phases, respectively.

For the determination of H, in water, several headspace vials were
prepared containing different amounts of water (0.5, 0.6, 1, 2, 3, and
5 ml for estragole, pulegone, eucalyptol and 0.1, 0.2, 0.3, 0.4, 0.5, and
0.6 ml for thymol, isoeugenol, and terpineol). Then, the same amount of
drug was added to these vials (10 uL from a standard solution of
10,000 ppm). The headspace settings were as follows: an oven tem-
perature of 30 or 60 °C and an equilibrium time of 30 min. The transfer
line temperature was set at 250 °C. The GC settings were the same as
described above.

Using the phase ratio variation (PRV) method described by Kolb and
Ettre (2006), the values of He were determined by the relationship
between the reciprocal chromatographic peak areas and the vapor-li-
quid volumetric ratio (Vg/Vy, with Vg and V;_ being the vapor volume
and the liquid volume, respectively):

A o dle, 1
AV, aV. aHe ®

where A is the peak area, a is a constant incorporating several para-
meters and Hc is the vapor-liquid partition coefficient, directly calcu-
lated from the ratio of the slope and intercept of the fit of the experi-
mental data.
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Table 2

Estimated and experimental Henry’s law constants (dimensionless) of the se-
lected essential oil components at 30 and 60 °C.

Drug Henry's law constant  Henry's law constant  Henry’s law constant
(25°C) (30°C) (60°C)

Estragole 0.019* 0.03 0.07

Eucalyptol  0.004" 0.01 0.05

Isoeugenol  0.0001" 0.005 0.008

Pulegone 0.002* 0.005 0.009

Terpineol 0.0001° 0.001 0.003

Thymol 0.0001" 0.003 0.009

2 (US EPA, 2012).
b (US EPA, 2011).
€ (Copolovici and Niinemets, 2005).

2.5. Statistical analysis

Statistical analysis was carried out using the two samples student’s t-
test. All assays were performed in triplicate, and the results are ex-
pressed as the mean value = standard deviation. P values equal to or
less than 0.05 were considered significant.

3. Results and discussion
3.1. Henry’s law constants of the studied essential oil components

H, values of the selected essential oil components were determined
by the PRV method, and the results are listed in Table 2. We can ob-
serve that Hc values increase upon increasing temperature from 30 to
60 °C. Thus, increasing temperature led to more essential oil compo-
nents in the gaseous phase. This is in agreement with the Copolovici
study, which demonstrated a strong influence of temperature on the H,
value of each of the ten plant monoterpenes studied, including terpi-
neol, within the temperature range from 25 to 50 °C (Copolovici and
Niinemets, 2005). Furthermore, the H, values of estragole and eu-
calyptol were approximately 10 times greater than those of isoeugenol,
pulegone, terpineol, and thymol at 30 and 60 °C. Finally, we could
notice that the experimental H. values determined in our study at 30 °C
are in good agreement with the predicted H. values found in the lit-
erature: an R? coefficient of 0.98 was obtained when plotting the ex-
perimental H, values versus the predicted H, values (Fig. S1).

3.2. Determination of phospholipid: cholesterol: drug molar ratio

3.2.1. Phospholipids

The total and free phospholipid concentrations in liposomal sus-
pension were assessed through Bartlett’s method, and the incorporation
rate (IR) values were calculated according to Eq. (1). The results are
summarized in Table 3. A standard curve was constructed by plotting
the corresponding absorbance against the concentration of phosphorus
in mM. The linear relationships were evaluated by regression analysis
with the least squares method, and the correlation coefficient was found
to be 0.99.

For blank liposomes, the phospholipid IR value was high
(94.2 = 6.45%), indicating that a small loss of phospholipids occurred
during liposome preparation. The studied components exert different
effects on the incorporation of phospholipids in the liposome mem-
brane. Compared to the initial phospholipid: cholesterol: drug molar
ratio, it is obvious that the additions of estragole, eucalyptol, and ter-
pineol did not greatly influence the loading of phospholipids into li-
posomes. However, the presence of isoeugenol, pulegone, and thymol
significantly reduced phospholipid retention in liposomes, and their
effect decreased in the order of pulegone > thymol > isoeugenol.
Hence, isoeugenol, pulegone, and thymol replaced phospholipid mo-
lecules in the lipid bilayer.
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Table 3
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Phospholipid and cholesterol incorporation rates (IR), drug encapsulation efficiency (EE), drug loading rate (LR), phospholipid:cholesterol:drug molar ratio and

loading capacity for the various essential oil component-loaded liposomes.

Liposomal Liposomal components Pho:CHO:drug molar  Loading capacity (ug of drug
formulation ratio /mg of total organic
IR (%) of IR (%) of Cholesterol EE (%) of essential oil LR (%) of essential oil components)
Phospholipids (pho) (CHO) components components
Blank liposome 94.2 * 6.45 776 * 118 - - 125:129:0 -
118:95:0
Drug loaded
liposomes
Estragole 98.1 * 0.85 848 + 278 909 + 0.74 1.12 = 0.28 125:129:168 22
113:110:2
Eucalyptol 88.3 + 0.63 444 *+ 1.69 619 *+ 7.05 4.99 = 0.07 125:129:162 11.1
111:57:8
Isoeugenol 68.5 + 8.85 504 + 3.39 96.4 *+ 3.25 19.86 *+ 2.16 125:129:152 44.6
96:73:30
Pulegone 72.2. + 5.52 396 + 5.09 90.5 *+ 0.32 291 *+ 0.32 125:129:164 8.3
90:51:5
Terpineol 854 + 4.36 95.2 + 4.41 737 %413 18.67 *+ 0.62 125:129:162 345
107:116:30
Thymol 81.3 + 2.55° 68.4 + 5.09 79.1 * 3.86 20.54 *+ 1.89 125:129:166 46.1
94:78:34

For the Pho:CHO:drug ratio, normal font is based on the initial moles of the liposomal component used for liposome preparation, while bold is based on the liposomal

components embedded in liposomes.
* P < 0.05 in comparison to blank liposomes.

Upon interaction with the phospholipid bilayer, some molecules
cause variation of both transition temperature Tm and enthalpy dif-
ference (AH), acting thus as “substitution impurities” of the membrane
and taking the place of lipid molecules. However, other molecules cause
only Tm variation, acting thus as “interstitial impurities” by insertion
among the flexible acyl chains of lipids (Cristani et al., 2007). In par-
ticular, Gharib et al. studied the interaction of several phenylpropenes
and monoterpenes, including the ones selected in this study, with DPPC
liposomes (Gharib et al., 2017b, 2018). As a result, it was demonstrated
that the essential oil components, except eucalyptol, act as substitution
impurities, taking place of lipid molecules, while eucalyptol acts as an
interstitial impurity and intercalates in the bilayer. Thus, it does not
affect the incorporation of phospholipids in the membrane. Moreover, it
was proven that the presence of estragole induces smaller decrease in
Tm and AH,, compared to other phenylpropenes. AH,, decreases sig-
nificantly in the presence of estragole from the DPPC: estragole molar
ratio of 100:5 in a concentration-dependent manner. As revealed by the
phospholipid: cholesterol: estragole molar ratio (113:110:2) de-
termined in our study (Table 3), the minimal incorporation of estragole
could provide a logical reasoning for its weak effect on the phospholipid
incorporation rate compared to the other studied components.

3.2.2. Cholesterol

Cholesterol concentration in the liposomal suspension and filtrate
was determined using the enzymatic colorimetric method, and choles-
terol IR values were calculated according to Eq. (2). Results are shown
in Table 3. For blank liposomes, the IR of cholesterol was
77.6 = 1.18%. Compared to empty vesicles, a significant increase in
the cholesterol IR was only obtained upon the addition of estragole and
terpineol to liposomes. Gharib et al. demonstrated that the selected
essential oil components are able to fluidize the membrane by de-
creasing the phase transition temperature of DPPC vesicles (Gharib
et al., 2017b, 2018). Hence, we may propose an increase in cholesterol
incorporation into estragole and terpineol-loaded liposomes, with an
increased membrane fluidity induced by the presence of estragole and
terpineol. On the other hand, the loading of eucalyptol, isoeugenol,
pulegone, and thymol into liposomes reduced cholesterol incorporation
in the formulations. Hence, eucalyptol, isoeugenol, pulegone, and
thymol replaced cholesterol in the lipid bilayer. Fang et al. reported
that certain lipid soluble drugs compete with cholesterol molecules for

the hydrophobic space in the liposomal membrane (Fang et al., 2001),
thereby decreasing cholesterol incorporation in liposomes.

3.2.3. Drugs

The retention times determined by HPLC methods were 8.4 + 0.04,
6.9 = 0.09, 3.5 = 0.00, 7.8 = 0.06, 6.3 = 0.01, and
5.6 = 0.01 min for estragole, eucalyptol, isoeugenol, pulegone, terpi-
neol, and thymol, respectively. The retention time of eugenol was
3.4 = 0.00 min with all drugs, except in the case of pulegone, where it
was 4.3 = 0.00 min. This difference is due to the use of two different
eluent compositions: methanol: water (65:35, v:v) for pulegone analysis
and methanol: water (70:30, v:v) for other molecules. The calibration

curves were constructed by plotting AUCL“ against the drug
nternal_standare

concentrations in pg/ml. The linear relationships were evaluated by
regression analysis with the least squares method, and the correlation
coefficient (R?) ranged between 0.989 and 0.999. After HPLC analysis,
the EE and LR values of the drugs into lipoid $100-liposomes were
calculated according to Egs. (3) and (4), respectively.

The entrapment of drugs in liposomes, determined by their LR va-
lues, varied depending on the studied essential oil components. The LR
values of essential oil components bearing a hydroxyl group in their
structure (isoeugenol, terpineol, and thymol) were high (> 18%), with
LRiymot > LRigeugenat > LRierpinears While the other essential oil com-
ponents (estragole, eucalyptol, and pulegone) presented lower LR va-
lues (< 5%) with LReumf_vpml > LRpulegmw > LRe,\tmgolc-

The better incorporation of hydroxylated drugs into liposomes
might be explained by the interaction of hydroxyl groups of drugs with
the membrane components of liposomes (phospholipids, cholesterol).
For instance, hydrogen bonds between the hydroxyl groups of drugs
and the phosphate head groups of phospholipids have been proposed in
many studies; the hydroxyl group serves as a hydrogen bond donor, and
the phosphate head group of phospholipids acts as a hydrogen bond
acceptor (Cristani et al., 2007; Phan et al., 2014). This interaction has
also been described as a key factor modulating the effect of essential oil
components on the lipid bilayer fluidity; essential oil components pre-
senting a hydroxyl group in their structures more greatly fluidized the
membranes than those without a hydroxyl group (Gharib et al., 2018;
Reiner et al., 2013). Moreover, increasing the fluidity of the membrane
promotes the incorporation of essential oil components.

On the other hand, the lower LR values of estragole and eucalyptol
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into liposomes may be attributed to the greater loss of these compo-
nents, which results from their higher H,. compared to the other studied
components. Regarding the experimental H. values determined at
30°C, estragole and eucalyptol exhibited higher H, values compared to
the other selected components. However, pulegone exhibited a low
Hc(0.005 at 30 °C) with a low LR value (2.91 = 0.32%). Hence, ex-
hibiting a high H, value could be a factor that reduces the liposomal
incorporation of essential oil components, although other factors could
also affect this retention.

Concerning drug EE in liposomes, the results differed. Incorporation
in liposomes was better for essential oil components exhibiting lower
aqueous solubility. Very high EE values (> 90%) into liposomes were
obtained for estragole, isoeugenol, and pulegone (Table 3), with aqu-
eous solubility of 178, 665 and 276 mg/L, respectively. However, eu-
calyptol, terpineol, and thymol, with aqueous solubility of 3500, 7100,
and 900 mg/L, respectively, exhibited lower EE (< 80%) values.
Therefore, eucalyptol, terpineol, and thymol are better able to partition
between aqueous and lipid compartments of liposomes. The correlation
coefficient (R?) between EE into liposomes and the aqueous solubility
were determined equal to 0.85, with the exception of terpineol (Fig.
$2). Hydrophobicity is another factor that may influence drug en-
capsulation in liposomes (Zhigaltsev et al., 2005). Indeed, the hydro-
phobicity of essential oil components, determined by their log P values,
increased in the order of isoeugenol (2.376, 2.6) < eucalyptol
(2.74) < terpineol (2.98) < pulegone (3.08) < estragole (3.13,
3.4) ~ thymol (3.34). Thus, our results demonstrated that the hydro-
phobicity of essential oil components did not influence their en-
capsulation into liposomes.

From the above results, bearing a hydroxyl group in the chemical
structure of essential oil components, exhibiting low aqueous solubility
and low H, value are the main parameters that improve the liposomal
encapsulation of essential oil components, as evidenced by the high EE
and LR values.

3.3. Loading capacity of drugs

The LC values of the essential oil components were calculated based
on the final liposomal compositions (phospholipid: cholesterol: drug
molar ratio) presented in Table 3. They are expressed as pug of drug/mg
of total organic components of liposomes (Table 3). The LC values differ
among the selected drugs. Isoeugenol, terpineol, and thymol exhibited
high LC values into liposomes (> 30 ug of drug/mg of total organic
components) in the order LCypyma > LCisoeugenot > LCierpineot- HOW-
ever, estragole, eucalyptol, and pulegone presented lower LC values
(< 15ug of drug /mg of total organic components); their LC values
decreased in the order LCeucayptot > LCputegone > LCestragote: AS €X-
pected, the drugs follow the same order for LC values and LR values.

3.4. Liposomal particle size measurement

The particle size distributions of the liposomal batches were mea-
sured using laser granulometry for the various batches. Table 4 re-
presents the number, percentage distribution, and the mean particle
size of the populations obtained in each formulation. For blank lipo-
somes, a single micrometric sized (6.16 = 0.51pm) population ap-
peared. Thus, larger vesicles were obtained in comparison to the lit-
erature. This difference can be ascribed to the mechanism by which
vesicles are formed during the selected method (Lasic, 1988). During
ethanol diffusion into the water phase, phospholipids dissolved in the
organic phase precipitate at the water/organic boundary phase,
forming bi-layered phospholipid fragments (BPFs). BPFs seal off to form
vesicles, and the short distance between them enhances the possibility
of forming larger vesicles by facilitating their coalescence probability
(Yang et al., 2012). Moreover, the difference in blank liposome particle
size compared to the literature could be related to the different methods
used for size characterization. Indeed, some are determined using a
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dynamic light scattering (DLS) apparatus which allows measurement of
only submicron size range populations (Storti and Balsamo, 2010).
However, the laser granulometry technique used in this study is de-
signed for measuring particle sizes between 0.01 and 3000 um.

Eucalyptol- and pulegone-loaded liposomes were the most similar to
blank liposomes, in which one micrometric sized population appeared.
However, the presence of the other essential oil components induced an
increase in the population number. For isoeugenol and thymol-loaded
liposomes, two micrometric sized populations appeared. For estragole
and terpineol-loaded liposomes, three populations arose; one of nano-
metric and two of micrometric sizes (Table 4).

Various effects on particle size were observed upon adding the se-
lected essential oil components (Table 4). In comparison to blank for-
mulations, the additions of estragole and terpineol promoted the pro-
duction of nanometric batches. On the other hand, the incorporation of
estragole, isoeugenol, terpineol, and thymol boosted the formation of
larger vesicles (and accordingly reduced the percentage of smaller mi-
crometric vesicles) compared to blank liposomes. This result might be
because the accumulation of lipophilic drugs in the hydrophobic part of
the membrane affects the interactions between the acyl chains of
phospholipids and induces swelling of the membrane, leading to the
formation of larger vesicles (Sikkema et al., 1995). Moreover, large
particles could result from aggregation/fusion of smaller particles
(Domazou and Luigi Luisi, 2002).

In addition, the mean particle sizes of estragole, eucalyptol, pule-
gone, and terpineol-loaded liposomes did not significantly differ from
that of blank batches; the sizes of the major populations obtained were
close to the size of blank liposomes. However, the encapsulation of the
phenolic components, isoeugenol and thymol, in liposomes increased
liposome particle size: the sizes of the major populations
(70.76 = 5.65 and 27.7 = 5.89um for isoeugenol and thymol, re-
spectively) were significantly greater than that of blank liposome
(6.16 = 0.51um). To explain whether the large vesicles were ag-
gregates of smaller particles, SEM imaging was performed on dried
suspensions.

3.5. Morphological study

Dried liposome vesicles were imaged by SEM. Fig. 1(A-F) presents
examples of SEM images for estragole-, eucalyptol-, isoeugenol-, pule-
gone-, terpineol-, and thymol-loaded liposomes, respectively.

The SEM images demonstrated that the dried vesicles had a smooth
surface and a spherical shape with a micrometric size. Estragole-, eu-
calyptol- and pulegone-loaded liposomes did not demonstrate ag-
gregation. However, isoeugenol-, terpineol-, and thymol-loaded lipo-
somes showed aggregates or fused structures. The SEM results
explained the different size distributions determined by granulometry
and did not deny the aggregation process, in particular for the com-
pounds bearing a hydroxyl group.

3.6. Drug release study

The drug release experiments were conducted at 60 °C using the
MHE method. Fig. 2 depicts, at each extraction step, the remaining
percentage of essential oil components as free molecules or when en-
capsulated in liposomes.

Several studies demonstrated that high temperatures decrease the
stability of liposomes and, consequently, drug incorporation (Roy et al.,
2016; Ullrich et al., 2013). Furthermore, at high temperatures, un-
saturated phospholipids are prone to oxidation through various path-
ways (Shahidi and Zhong, 2010). However, different release patterns
were obtained for the free essential oil components and the essential oil
component-loaded liposomes (Fig. 2); therefore, drug encapsulation
seems not to be greatly attenuated at 60 °C. In the presence of choles-
terol and above the main transition temperature, the lipid bilayers ac-
quire the liquid-ordered (Lo) phase. The presence of cholesterol exerts a
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Table 4
Percentage distribution and mean particle size of populations for blank liposomes and drug loaded liposomes on the day of preparation and after 10 months of storage
at4°C.
Liposomal formulations Population 1 Population 2 Population 3
(%) Mean size (um) (%) Mean size (um) (%) Mean size (um)
Blank liposomes - - 100.0 = 0 6.16 + 0.51 - -
100.0 = 0 7.13 = 1.51
Estragole loaded liposomes 19.3 + 55 0.23 + 0.02 64.6 + 6.42 7.74 + 1.04 16.0 + 4.35 65.4 *+ 13.05
14.6 + 3.78 0.23 * 0.02 64.0 + 14.79 11.14 + 1.81 21.3 + 16.28 68.8 + 17.13
Eucalyptol loaded liposomes - - 100 * 0.00 6.43 + 0.49 - -
100 * 0.00 9.45 + 0.64
Isoeugenol loaded liposomes - - 226 * 1242 12.12 + 096 77.3 £ 12,42 70.76 + 5.65
13.4 + 5.77 16.10 *+ 3.42 86.6 + 5.77 81.08 + 6.49
Pulegone loaded liposomes - - 100 + 0.00 6.43 *+ 0.49 - -
17.7 + 6.35 16.82 + 0.95 823 *+ 6.35 81.08 *+ 6.49
Terpineol loaded liposomes 26.7 = 7.09 0.24 = 0.01 64.3 = 9.01 7.04 = 0.56 9.00 = 264 49.23 + 375
255 > 9.19 0.23 + 0.04 59.0 + 2.82 7.67 * 0.00 155 + 12.02 68.14 + 13.0
Thymol loaded liposomes - - 74.0 * 6.00 277 *+ 5.89 26.0 + 6.00 184 + 27.7
82.0 + 7.81 239 + 1.91 18.0 = 7.81 175 + 23.8

Italic: after 10 months of storage at 4 °C.

profound influence on the properties of the lipid bilayers. Cholesterol
addition to a fluid phase bilayer decreases its permeability and favours
encapsulation. Cholesterol molecules fill the free space that was formed
due to the kink in the chain of the unsaturated lipid, leading to a de-
crease in the flexibility of the surrounding lipid chains (Monteiro et al.,
2014). Several publications demonstrated that cholesterol incorpora-
tion within liposomes reduces the temperature effect on the membranes
(Vist and Davis, 1990). Moreover, it was demonstrated that the increase
of cholesterol content in membranes promotes the integrity of un-
saturated liposomes (Holzschuh et al., 2018). In our study, cholesterol
constitutes more than half of the final liposome membrane composition
(Table 3), explaining the retention of volatile drugs at 60 °C.

In their free form, the studied essential oil components exhibited
different release patterns, and the remaining percentage at the last
extraction differed among the various essential oil components (Fig. 2).
The latter increased in the order of estragole (74.8%) < eucalyptol
(85.6%) < isoeugenol (85.9%) < thymol (91.1%) < pulegone
(94.1%) < terpineol (96.8%). This order correlates with the order of
H, determined at 60 °C; the correlation coefficient R? was 0.89 (Fig. S3).

Moreover, when loaded in liposomes, the essential oil components

displayed different release profiles. Isoeugenol and thymol manifested
biphasic release patterns in which they remain unreleased for a period
of time (first phase), followed by a slow release over the second phase.
The other essential oil components exhibited one phase release pattern
with different release rates. Terpineol and pulegone showed slow re-
lease rates, while estragole and eucalyptol showed rapid release rates.
In addition, the remaining percentage at the last extraction increased in
the order of estragole (78.9%) < eucalyptol (85.6%) < pulegone
(94.9%) < terpineol (95.6%) < isoeugenol (96.5%) < thymol
(96.4%).

Based on the above results, we could observe that the EE of essential
oil components into liposomes, chemical structures of components,
their aqueous solubility values, and their log P values did not seem to
influence their release rates from liposomes as poor/no correlations
were found between the release rate and each of the mentioned para-
meters. Moreover, the release of components from liposomes was not
affected by their H,, so liposomes efficiently retained them, thereby
reducing their volatility.

Fig. 1. SEM micrographs of liposomes containing estragole (A), eucalyptol (B), isoeugenol (C), pulegone (D), terpineol (E), and thymol (F).
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However, the LR of essential oil components into liposomes may
control their release rate. A linear relationship was found between the
percentage of essential oil components determined at the last extraction
step and the LR of essential oil components into liposomes, except for
pulegone; the R* value was 0.54 with pulegone, but 0.95 without pu-
legone (Fig. S4).

In addition, release rate results from liposomes may be attributed to
the size of formulations and the location of essential oil components
within the lipid bilayer (Juliano et al., 1978). Based on the results of
particle size measurement (batches are of size greater than 0.5 um) and
the method of liposome preparation, it can be stated that the for-
mulations are multi-lamellar vesicles (Jaafar-Maalej et al., 2010;
Rongen et al., 1997). Additionally, the sizes of isoeugenol and thymol
loaded liposomes were significantly greater than those of the other
formulations. Therefore, isoeugenol and thymol may be encapsulated
within the internal lamellae of liposomes and must pass several barriers
before being released to the outer environment. This explains the bi-
phasic release pattern of isoeugenol and thymol when loaded into li-
posomes. Moreover, regarding the location of essential oil components
within the lipid bilayer, Gharib et al. studied the interactions of the
selected essential oil components with DPPC liposomes and specified
their locations within the bilayer (Gharib et al., 2017b, 2018). As a
result, it was proven that the position of the double bond in the pro-
penyl group of phenylpropenes controlled its incorporation into lipo-
somes. Isoeugenol, possessing the double bond at position C7-C8 in the
propenyl side chain, was inserted deeply within the bilayer in

comparison to estragole. Additionally, the presence of a hydroxyl group
allowed a deep bilayer incorporation of terpineol and thymol in com-
parison to pulegone and eucalyptol.

Pulegone exhibited a low LR value (2.91 = 0.32%), and a previous
study reported that it did not deeply incorporate into the DPPC bilayer
(Gharib et al., 2018). Nevertheless, it exhibited a slow release rate
(94.9% remained at the final extraction step). This could be ascribed to
the lower cholesterol incorporation rate (39.6 = 5.09%) for pulegone
loaded liposomes in comparison to the other prepared vesicles. It was
confirmed that the liposomal retention of floxuridine was enhanced by
decreasing cholesterol content in the formulation (Tardi et al., 2007)
and that idarubicin was more effectively retained in cholesterol free
vesicles in comparison to those containing cholesterol (Dos Santos
et al., 2002).

Hence, the size of liposomal batches, IR of cholesterol into lipo-
somes, LR of essential oil components, and the location of components
within the lipid bilayer are the primary factors that affect the release
rate of essential oil components from lipoid S-100 liposomes.

3.7. Storage stability

The stability of the formulations was examined after 10 months of
storage at 4 °C. All of the prepared batches, except thymol loaded li-
posomes, showed a significant increase in liposome particle size
(Table 4). These results were similar to those obtained by Sebaaly et al.,
which reported that the particle size of eugenol loaded lipoid-S100
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Fig. 3. Storage stability of the various prepared liposomal batches: remaining
concentrations of free and encapsulated drugs in liposome suspension.

liposomes increased after 2months of storage at 4°C (Sebaaly et al.,
2015).

For each formulation, the total and free concentrations of essential
oil components in liposomal suspensions were determined on the day of
preparation and after 10 months. Fig. 3 summarizes the obtained re-
sults. In general, a considerable amount of essential oil components
remained in liposomal suspension in comparison to the initial amount
(> 50%), except in the case of estragole loaded liposomes. In addition,
with respect to the initial concentration of essential oil components
incorporated into liposomes, a noticeable concentration of isoeugenol,
pulegone, terpineol, and thymol remained in liposomes after
10 months. Those findings, combined with the release study in which
isoeugenol, pulegone, terpineol, and thymol exhibited a delayed re-
lease, showed that these compounds were still satisfactorily in-
corporated into liposomes after 10 months. Thus, the encapsulation of
isoeugenol, pulegone, terpineol, and thymol in lipoid S-100 liposomes
is efficient for protecting them against degradation and rapid release.

4. Conclusion

Drug loaded lipoid S-100 liposomes were prepared by ethanol in-
jection method and characterized via several techniques. The para-
meters affecting liposomal particle size, EE and LR, release kinetics, and
liposome storage stability were discussed. The addition of the phenolic
essential oil components, isoeugenol and thymol, induced an enlarge-
ment of vesicles in comparison to blank liposomes. In addition, EE
values into liposomes were greater for the essential oil components
exhibiting lower aqueous solubility. Regarding the LR values, the re-
sults differed. Hydroxylated essential oil components were better en-
trapped in liposomes than were non-hydroxylated components and the
liposomal incorporation was higher for essential oil components with
low Henry’s law constants. Furthermore, the release profiles were
variable among the various formulations. Liposome particle size, LR of
essential oil components into liposomes, location of components within
liposome bilayer, and IR of cholesterol into liposomes were the key
parameters affecting the release of essential oil components from li-
posomes. Finally, liposomes loaded with isoeugenol, pulegone, terpi-
neol, and thymol were stable after long term storage at 4°C. Hence,
liposomes could be useful for the encapsulation of essential oil com-
ponents, extending their various applications. However, the factors that
control their incorporation into liposomes must be considered in future
studies.
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ARTICLE INFO ABSTRACT

Keywords:
Drug-in-cyclodextrin-in-liposome
Encapsulation

Drug-in-cyclodextrin-in-liposome (DCL) represents a very promising approach for preserving essential oil (EO)
components, thereby extending their shelf life and activity. In this study, we examined the effect of chemical
structure, octanol/water partition coefficient (log P), and Henry’s law constant (H,.) on the encapsulation and the

Monoterpene release of monoterpenes (eucalyptol, pulegone, terpineol, and thymol) and phenylpropenes (estragole and iso-
:;e;}::' peng eugenol) from DCLs. Hydroxypropyl-B-cyclodextrin/EO component (HP-B-CD/EO component) inclusion com-

plexes were prepared in aqueous solution and loaded into liposomes by the ethanol injection method. The
phospholipid:cholesterol:EO component molar ratio determined for DCL structures was affected by character-
istics of EO components. The presence of a propenyl tail or a hydroxyl group in the structure of EO component
may improve its loading into DCLs. Furthermore, low encapsulation efficiency (EE) was obtained for DCLs
exhibiting high cholesterol membrane content. In addition, a positive linear relationship was found between the
loading ratio of monoterpenes into DCLs and their hydrophobic character expressed as log P. The release of
components from DCLs was influenced by their EE into the formulations. Finally, DCL formulations retain
considerable amounts of EO components after 10 months.

1. Introduction

Essential oils (EO) are volatile and natural compounds synthesized
by aromatic plants as secondary metabolites. They represent a complex
mixture of primarily monoterpenes and phenylpropenes (Bakkali et al.,
2008). In this study, the phenylpropenes, estragole and isoeugenol, and
the monoterpenes, eucalyptol, pulegone, terpineol, and thymol, are
used as models of EO components. The selected components exhibit a
wide range of important biological functions including antifungal
(Dogan et al., 2017; Kfoury et al., 2016b), antibacterial (Dogan et al.,
2017; Wattanasatcha et al., 2012), anti-inflammatory (de Oliveira et al.,
2012; Riella et al., 2012), antinociceptive (de Oliveira et al., 2012; de
Sousa et al., 2011; Melo Jtnior et al., 2017), antioxidant (Kfoury et al.,
2014b), and anaesthetic (Reiner et al., 2013) activities.

The selected EO components have different octanol/water partition
coefficient (Log P), aqueous solubility, and Henry’s law constant (Hc)
values. Table 1 represents both the structure and the aforementioned
properties of the selected EO components. The aqueous solubility varies

*Corresponding author.

https://doi.org/10.1016/j.ijpharm.2020.119151

between 178 (Yalkowsky and Dannenfelser, 1992) and 7100 mg/L (Li
and Perdue, 1995) for estragole and terpineol, respectively. Also, log P
values range between 2.6 for isoeugenol (Pubchem; CID 853433, n.d.)
and 3.4 for estragole (Pubchem; CID 8815, n.d.). Furthermore, the H,
values of estragole and eucalyptol were approximately 10 times greater
than those of isoeugenol, pulegone, terpineol, and thymol (Hammoud
et al., 2019a).

Despite their remarkable properties, the use of EO components is
limited by their volatility, poor water solubility, and instability in the
presence of heat, light, and oxygen (Turek and Stintzing, 2013). The
encapsulation of EO components in carrier systems like cyclodextrins
(CDs), liposomes, and drug-in-cyclodextrin-in-liposomes (DCLs) is
under development as being a promising tool for overcoming the
drawbacks of components, thereby extending their shelf life and ac-
tivity (Azzi et al., 2018; Gharib et al., 2017a; Kfoury et al., 2014a,
2014b; Moghimipour et al., 2012; Sebaaly et al., 2015, 2016a; Wang
et al, 2011).

DCLs are drug carriers comprising one or more phospholipid
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Table 1
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The structure, log P, aqueous solubility, and Henry’s law constant of the studied EO components, and the formation constant (K¢) of HP-B-CD/EO component

inclusion complexes.

EO component Structure Log P Aqueous solubility (mg/L) H, K (M)
30°C 60 °C
Estragole : A0 3.4° 178' 0.03" 0.07" 1581'
Eucalyptol \ﬁ/ 274" 3500¢ 0.01" 0.05* 334'; 12007;1112"
Isoeugenol OH 2.6¢ 665"; 810' 0.005" 0.008" 441'
/V(I o
Pulegone (o] 3.08" 276/ 0.005" 0.009" 676'; 867" 798"
a-Terpineol 2.98" 7100° 0.001" 0.003" 761'
OH
Thymol OH 3.3° 900' 0.003" 0.009" 806'; 1400™; 1313"

s

Pubchem CID 8815, n.d..
Griffin et al., 1999.
¢ Pubchem CID: 853433, n.d.
4 Li and Perdue, 1995.
e
f

ND: not determined.
a
b

Pubchem; CID 6989, n.d..
Yalkowsky and Dannenfelser, 1992.

8 Yalkowsky, He, and Jain, 2010.

b Kfoury et al., 2014b.

! HERA, 2012.

I US EPA, 2012.

X Hammoud et al., 2019a.

! Kfoury et al., 2016a.

™ Kfoury et al., 2014a.

bilayers and an aqueous internal cavity where a CD/drug inclusion
complex is loaded (McCormack and Gregoriadis, 1994). DCLs were used
to preserve volatile and hydrophobic EO components, thereby ex-
tending their various applications in the food, cosmetics, and pharma-
ceutical industries. Namely, they were used to encapsulate a variety of
monoterpenes and phenylpropenes including eugenol (Sebaaly et al.,
2016a), trans-anethole (Gharib et al., 2017a), and estragole (Gharib
et al., 2019).

Cyclodextrins (CDs) represent a family of non-toxic cyclic oligo-
saccharides characterized by a hydrophilic outer surface and a hydro-
phobic cavity. Thus, in an aqueous environment, these carbohydrates
can accommodate lipophilic EO components in their cavity forming
CD/EO component inclusion complex; the interaction of a EO compo-
nent with CD is not permanent, but rather a dynamic process in which
the guest continuously associates and dissociates with CD host. The
native CDs consist of six, seven, or eight subunits of a-1,4-linked D-
glucopyranose forming a-, -, and y-CDs, respectively. Besides, func-
tional groups could be added to native CDs, leading to a modification in
their solubility and stability (Gharib et al. 2015; Szejtli 1998). We
specifically selected, herein, hydroxypropyl-3-CD (HP-3-CD) due to its
high aqueous solubility (> 500 mg/mL) and strong complexing ability
with EO components (Kfoury et al., 2014a, 2014b; Malanga et al., 2016;
Miranda et al., 2011). Previous studies investigated the formation of

inclusion complexes between HP-f3-CD and the selected phenylpropenes
and monoterpenes. The formation constant (K;) values of HP-B-CD/EO
component inclusion complexes were determined in the literature using
different techniques such as fluorescence spectrophotometry and static
headspace gas chromatography. The results are shown in Table 1. It
should be noted that applying different methods may provide different
K¢ values for the same guest molecule (Ciobanu et al., 2013). Further-
more, a linear relationship was demonstrated between K¢ of HP-B-CD/
monoterpene inclusion complex and log P of a monoterpene (Kfoury
et al., 2014a). In addition, a strong negative correlation was found
between the solubilizing potential of HP-B-CD and the intrinsic aqueous
solubility of phenylpropenes and monoterpenes (Kfoury et al., 2014b).

Liposomes are viewed as attractive materials by the food and
pharmaceutical industries. They are spherical vesicles capable of en-
trapping hydrophilic and hydrophobic drugs in their aqueous core and
lipid bilayer, respectively (Gharib et al., 2015). However, the loading of
hydrophobic drugs into liposomes may affect the lipid membrane
properties, causing a rapid release of drug from the bilayer (Kirby and
Gregoriadis, 1983; Takino et al., 1994). Additionally, Gharib et al.
demonstrated that the selected EO components interact with dipalmi-
toyl phosphatidylcholine (DPPC) liposomal membrane, leading to an
increase in the lipid bilayer fluidity and disorder (Gharib et al., 2017b,
2018a). In an older study, Cristani et al. (2007) proved that the
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incorporation of a series of EO components, including thymol, into li-
posomes causes perturbation in the lipid bilayer and influences the
membrane properties such as fluidity and permeability.

The DCL system was proposed by McCormack B and Gregoriadis G
in 1994. After that, DCL characteristics were determined and compared
to those of conventional liposomes in several studies. It has been proved
that DCLs improve drug encapsulation efficiency (EE) and loading ratio
(LR) and delay drug release compared to conventional liposomes (Azzi
et al., 2018; Chen et al., 2007; Gharib et al., 2017a; Sebaaly et al.,
2016a; Zhang et al., 2013). Added to that, compared to conventional
liposomes, DCLs showed a prolonged biological effect due to the slower
drug release (Bragagni et al., 2010; Maestrelli et al., 2010; Zhu et al.,
2013). For example, Zhu et al., 2013 evaluated the intestinal mucous
membrane penetration capacity of liposomes and DCLs carrying ta-
crolimus after their administration to rats by oral route. Compared to
tacrolimus loaded liposomes, (-CD/tacrolimus loaded liposomes ame-
liorate the penetration capability of the drug to the epithelial surfaces
through the mucus, allowing the drug to reach the underlying mucous
membrane.

In addition, regarding DCL formulations, it is crucial to consider the
effect of CDs on liposome membrane. We have recently published a
review concerning the interaction of CDs with biomimetic and biolo-
gical membranes (Hammoud et al., 2019b). In brief, CDs are able to
extract lipid components from membranes; the effect depends on: the
length of the fatty acid acyl chains, their saturation, the nature of the
head groups of phospholipids, the CD type and concentration, the
presence of cholesterol, and the percentage of cholesterol in the for-
mulation (Denz et al., 2016; Milles et al.,, 2013; Ohvo-Rekila et al.,
2000). Moreover, CDs can impact the membrane properties, mainly
fluidity, stability, and permeability (Hatzi et al., 2007; Puglisi et al.,
1996). Furthermore, it was demonstrated that HP-B-CD does not in-
fluence, or exerts a smaller effect on, the liposome membrane integrity
in comparison to other CDs (Nishijo et al., 2000; Piel et al., 2007).
Nevertheless, HP-3-CD interacts with the choline head groups and the
alkyl chains of DPPC lipid bilayer, leading to an increase in its fluidity
and disorder. Also, it increases the disorder of lipoid S100: cholesterol
liposomal membrane (Gharib et al., 2018b).

In the present study, a series of EO components including estragole,
eucalyptol, isoeugenol, pulegone, terpineol, and thymol were en-
capsulated into DCLs using the ethanol injection method for vesicle
preparation. The size of vesicles, their morphology, the EE, the LR, the
release kinetics, and the storage stability of DCL suspensions were
evaluated. The final composition of DCL (phospholipid: cholesterol: EO
component molar ratio) was determined. In DCL structure, the DCL
constituents (phospholipid, cholesterol, and EO component) could be
present in free form (not complexed with CD) and CD/constituent form;
they could also partition between the lipid membrane and the aqueous
core of vesicles. The impact of chemical structure, log P and H, of EO
components on DCL characteristics was also analyzed.

2. Materials and methods
2.1. Materials

Non-hydrogenated soybean phosphatidylcholine lipoid S100 (94%
soybean phosphatidylcholine, 3% lysophosphatidylcholine, 0.5% N-
acyl-phosphatidylethanolamine, 0.1% phosphatidylethanolamine, 0.1%
phosphatidylinositol, 2% water, 0.2% ethanol) was supplied by Lipoid
GmbH, Germany. HP-R-CD (DS = 5.6) was obtained from Roquette
(Lestrem, France). Cholesterol (94%) was purchased from Sigma-
Aldrich, Japan; ammonium molybdate, eugenol, isoeugenol, potassium
dihydrogen phosphate and thymol from Sigma-Aldrich, Germany; pu-
legone and terpineol from Sigma- Aldrich, Switzerland; estragole from
Sigma-Aldrich, China; eucalyptol and triton X-100 from Sigma-Aldrich,
USA; and methanol HPLC grade from Sigma-Aldrich, France.
Cholesterol CHOD-POD kit was provided by Spin react Company, Spain.
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Absolute ethanol and sulfuric acid were purchased from VWR Pro-labo
chemicals, France; hydrogen peroxide from Fisher Scientific, UK; and 4-
amino-3-hydroxy-1-naphthalenesulfonic acid from Fluka, India.

2.2. HPLC analysis

The concentration of EO components in the formulations was de-
termined by reversed phase HPLC method as previously described
(Hammoud et al, 2019a). Briefly, HPLC analysis was accomplished
using an analytic column (C 18: 15 cm X 4.6 mm (Agilent)) at a wa-
velength of 204 nm. Methanol and water mixture (70:30) was used as a
mobile phase for all samples, except in the case of pulegone (65:35).
The injection volume was 20 ul. The flow rate was set at 1 mL/min.

2.3. Optimization of HP-B-CD:EO component molar ratio for inclusion
complex preparation

HP-B-CD/EO component inclusion complexes were prepared in
aqueous solutions. Estragole (7.44 mg), eucalyptol (7.71 mg), iso-
eugenol (8.21 mg), pulegone (7.61 mg), terpineol (7.71 mg), and
thymol (7.51 mg) were added to 5 mL of HP-3-CD solutions of different
concentrations (0, 10, 25, 50, 75, 100 mM). The mixtures were agitated
at a stirring rate of 125 rpm for 24 h at 26 °C, and then filtered through
a0.45 pum pore size cellulose acetate filter to eliminate the un-dissolved
compounds. Based on HPLC analysis, the concentration of EO compo-
nent present in the filtrate was determined. The complexation efficiency
(CE) was calculated using the following equation:

Hlew

X 100

CE(%) =
L @

in which m,,;, stands for the experimental mass of EO component de-
termined in the filtrate. my. is the theoretical mass of EO component
initially used to prepare the inclusion complex.

2.4. Preparation of HP-B-CD/EO component inclusion complex for DCL
preparations

HP-f-CD was dissolved in ultrapure water, and the required amount
of EO component was added to obtain HP-3-CD/EO component molar
ratio of 2.5:1 for eucalyptol, isoeugenol, pulegone, and terpineol, re-
spectively as well as 7.5:1 for estragole and thymol. The mixtures were
shaken at 125 rpm for 24 h at 26 °C then filtered through a 0.45 pm
membrane filter. The filtrate was used as the aqueous phase in DCL
preparation as described below. Additionally, free HP-3-CD (25 and
75 mM) was dissolved in water for preparing blank DCLs.

2.5. Preparation of EO component-in-HP-$-CD-in-liposome

The DCL formulations were prepared by the ethanol injection
method as previously described (Gharib et al., 2017a) (Fig. S1). Lipoid
S100 (10 mg/mL) and cholesterol (5 mg/mL) were dissolved in abso-
lute ethanol. Then, 10 mL of the organic phase was injected, using a
syringe pump (Fortuna optima, GmbH, Germany) at an injection flow
rate of 1 mL/min, into 20 mL aqueous phase (containing either free HP-
B-CD or HP-B-CD/EO component inclusion complex) under magnetic
stirring (400 rpm) at room temperature. Spontaneous formation of li-
posomes occurred as soon as the organic phase was in contact with the
aqueous phase. DCL suspensions were kept for 15 min under stirring
(400 rpm) at room temperature. Finally, ethanol was removed by rotary
evaporation (Heidolph instruments GmbH and co, Germany) at 41 °C
and 60 rpm under reduced pressure. Each of the batches was prepared
in triplicate. The DCL formulations were stored at 4 °C prior to analysis.
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2.6. Characterization of DCL formulations

2.6.1. Determination of DCL particle size

In this study, a laser granulometer (Partica Laser scattering, LA-
950V2 particle size distribution analyzer, HORIBA, Japan) designed for
measuring particle sizes between 0.01 and 3000 pm was used to de-
termine the mean sizes of the prepared batches. The particle size of DCL
and the percentage of each population in the suspension were eval-
uated; data were expressed as the means = standard deviation.

2.6.2. Morphological characterization by scanning electron microscopy
Aliquots were removed from the suspensions and submitted to
centrifugation at 21,382g and 4 °C for 1 h. The pellets were collected
and dried at room temperature. The powders were sputtered with gold,
in a Cressington 108 auto sputter coater (Watford, UK), for 20 s using a
current of 25 mA/mbar. A scanning electron microscope (SEM,
AIS2100C, Seron Technology, Korea) was used to image the samples.

2.6.3. Determination of phospholipid: cholesterol: EO component molar
ratio in DCL structures

The DCL suspensions were subjected to centrifugation at 21,382g
and 4 °C for 1 h using a Vivaspin 500 centrifugal concentrator (Sartorius
Stedim Biotech, Germany, MW cut off = 10,000 Da) to separate the
unloaded liposome components from the loaded ones (Fig. S1). Aliquots
were removed from the filtrates to determine the concentration of un-
loaded constituents (phospholipids, cholesterol, EO component un-in-
cluded in CDs, and CD/EO component complex). Also, aliquots were
removed from the DCL suspensions, then sonicated for 10 min in ice to
determine the total concentration of the DCL constituents. For each
formulation, the phospholipid: cholesterol: EO component molar ratio
was later calculated.

2.6.3.1. Determination of phospholipid incorporation ratio. The
concentration of phospholipids in the DCL suspension and the DCL
filtrate was quantified by Bartlett’s method as described in our previous
studies (Hammoud et al., 2019a; Sebaaly et al., 2016b). Briefly, the
organic phosphate in the samples (DCL suspension, filtrate) was
digested by sulfuric acid, then the samples were incubated in the
presence of H,O, to allow the oxidation of organic phosphates to
inorganic phosphates. Upon interaction with ammonium molybdate,
the phosphomolybdic complex was formed. This was followed by its
reduction to a blue product through interaction with 4-amino-3-
hydroxy-1-naphthalenesulfonic acid. The absorbance of the blue
compound was measured at 815 nm. The incorporation ratio (IR) of
phospholipids was calculated based on the following equation:

MpLoral — MPLunloaded

IR po3-(%) = x 100

MpLorganicphase 2
in which mpy is the mass of phospholipids in the DCL suspension,
MpLunloaded 1S the mass of phospholipids in the DCL filtrate (unloaded in
vesicles), and mpygrganicphase 1S the initial mass of phospholipids added to
the organic phase during DCL preparation.

2.6.3.2. Determination of cholesterol incorporation ratio. The enzymatic
colorimetric method was utilized to determine the total and the
unloaded concentrations of cholesterol in a suspension (Hammoud
et al., 2019a). In brief, 1 mL of a cholesterol CHOD-POD kit was added
to the samples (cholesterol standards prepared in triton X-100, filtrate,
and DCL suspension). The absorbance of the colored complex was
measured at 505 nm. The IR of cholesterol was determined according to
the following equation:

MCHO g~ MCHOunpaded

IRcy0(%) = X 100
mcuHo,

‘organicphase (3)

in which mcuo,,, is the cholesterol mass in the DCL suspension,
MCHO, e 1S the mass of cholesterol in the filtrate, and Mcuo,pgniphase
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is the initial mass of cholesterol added to the organic phase during DCL
preparation.

2.6.3.3. Determination of the encapsulation efficiency and loading ratio of
EO components. The concentration of EO component in the DCL
suspension and the DCL filtrate was determined by HPLC analysis.
The EE and LR of EO component into DCL were calculated as follows:

|[EOcomponent],,,; — [EOcomponent]y,ioaded 5100
|EOcomponent |t (4)

EEpc(%) =

in which [EOcomponent|;,;yand [ EOcomponent],,jouied cOrrespond to the
total and unloaded concentrations of EO component in the DCL
suspension, respectively.

EO: — Mgo,

m
LR(%) = - — - — X 100
Minitial (5)

in which mgocom woral A0d MEGcom; correspond to the mass
of EO component in the DCL suspension and the DCL filtrate,
respectively. my,, is the mass of EO component initially used to
prepare the HP-3-CD/EO component inclusion complex.

2.6.4. Invitro release kinetics

The release studies were conducted using the multiple headspace
extraction (MHE) method coupled to gas chromatography (GC).
Aliquots (1 mL) were removed from the DCL formulations and added to
9 mL of water in 22 mL sealed vials. In parallel, the corresponding free
EO component (estragole and thymol at 1 ppm, isoeugenol at 200 ppm,
terpineol at 5 ppm, pulegone at 2 ppm, and eucalyptol at 0.5 ppm) was
inserted in 22 mL sealed vials. Following equilibrium, vials were sub-
jected to 30 successive gas extractions at a constant time interval
(8 min), using nitrogen as a carrier vector, oven temperature of 60 °C,
and transfer line temperature of 250 °C. 1 mL of the vapor present in the
gaseous phase was later analyzed by GC. All measurements were car-
ried out using an Agilent G1888 headspace sampler coupled to a Perkin
Elmer Autosystem XL gas chromatography equipped with a flame io-
nization detector and a DB624 column. GC conditions were set as fol-
lows: GC cycle of 8 min, column temperature of 160 °C for estragole,
eucalyptol, pulegone, terpineol, and thymol, and of 180 °C for iso-
eugenol. For each EO constituent, the percentage remaining at time t
was calculated based on the following equation:

A
Percentage of remaining EO component = — X 100

A (6)

in which A, and A, correspond to the area of the chromatographic peak
of EO component at time t and at the first extraction, respectively.

2.6.5. DCLs storage stability

The particle sizes of the DCL batches were measured by laser
granulometry after 10 months of storage at 4 °C. After the same period
of time, aliquots were removed from the formulations and analyzed by
HPLC to determine the total and the unloaded concentrations of EO
component in the suspension; the deduced values were compared to
those obtained on the day of preparation.

2.7. Statistical analysis
Statistical analysis was carried out using the two samples student’s t-
test. All assays were performed in triplicate, and the results are ex-

pressed as the mean values * standard deviation. Significance was
reported when the P values were equal to or less than 0.05.
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Table 2

International Journal of Pharmaceutics 579 (2020) 119151

The solubilized EO component concentration (ug/mL) and CE of the selected EO components in the presence of different HP-B-CD concentrations.

HP-B-CD concentration (mM)

0 10 25 50 75 100
Estragole ug/mL 172 *:23 507.7 * 65.7 11122 * 3.6 1097.3 *+ 39.4 1362.3 + 96.8 1455.2 + 40.7
CE (%) - 341 *+ 54 74.8 + 0.3 73.8 + 1.4 916 *+ 69 978 + 27
Eucalyptol pg/mL 11222 + 93.1 1044.1 + 729 14313 + 67.6 1521.3 + 782 1239.2 + 26.9 15384 + 27.8
CE (%) - 559 + 4.7 92.8 + 5.4 95.7 *+ 5.2 803 + 21 99.1 + 22
Isoeugenol pg/mL 536.8 *+ 55.3 8869 + 40.1 1557.3 + 24.5 1481.3 + 149 1522.6 + 35.8 13176 + 57.9
CE (%) - 54.0 + 2.4 94.8 + 1.8 90.2 + 1.1 927 + 22 883 + 13
Pulegone pg/mL 9245 + 626 1304.1 + 642 14975 + 283 1484.7 + 137 1407.4 + 116.6 13743 + 50.9
CE (%) - 858 + 52 98.4 + 2.3 97.5 + 0.9 915 + 7.5 90.3 + 33
Terpineol pg/mL 642.3 + 856 6859 + 27 11213 + 86.3 1036.5 + 62.3 1067.2 + 106.9 919.4 + 107.4
CE (%) - 445 + 0.2 72.7 + 6.8 67.2 + 4.9 69.2 + 6.9 60.0 + 8.4
Thymol pg/mL 834.8 + 734 1068.1 + 9.2 1176.1 + 101.1 1295.5 + 19.2 1465.2 + 51.3 12921 + 111
CE (%) ~ 711 + 0.6 78.3 + 6.7 86.2 + 1.2 976 + 4.1 86.0 + 0.9
Table 3

Percentage distribution and mean particle size of populations 1, 2, and 3 for HP-B-CD-loaded liposomes and DCL formulations determined on the day of preparation

and after 10 months of storage at 4 °C.

DCL formulations Population 1 Population 2 Population 3
(%) Mean size (pm) (%) Mean size (pm) (%) Mean size (pm)
Blank liposomes - - 100.0 + 0.1 6.2 + 0.5 - -
100.0 = 0.1 71 £.15
DCLs (HP-$-CD 25 mM)
Blank DCL - - 75.5 + 6.4 12.1 + 0.9 245 * 6.4 63.2 + 6.1
380 = 28 152 * 0.1 62.0 + 2.8 589 * 0.1
Eucalyptol - - 60.0 + 5.6 12.1 + 09 40.0 = 5.6 679 + 9.2
325 + 49 153 + 29 67.5 + 4.9 515 + 0.1
Isoeugenol 55 + 0.7 0.3 + 0.1 94.5 + 0.7 10.8 + 1.0 - -
7:3 =25 03 * 0.1 92.7 * 25 12.1 = 0.9 - -
Pulegone - - 100.0 + 0.1 13.2 + 0.1 - S
27.0 + 18.3 283 + 15.4 73.0 + 184 262 + 0.1
Terpineol 7.0 = 99 0.3 + 0.1 65.5 + 9.2 1.6 + 0.1 27.5 + 07 829 + 7.9
17.0 = 1.4 02 * 0.1 66.5 + 9.2 11.6 * 0.1 16.5 + 7.8 101.0 = 0.1
DCLs (HP-B-CD 75 mM)
Blank DCL - - 67.5 + 4.9 7= Ol 325 + 49 78.0 + 14.9
255 + 9.2 11.7 + 2.2 74.5 * 9.2 72.4 * 14.9
Estragole - - - - 100.0 + 0.1 28.0 + 27
100.0 * 0.1 346 = 6.6
Thymol - - 100.0 + 0.1 13.5 + 2.9 - -
145 + 64 03 * 0.1 855 + 6.4 153029 - -

Bold: immediately after preparation; italic: after 10 months of storage at 4 °C.
3. Results and discussion

3.1. Determination of the optimal HP-B-CD concentration for inclusion
complex preparation

The incorporation of free CDs at high concentration inside the
aqueous compartments of liposomes may perturb the lipid membrane
organization (Hammoud et al., 2019b). Hence, for DCL preparation, the
CD concentration is chosen in such a way to produce an efficient so-
lubilization of EO component while keeping the membrane intact. The
concentration of EO component solubilized in the presence of different
HP-p-CD concentrations (0-100 mM) is presented in Table 2. In the
absence of HP-B-CD, the concentrations of EO components were
17.7 = 23, 1122 + 931, 536.8 = 55.3, 9245 * 626,
642.3 85.6, and 834.8 = 73.4 ug/mL for estragole, eucalyptol,
isoeugenol, pulegone, terpineol, and thymol, respectively. These values
are not consistent with the aqueous solubility values presented in
Table 1. The latter are not experimentally measured but they are pre-
dicted using computational models. Moreover, it is complicated to ob-
tain accurate intrinsic aqueous solubility values for poorly-soluble

+

drugs. Self-association of lipophilic drug molecules in aqueous media
can lead to erroneous results (Saokham et al., 2018). The addition of
HP-B-CD enhanced the solubility of the selected EO components in
accordance with the literature (Azzi et al., 2018; Kfoury et al., 2014b;
Wang et al., 2011; Zhang et al., 2009). Optimal solubilization of eu-
calyptol, isoeugenol, pulegone, and terpineol occurred at HP-B-CD
concentration of 25 mM, while HP-3-CD concentration of 75 mM was
required to ensure efficient solubilization of estragole and thymol.

The CE of EO component into HP--CD was calculated as described
in Eq. (1), and the results are summarized in Table 2. The optimal CE
value was 91.6 = 6.9, 928 * 54, 948 += 1.8, 984 = 23,
72.7 *= 6.8, and 97.6 = 4.1% for estragole, eucalyptol, isoeugenol,
pulegone, terpineol, and thymol, respectively. The lower entrapment of
terpineol into HP-B-CD cavity compared to the other EO components
could be explained by its high aqueous solubility which causes a re-
duction in the ability of HP-B-CD to solubilize EO components (Kfoury
et al., 2014b). During DCL preparation, the HP--CD/EO component
inclusion complex was prepared at the respective optimal HP-3-CD
concentration.
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Table 4
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Phospholipid (Pho) and cholesterol (CHO) incorporation ratio (IR), EO component encapsulation efficiency (EE), EO component loading ratio (LR), and Pho:CHO:EO
component molar ratio for the various DCL formulations. The initial Pho:CHO:EO component molar ratio was 125:129:0 and 125:129:200 for blank batches and EO

component-loaded batches, respectively.

Liposomal components

Final Pho:CHO: EO component molar ratio

Phospholipid IR (%) Cholesterol IR (%)

EO component

EE (%) LR (%)

Blank liposomes 94.2 + 6.4 776 = 1.1 - - 118:95:0
DCLs (HP-8-CD 25 mM)

Blank DCLs 827 + 0.7 77.3 + 1.0 - - 100:102:0
Eucalyptol 80.6 = 6.8 324 = 50" 49.4 = 84 218 + 03 101:42:4
Isoeugenol 86.6 + 4.3 15:2: =% ~1:3¥ 887 = 09 130 = 10 102:20:26
Pulegone 65.5 = 29" 248 + 2.7* 61.8 * 6.7 9:33 =+ 1. 82:32:19
Terpineol 788 = 2.0 784 * 1.6 253 + 1.8 133 * 1.6 99:104:27
DCLs (HP-B-CD 75 mM)

Blank DCLs 81.1 = 4.4 76.8 * 4.8 - - 102:99:0
Estragole 67.2 * 6.9" 240 + 2.4* 89.7 + 38 109 + 3.1 76:31:22
Thymol 85.6 + 4.8 57.6 + 8.6" 495 * 4.0 231 * 190 107:74:46

* P < 0.05 in comparison to blank DCLs.
3.2. Particle size measurement

The particle size distributions of the lipid vesicles were assessed by a
laser granulometer on the day of preparation and after 10 months of
storage at 4 °C. The number of populations, their percentage, and the
mean particle size of each population in blank- and EO component-
loaded DCL batches are shown in Table 3.

3.2.1. The effect of HP-B-CD on liposome particle size

For blank liposomes, one population of micrometric size
(6.2 = 0.5 um) was observed. For HP-B-CD loaded liposomes of 25 and
75 mM HP-B-CD concentrations, two populations of micrometric sizes
appeared (Table 3). The difference in blank DCL particle size compared
to the literature studies (Bragagni et al., 2010; Cavalcanti et al., 2011,
Gharib et al., 2017a; Maestrelli et al., 2010, 2005; Sebaaly et al., 2016a)
could be related to the different methods used for size characterization.
Indeed, most studies in literature used dynamic light scattering for size
characterization where the detection could be limited to submicron size
range populations (Storti and Balsamo, 2010). In this study, the laser
granulometry apparatus allows determining particle sizes between 0.01
and 3000 pm.

HP-B-CD promoted the formation of larger vesicles compared to
blank liposomes. Giant particles could be clusters or aggregates of
smaller liposomes (Domazou and Luigi Luisi, 2002). In addition, HP-f3-
CD interacts with the acyl chains of lipoid S100 constituting DCL
membrane. Consequently, the packing of the acyl chains is reduced;
thus, leading to membrane swelling and particle size enlargement.
Actually, HP-B-CD did not influence the size of saturated liposomes
(Gharib et al., 2017a; Sebaaly et al., 2016a). Nevertheless, a previous
study determined the anisotropy value of the probe 1,6-diphenyl-1,3-5-
hexatriene inserted in liposomes composed of either saturated phos-
pholipids and cholesterol or unsaturated phospholipids and cholesterol
The results showed that HP-B-CD increased the membrane fluidity of
liposomes composed of unsaturated phospholipids and cholesterol (Li-
poid S100:cholesterol liposomes) while no effect was exerted on lipo-
somes composed of saturated phospholipid and cholesterol (Phospho-
lipon 80H:cholesterol and Phospholipon 90H: cholesterol liposomes)
(Gharib et al., 2018b). The particle size of the blank DCL formulations
significantly increased after 10 months of storage at 4 °C. It is probable
that the blank DCL particles aggregate into large particles during sto-
rage.

3.2.2. The effect of HP-B-CD/EO component inclusion complex on the
liposome particle size

The selected HP-3-CD/EO component inclusion complexes exerted
different effects on the liposome particle size (Table 3). The entrapment
of HP-B-CD/estragole, HP-B-CD/eucalyptol, and HP-f-CD/terpineol
inclusion complexes into the aqueous phase of liposomes boosted the
production of larger vesicles compared to the respective blank DCLs.
However, HP-B-CD/isoeugenol, HP-B-CD/pulegone, and HP-B-CD/
thymol complexes abolished the formation of large vesicles compared
to their respective blank DCLs; the percentage of smaller micrometric
sized liposomes increased. Also, a small percentage of nanometric sized
vesicles appeared in isoeugenol- and terpineol-loaded DCLs.

It was previously investigated that the presence of phenolic hy-
droxyl groups in the structure of an EO component (such as in the case
of isoeugenol and thymol) promoted an increase in lipoid S-100 lipo-
some particle size (Hammoud et al., 2019a). This finding implies that
the aromatic rings of isoeugenol and thymol are completely in-
corporated within the hydrophobic cavity of HP-B-CD, thereby hin-
dering the interaction of isoeugenol and thymol with the acyl chains of
lipid bilayer. Hence, the effects of isoeugenol and thymol on liposome
membrane and particle size are lowered. The results of our study agree
with those demonstrated for eugenol; eugenol-loaded liposomes exhibit
a larger particle size compared to eugenol-loaded DCLs (Sebaaly et al.,
2016a). Furthermore, the various EO component-loaded DCL formula-
tions showed a significant increase in their particle size after long term
storage. Dried DCL suspensions were imaged by SEM after 10 months of
storage to explain whether the large vesicles result from aggregation/
fusion of smaller particles.

3.3. Morphological study

Dried DCL batches were imaged by SEM. The SEM images (Fig. 52)
showed that the dried vesicles are of a micrometric size. The obtained
images confirm the broad size distributions of blank DCLs and EO
component-loaded DCLs determined by laser granulometry. Also, these
images prove that aggregation/fusion of DCLs during drying or storage
cannot be excluded.

3.4. The effect of HP-B-CD on phospholipid and cholesterol incorporation
into liposomes

The IR values of phospholipids and cholesterol into blank DCLs were
calculated according to Eqs. (2) and (3), respectively, and the results
are summarized in Table 4.
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For blank liposomes, the phospholipid IR value was high
(94.2 * 6.4%), indicating that a small loss of phospholipids occurred
during the preparation of liposomes. HP-3-CD, at a concentration of 25
and 75 mM, reduced the incorporation of phospholipids into the lipo-
some membrane. CDs have a potential to extract lipid components from
biomimetic and biological membranes. The extent of this extraction
depends on CD type, CD concentration, phospholipid type (head group
and acyl chains), lipid membrane composition, and cell type
(Hammoud et al., 2019b). To our knowledge, the literature lacks no-
ticeable data on HP-B-CD interaction with lipoid S-100 liposome
membrane. Nevertheless, it was demonstrated that 3-CD and its deri-
vative, HP--CD, did not modify the membrane phospholipid content of
mouse L-cell fibroblasts (Kilsdonk et al., 1995) and Caco-2 cells (Ono
et al., 2001). Furthermore, HP-(3-CD scarcely interacted with saturated
DPPC liposome membrane (Nishijo and Mizuno, 1998). However, the
presence of a double bond in the acyl chain was reported to favor the f3-
CD-induced phospholipid extraction from membranes where the double
bond produces strong disorder and induces kink of chain; the un-
saturated phospholipid palmityl oleoyl phosphatidylcholine was more
effectively desorbed from monolayer by B-CD compared to DPPC
(Grauby-Heywang and Turlet, 2008).

The cholesterol IR value of blank liposome was 77.6 = 1.1%. The
addition of HP-B-CD at a concentration of 25 and 75 mM did not
markedly impact the incorporation of cholesterol into liposomes in
accordance with Szente et al. (2018) who demonstrated that HP-3-CD
(50 mM) induced less extraction of cholesterol from human embryo
kidney-derived HEK293T cells, human cervical cancer-derived HeLa
and TZM-bl cells, and human T-lymphocyte-derived Jurkat cells com-
pared to the methylated CDs, dimethylated B-CD and randomly me-
thylated (3-CD. Namely, HP-3-CD may interact with liposome mem-
brane, and the formation of HP-B-CD/phospholipid and HP-B-CD/
cholesterol inclusion complexes cannot be excluded.

3.5. Determination of phospholipid: cholesterol: EO component molar ratio
in EO component-loaded DCLs

The IR values of phospholipids and cholesterol as well as the EE and
LR values of EO components in the various EO component-loaded DCLs
were determined as previously described. The results are shown in
Table 4.

3.5.1. Phospholipid incorporation in EO component-loaded DCL

In comparison to blank DCLs, HP-B-CD/estragole and HP-B-CD/
pulegone inclusion complexes lowered the incorporation of phospho-
lipids into liposomes whereas the other complexes did not greatly affect
the retention of phospholipids in the lipid vesicles. Previous studies in
the literature showed that the selected EO components, except eu-
calyptol, may act as substitution impurities of the membrane and re-
place lipid molecules (Gharib et al., 2018a, 2017b) whereas eucalyptol
acts as an interstitial impurity and intercalates in the bilayer (Gharib
et al., 2018a). Hence, it is probable that some inclusion complexes are
dissociated during DCL preparation leading to release the EO compo-
nent from HP-B-CD cavity; the released EO component may then re-
place phospholipid molecules in the liposome membrane.

3.5.1.1. Cholesterol incorporation in EO component-loaded DCL. All the
HP-B-CD/EO component inclusion complexes, except HP-B-CD/
terpineol complex, considerably lowered cholesterol incorporation
into liposomes compared to blank DCLs (Table 4). The prepared
inclusion complexes might have dissociated leading to the release of
EO components. The released EO components may interact with the
liposome lipid bilayer, and, thus, minimize the incorporation of
cholesterol into the vesicles. We have previously demonstrated that
eucalyptol, isoeugenol, pulegone, and thymol reduced cholesterol
incorporation into lipoid S-100 liposome membrane. On the contrary,
the decrease in cholesterol IR value was not observed for estragole- and
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terpineol-loaded conventional liposomes compared to the blank
formulations (Hammoud et al.,, 2019a). The difference could be
related to the concentration of estragole embedded in liposomes;
estragole LR value was 1.1 * 0.2% into conventional liposomes
(Hammoud et al., 2019a) and 10.9 = 3.1% into DCLs (Table 4).

3.5.1.2. Incorporation of EO components into DCLs. If we assume that
lipophilic EO components are retained in the hydrophobic structures of
DCLs (liposome membrane and CD cavity), the factors that control EO
component encapsulation into DCLs are those related to EO component
-lipid membrane interaction and CD- EO component interaction. The EE
and LR values of EO components into DCLs were determined, and the
results are presented in Table 4. A noticeable difference in the EE values
was observed between the phenylpropenes, estragole and isoeugenol
(EE > 85%), and the monoterpenes eucalyptol, pulegone, terpineol,
and thymol (EE < 62%). Thereby, the presence of a propenyl tail in
the structure of an EO component could enhance its retention in DCL
vesicles. This finding could be explained by the greater increase in
liposome membrane fluidity and disorder demonstrated in the presence
of phenylpropenes compared to monoterpenes. The interaction of
phenylpropenes (Gharib et al., 2017b) and monoterpenes (Gharib
et al., 2018a) with DPPC liposomal membrane was previously
studied. Raman spectroscopy showed that the presence of
phenylpropenes (particularly isoeugenol) caused a greater increment
in the rotational disorder of DPPC membrane compared to
monoterpenes. Also, the results of differential scanning calorimetry
revealed that the presence of the studied components decreased the
transition temperature (T,,) of DPPC membrane, thereby raised its
fluidity. Additionally, the effect of the studied monoterpenes on the
membrane fluidity was less noticeable compared to isoeugenol which
abolished the main transition peak at a high DPPC:isoeugenol molar
ratio (100:25). The increase in fluidity of the membrane may promote
the loading of the CD/EO component complexes into liposomes. Also,
Gharib et al., 2017b investigated that phenylpropenes interact with the
choline head groups and the alkyl chains of DPPC membrane, and the
presence of a double bond in the propenyl group seems to control the
incorporation of EO components. Considering CD-EO components
interaction, it might be that the allyl chain of phenylpropenes
remains outside the cavity of HP-B-CD and interacts with the
hydroxypropyl moieties present on CD ring. This contributes to an
increase in the stability of the inclusion complex (Jug et al., 2010).
Furthermore, Fig. 1 shows a decreasing trend of incorporation into
DCLs with increasing the cholesterol content of lipid vesicles; the cor-
relation coefficient (R%) between the EE of EO components and the IR of
cholesterol into DCLs was equal to 0.77 (Fig. 1). Cholesterol molecules
accommodate within the free space that was formed due to the kink in
the chain of unsaturated lipid, causing a decrease in the flexibility of the
surrounding lipid chains (Monteiro et al., 2014); therefore, the loading
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Fig. 1. Relationship between the encapsulation efficiency of EO components
and the incorporation ratio of cholesterol into DCLs. (O: phenylpropenes, ¢:
monoterpenes).
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of the inclusion complexes into liposomal aqueous phase is lowered.
The EO components have variable LR values into DCLs. Isoeugenol,
terpineol, and thymol exhibited higher LR values (13.0 *= 1.0%,

13.3 = 1.6%, 23.1 = 1.0% for isoeugenol, terpineol, and thymol,
respectively) compared to those determined for estragole
(10.9 = 3.1%), eucalyptol (22 = 0.3%), and pulegone

(9.3 = 1.1%). In addition, the non-hydroxylated phenylpropene, an-
ethole, exhibited a low LR value (5.1 * 0.2%) into lipoid S-100 DCLs
(Gharib et al., 2017a). Thus, bearing a hydroxyl group in the chemical
structure of EO component may improve its incorporation into DCLs.
The hydroxyl groups of EO components boost their lipid membrane-
fluidizing effect (Gharib et al, 2018a). The formation of hydrogen
bonds between the hydroxyl groups of EO components and the phos-
phate head groups of phospholipids has been proposed in many studies;
the hydroxyl group serves as a hydrogen bond donor, and the phos-
phate head group of phospholipids acts as a hydrogen bond acceptor
(Cristani et al., 2007; Phan et al., 2014). On the other hand, inclusion
complexes mostly originate from non-covalent interactions such as
hydrophobic interaction as well as van der Waals and hydrogen
bonding. As HP-B-CD contains 25- and 39- hydrogen bond donor and
acceptor groups, respectively (Saokham et al., 2018), the formation of
hydrogen bonds between the hydroxyl group of EO component and CD
would take place.

Also, a linear relationship (the correlation coefficient was 0.87) was
established between the LR of monoterpenes into DCLs and their hy-
drophobicity character expressed as log P value. This result could be
evidently ascribed to the strong positive correlation between log P of
monoterpenes and the K; value of HP-B-CD/monoterpene inclusion
complex (Kfoury et al., 2014a). The plots of the LR value of mono-
terpenes into DCLs and the K, value of CD/monoterpene complex
(Kfoury et al., 2014a) against log P are shown in Fig. 2A. The entrap-
ment of EO components into DCLs strongly depends on the stability of
the inclusion complexes (determined by Ky value). The plot of the LR
value of monoterpenes into DCL against the K; of HP--CD/mono-
terpene inclusion complex is shown in Fig. 2B. The HP-3-CD/mono-
terpene inclusion complex with a greater K, value (complex entrapping
monoterpene with greater log P) presented an improved retention of
monoterpenes into HP-B-CD cavity; thus, the LR of EO components into
DCLs would further increase. Based on the results illustrated in Fig. 2,
we may propose that during DCL preparation, ethanol did not greatly
influence the solubilizing effect and the stability of the inclusion com-
plexes.

3.6. Release kinetics

The release experiment was carried out at 60 °C using the MHE
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method. Fig. 3 depicts the in vitro release profile of EO components
from HP-B-CD/ EO component inclusion complex and DCLs. The results
are expressed as the percentage of EO component remaining in the
suspension as a function of extraction number.

In their free form, the selected EO components manifested different
release profiles. The remaining percentage at the last extraction (Fig. 3)
increased in the order of estragole (74.8%) < eucalyptol
(85.6%) < isoeugenol (85.9%) < thymol (91.1%) < pulegone
(94.1%) < terpineol (96.8%).

Notably, the inclusion of EO components into the cavity of HP-3-CD
reduced their volatility and allowed their sustained release; the per-
centage remaining at the last extraction step for all the HP-B-CD/EO
component inclusion complexes was higher compared to that of the
corresponding free EO component. The HP-B-CD/EO component in-
clusion complexes displayed different release patterns. Estragole and
eucalyptol showed rapid release rates from HP-B-CD cavity compared to
those of the other EO components; the remaining percentage at the last
extraction was 80.4% for estragole, 85% and eucalyptol, and > 95%
for the other EO components. The remaining percentage of EO com-
ponent in the solution of HP-3-CD/EO component inclusion complex at
the last extraction step was plotted as a function of the H, value of EO
components determined at 60 °C (Fig. S3); a good linearity was ob-
served between the two parameters. H, is a key factor that influences
the release of free- and HP-B-CD-encapsulated EO components. This
relation was not found for EO component-loaded DCLs, indicating that
the release mechanism of EO components from DCLs is more complex
compared to HP-B-CD as additional factors control their release from
DCLs.

In general, all the selected EO components showed a slow release
pattern from DCLs, indicating that they efficiently retained EO com-
ponents and consequently, reduced their volatility. DCLs delayed the
release of estragole, eucalyptol, and isoeugenol compared to their re-
spective inclusion complexes. For DCLs, EO components are in-
corporated in the aqueous compartment of liposomes as HP-3-CD/EO
component inclusion complex and they must overcome several barriers
before being released from the system (Chen et al., 2014). On the other
hand, the release rates of pulegone, terpineol, and thymol from DCLs
were similar to their respective inclusion complexes. The low EE values
of pulegone, terpineol, and thymol into DCLs could explain this dif-
ference. Namely, the inclusion complexes are highly present in the
outer aqueous phase rather than the inner aqueous compartment.
Consequently, the release of EO components from DCL suspension will
not greatly differ from that of the inclusion complex. Hence, the EE of
EO components into DCLs influences their release from the formula-
tions. Similarly, Piel et al. (2006) evaluated the release of betametha-
sone from DCLs using different CD types (HP-B-CD, randomly
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Fig. 2. (A) Relationship between the loading ratio of monoterpenes into DCLs, their formation constants with HP-B-CD (Kfoury et al., 2014a) and their log P values;
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methylated (-CD, partially methylated crystallized-p-CD, HP-y-CD) and
CD concentrations (10, 40 mM). The authors demonstrated a direct
correlation between the release rate of betamethasone from the various
DCL formulations and its EE value into vesicles.

3.7. Storage stability

During DCL storage, an amount of EO component could be lost from
DCL suspension. Thus, the storage stability was examined by assessing
the total (in suspensions), unloaded (outside vesicles) and loaded (in-
side vesicles) EO component amount after long term storage. Fig. 4 il-
lustrates the unloaded and the DCL-loaded concentrations of EO com-
ponent determined on the day of preparation and after 10 months of
storage at 4 °C. The ratio of DCL-loaded EO component concentration to
the unloaded EO component concentration was calculated, and the
values are presented in Fig. 4. In comparison to the initial concentra-
tion, a noticeable concentration of EO components remained in DCL
suspensions after long term storage. However, a considerable decrease

in the DCL-loaded concentration was obtained. By comparing the ratios
of DCL-loaded EO component concentration to the unloaded EO com-
ponent concentration calculated on the day of preparation and after
10 months, we could observe that the selected EO components mani-
fested different retention capabilities in DCLs after long term storage
with estragole and terpineol showing the highest retention.

3.8. The advantages of EO component incorporation into DCLs with respect
to that into conventional liposomes

In our previous study (Hammoud et al., 2019a) we characterized the
encapsulation and the release of the selected EO components from li-
poid S100:cholesterol liposomes. By comparing the characteristics of
HP-B-CD/EO component-loaded liposomes presented in this study to
those of conventional liposomes we found that the DCL carrier system
significantly improved the loading ratio of estragole, pulegone, and
thymol. These results are in agreement with other studies in literature
(Gharib et al., 2017a; Sebaaly et al., 2016a). Also, as expected, DCLs
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Fig. 4. Storage stability of DCLs: unloaded and DCL-loaded concentrations of EO components determined on the day of preparation and after 10 months of storage at
4 °C. Values above diagrams correspond to the ratio of DCL-loaded EO component concentration to the unloaded EO component concentration.

prolonged the release of all EO components compared to conventional
liposomes. Compounds must overcome more barriers to be released
from the system (Chen et al., 2014).

4. Conclusion

DCL batches encapsulating several monoterpenes and phenylpro-
penes were prepared by the ethanol injection method and characterized
with respect to their particle size, morphology, EE, IR, release kinetics,
and storage stability. The factors that influence DCL characteristics
were discussed. The optimal complexation efficiency of EO components
into HP-B-CD was high (> 90%) for all EO components, except in the
case of terpineol whose complexation efficiency was 72.7 * 6.8%.
Hydroxylated EO components displayed a higher LR into DCLs com-
pared to the non-hydroxylated ones. Also, phenylpropenes were better
incorporated into DCLs compared to monoterpenes. In addition, we
found a strong positive correlation between the LR of monoterpenes
into DCLs and their log P. The release study showed that all the EO
components exhibited a slow release from DCLs, and the latter is in-
fluenced by the EE of EO component into the formulation. Finally, DCLs
were stable after long term storage at 4 °C. The results obtained in this
work may allow predicting the ability of lipoid S100-DCL to en-
capsulate a phenylpropene or a monoterpene compound based on its
physiochemical properties. The developed DCL formulations carrying
several antimicrobial and antioxidant agents may be suitable for pre-
venting microbial spoilage of the food, cosmetics and pharmaceutical
products during storage.
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Figure S1: A: Preparation of cyclodextrin/EO component inclusion complex; B: Preparation of

drug-in-cyclodextrin-in-liposomes and determination of
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Figure S2: SEM micrographs for blank DCL of HP-B-CD concentration 25 mM (A), blank DCL
of HP-B-CD concentration 75 mM (B), estragole- (C), eucalyptol- (D), isoeugenol- (E),
pulegone- (F), terpineol- (G), and thymol-(H) loaded DCLs.
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Chapter 4

Preparation and characterization of liposomes and drug-in-cyclodextrin-
in-liposomes carrying the natural bio-insecticides: o-pinene and
camphor
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Introduction

Several studies had focused on the use of EOs for the control of different pests. Rosmarinus
officinalis L. oil was considered as an effective insecticide against various insect and mite
species (Isman et al., 2008; Tak et al., 2016). The major components of Rosmarinus officinalis
EO, identified by gas chromatography coupled to mass spectroscopy, were the MTs: EUC, CAM
and o-PIN (Abada et al., 2019). Also, the insecticidal activity of a-PIN and CAM was
investigated in several studies. For instance, the insect repellent activity of CAM was
investigated against mosquitos and against the beetles Sitophilus granarius, S. zeamais,
Tribolium castaneum and Prostephanus truncates (Obeng-Ofori et al., 1998; Seyoum et al.,
2003, 2002). Besides, CAM showed contact and fumigant activity against the grain storage
insects Sitophilus oryzae and Rhyzopertha dominica (Rozman et al., 2007). On the other hand,
the repellent, contact and fumigant activities of a-PIN were investigated against head lice and
against the maize weevil, Sitophilus zeamai (Dambolena et al., 2016; Langsi et al., 2020). Hence,
these two MTs were selected in this work. Nevertheless, constraints related to their volatility
(estimated H, of 13x107 and 8.31x10” atm m’/mol at 25°C for a-PIN and CAM, respectively),
readiness for oxidation and poor water solubility (2.5 and 1600 mg/L at 25 °C for a-PIN and
CAM, respectively) should be solved before their industrial application (Neeman et al., 2017;
Pavlovic and Hopke, 2009; Sirtori et al., 2006). Their encapsulation is a possible solution to

overcome the drawbacks related to their physicochemical properties.

According to the results discussed in the previous chapter and before conducting the
experimental studies, we used to estimate the degree of encapsulation of a-PIN and CAM into

Lipoid S100-CLs and DCLs based on their physiocochemical properties (log P, aquous
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solubility). Briefly, we supposed that CAM will show a little retention into CLs and DCLs while

a-PIN will be highly entrapped into both types of formulations.

In this work, we characterized the encapsulation of a-PIN and CAM into CLs and DCLs with the
aim to select the appropriate formulation to be applied for insect pest management. In
combination with CHOL, the saturated (Phospholipon 90H) or unsaturated (Lipoid S100) PLs
are used for the preparation of vesicles. This chapter is presented in the form of two research
articles. The first article, which is under consideration in “Processes”, shows the characteristics
of CLs and DCLs loading a-PIN. The second article presents the characteristics of CAM-loaded

liposomes and DCLs, and is still in preparation.

The ethanol injection method was applied to prepare the vesicles. Four liposome formulations
were prepared: (1) blank CLs, (2) HP-B-CD-loaded liposomes; (3) drug-loaded liposomes; (4)
drug-loaded DCLs. The obtained formulations were characterized with respect to their size using
laser granulometry. Also, the IR of PLs and CHOL were calculated. The EE and LR values of
drugs were determined by high performance liquid chromatography (HPLC) methods. The

stability of the liposome formulations was assessed after 3 months of storage at 4 °C.

The results showed that the addition of HP-B-CD enhanced the solubility of a-PIN and CAM; the
optimal solubilization occurred at HP-B-CD concentration of 50 and 75 mM for CAM and a-
PIN, respectively. Compared to CLs, DCLs improved the LR of CAM; however, they did not
ameliorate that of a-PIN. Furthermore, the highest encapsulation yield values for both drugs

were obtained with Lipoid S100. Lipoid S100 CLs and lipoid S100 DCLs were the best systems

showing efficient encapsulation of o-PIN and CAM, respectively. Finally, all formulations
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composed either of saturated or unsaturated PLs effectively retained the studied insecticidal

agents during 3 months of storage at 4 °C.
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Abstract

The essential oil component a-pinene was reported as bio-insecticide. However, its application in
agriculture and food industries is limited owing to its volatility, low aqueous solubility, and
chemical instability. For the aim of improving its physicochemical properties, a-pinene was
encapsulated in conventional liposomes (CLs) and drug-in-cyclodextrin-in-liposomes (DCLs).
Hydroxypropyl-B-cyclodextrin/a-pinene  (HP-B-CD/a-pinene) inclusion complexes were
prepared in aqueous solution, and the optimal solubilization of a-pinene occurred at 7.5:1 (HP-p-
CD:a-pinene) molar ratio. Ethanol-injection method was applied to produce the various
formulations using saturated (Phospholipon 90H) or unsaturated (Lipoid S100) phospholipids in
combination with cholesterol. The size, the phospholipid and cholesterol incorporation rates, the
encapsulation efficiency (EE) and the loading rate (LR) of a-pinene, and the storage stability of
liposomes were characterized. The results showed that a-pinene was efficiently entrapped in CLs
and DCLs with high EE values. Moreover, Lipoid S100 CLs displayed the highest LR (22.9 +
2.2%) of a-pinene compared to Lipoid S100 DCLs, Phospholipon 90H CLs, and Phospholipon
90H DCLs. Finally, it was found that all formulations were stable after 3 months of storage at 4
°C since considerable amounts of a-pinene were retained in the liposome suspensions after 3
months with respect to a-pinene concentrations determined on the day of preparation.

Keywords:  a-pinene;  drug-in-cyclodextrin-in-liposomes;  hydroxypropyl-p-cyclodextrin;

insecticide; liposomes.

128



1. Introduction

Bio-pesticides (including insecticides, herbicides, and fungicides) play an important role in
agriculture to improve crop yields and ensure a sustainable food supply [1]. In recent years,
various essential oils have been reported as bio-pesticides due to their eco-friendly and
biodegradable nature, effectiveness, multiple modes of action, and low toxicity to non-target
organisms [2,3]. Alpha-pinene, also called 2,6,6-trimethylbicyclo [3.1.1] hept-2-ene, is a natural
bicyclic monoterpene [4]. It is a component of the essential oils of rosemary (genus Rosmarinus,
species Rosmarinus officinalis L.) and several coniferous trees from Pinaceae (genus Pinus) and
Lamiaceae family (e.g., lavender, genus Lavandula) [5,6]. It has been demonstrated that a-
pinene possesses insecticidal [7], antioxidant [8], anti-microbial [9,10], anti-inflammatory [11],
and anti-tumor [12] effects. In addition, a-pinene is generally recognized as safe (GRAS) by the
Food and Drug Administration and other regulatory agencies [13]. Thus, it can be used in the

preparation of a wide range of value-added products in the agricultural and food sectors.

The low aqueous solubility (about 2.5 mg/L at 25 °C), high photosensitivity, and high volatility
restrict the application of a-pinene in the control of agricultural pests [14—16]. For instance,
Chen et al. (2010) investigated that the photooxidation of a-pinene mainly produced
pinocamphone, 3-hydroxy-o-pinene, acetaldehyde, acetone, acetic acid, and carbon dioxide. The
authors also demonstrated that the rate of photodegradation increased as the relative humidity

level of air (2-3%, 35-40%, and 75-80%) and residence time (18, 45 and 90 s) increased [17].

The development of encapsulation systems loading o-pinene can be utilized to improve the
physicochemical properties of the compound and to allow its controlled release from the

fabricated matrices [18]. Attempts were made to improve the solubility and the stability of a-
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pinene through encapsulation in solid lipid nanoparticles [4], chitosan:gum Arabic microcapsules
[19], or cyclodextrins (CDs) [20-22]. CDs, non-toxic cyclic oligosaccharides having a basket-
shaped structure with a hydrophilic outer surface and a hydrophobic cavity, increased the
solubility and the stability of a-pinene by forming CD/a-pinene inclusion complexes. Compared
to a-CD and y-CD, B-CD and its derivatives (hydroxypropyl-8-cyclodextrin (HP-B-CD),
randomly methylated-B-cyclodextrin, and a low methylated-f-cyclodextrin) were shown to be
very effective for a-pinene encapsulation. Alpha-CD and y-CD exhibit generally lower stability
constants and complexation efficiencies with a-pinene compared to B-CD and its derivatives.

Moreover, the complexation efficiency of native B-CD is close to that of f-CD derivatives [20].

In parallel, liposomes are specialized delivery vehicles that serve multiple roles in improving the
effectiveness of bioactive molecules. They are non-toxic microscopic vesicles with concentric
phospholipid bilayers surrounding an inner aqueous core. This structure makes liposomes

suitable for entrapping lipophilic, hydrophilic, and amphiphilic substances [23].

The drug-in-cyclodextrin-in-liposomes (DCLs) system is based on the entrapment of lipophilic
drugs in the aqueous compartment of liposomes in the form of CD/drug inclusion complexes.
This system combines the relative advantages of both carriers [24]. DCLs improved the
encapsulation of essential oil components such as eugenol [25], trans-anethole [26], estragole
[27,28], and thymol [28], delayed drug release [27—29], and prolonged the biological effect of

the encapsulated compounds [30,31] in comparison to conventional liposomes.

CDs are capable of removing phospholipids and cholesterol from liposomal membrane, thereby
perturbing some of its properties such as its permeability and fluidity [32—-34]. The impact of CD

on lipid membranes is mediated by several factors including membrane structure and
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composition as well as the CD type and the CD concentration [35-37]. HP-B-CD, that was used
in the present study to prepare the CD/a-pinene inclusion complex, does not influence the

integrity of liposome membranes compared to other CD types [38,39].

In this study, we aimed to develop an appropriate formulation for the effective delivery of a-
pinene. For this purpose, a-pinene was encapsulated into CL and DCL systems composed of
hydrogenated (Phospholipon 90H) or non-hydrogenated (Lipoid S100) phospholipids using the
ethanol-injection method. All the formulations were characterized with respect to their size using
laser granulometry. Also, the incorporation rate of phospholipids and cholesterol as well as the
encapsulation efficiency and the loading rate of a-pinene were calculated. The stability of the

liposome formulations in aqueous solutions was assessed after 3 months of storage at 4 °C.

2. Results and discussion

2.1. Determination of a-pinene concentration in HP-B-CD/a-pinene inclusion complex solutions

HP-B-CD/a-pinene inclusion complexes were prepared in aqueous solution, and the optimal HP-
B-CD:a-pinene molar ratio was determined. Figure 1 shows the variation of o-pinene
concentration in HP-B-CD/a-pinene complex solutions at various HP-B-CD concentrations (0-
100 mM). In the absence of HP-B-CD, the concentration of a-pinene was 3.2 + 0.1 pg/mL. This
value is in accordance with the value of aqueous solubility found in the literature (2.5 pg/mL)
[40]. The addition of HP-B-CD leads to an enhancement of a-pinene solubility up to 366 times at
HP-B-CD concentration of 75 mM. CE values permitted the evaluation of the optimal HP-p-
CD:a-pinene molar ratio. The CE of a-pinene into HP-B-CD was determined as explained in
equation 1. The results are reported in Table 1. The CE of a-pinene was 14.3 + 1.3% at HP-f3-

CD:a-pinene molar ratio of 1:1, and the CE increased to 80.6 = 7.7% at HP-B-CD:a-pinene
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molar ratio of 7.5:1. Nevertheless, further increase in HP-B-CD concentration did not improve
the CE of a-pinene. Consequently, the HP-B-CD/a-pinene inclusion complex prepared at HP-f3-
CD:a-pinene molar ratio of 7.5:1 was selected as the aqueous phase for the preparation of DCL

batches.

Table 1: The complexation efficiency of a-pinene into HP-B-CD as a function of HP-B-CD:o-
pinene molar ratio

HP-B-CD:a-pinene molar ratio CE (%)

1:1 143+1.3
2.5:1 40.6 £3.5
5:1 65.4+6.2
7.5:1 80.6 + 7.7
10:1 76.9 +3.8

Figure 1: The variation of a-pinene concentration in the filtrate as a function of HP-B-CD
concentration.
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2.2. Characterization of liposome formulations

2.2.1. Determination of liposome particle size

The particle size of the liposomal batches was measured using a laser granulometer. Table 2
represents the percentage distribution and the mean particle size of the populations in each

formulation.

Blank Phospholipon 90H:Chol CLs presented two distinct populations: a nanometric sized
population with a mean size of 150 + 0.0 nm and a micrometric sized population with a mean
size of 6.2 = 0.9 um; the percentage of nanometric population was 87.7 + 6.7%. The results are
in good agreement with the results of Azzi et al. (2018) [41]. Moreover, it was found that the
incorporation of a-pinene in Phospholipon 90H:Chol liposome did not affect the mean vesicle

size and the size distribution of the blank batch.

For blank Lipoid S100:Chol CLs, two populations with nanometric (166 + 33.3 nm) and
micrometric (6.7 £ 0.0 um) sizes were observed. The micrometric population was the major one
since it represents 83.0 £ 1.4% of the vesicles. The results are in accordance with our previous
study [42]. Compared to blank Lipoid S100:Chol CLs, a-pinene boosted the formation of larger
micrometric vesicles. The accumulation of a-pinene in Lipoid S100 liposome membrane may
affect the interactions between the acyl chains of phospholipids and induce swelling of the
membrane, causing the formation of giant particles [43]. Rodriguez et al. (2018) reported that the
incorporation of a-pinene in DPPC lipid membrane induced an increase in the membrane surface
pressure and the area per lipid due to the interaction of a-pinene with the acyl chain of lipids

forming lipid-a-pinene complex [44]. It is noteworthy that many other essential oil components

133



induce an increase in liposome particle size like eugenol [25], nerolidol [29], isoeugenol, and

thymol [42].

The addition of HP-B-CD and HP-B-CD/a-pinene inclusion complex did not significantly
influence the mean vesicle size of blank Phospholipon 90H:Chol formulation, which is in

agreement with other studies [26,27,30,31].

HP-B-CD modified the size distribution of blank Lipoid S100:Chol liposomes. A larger
population was obtained after the addition of HP-B-CD to lipoid S100 liposomes that is in
accordance with our previous results obtained at HP-B-CD concentration of 25 and 75 mM [28§].
Also, it was previously demonstrated that the addition of HP-B-CD induced an increase in the
fluidity of liposome membrane composed of unsaturated phospholipids and Chol (Lipoid
S100:Chol liposomes) while did not influence that of membranes composed of saturated
phospholipid and Chol (Phospholipon 80H:Chol and Phospholipon 90H:Chol liposomes) [45].
Alpha-pinene-DCLs had smaller particle size compared to a-pinene-CLs and HP-B-CD-loaded
liposomes. When a-pinene was entrapped in HP-B-CD core, the effects of both constituents (o-
pinene and HP-B-CD) on liposome membrane were reduced. Same results were reported for the
encapsulation of HP-B-CD/eugenol [25], HP-B-CD/isoeugenol, and HP-B-CD/thymol inclusion

complexes [28] in liposomes when compared to free HP-B-CD and free guests.

2.2.2. Determination of phospholipid:Chol:a-pinene molar ratio

Phospholipids and Chol IR values, a-pinene EE, and a-pinene LR into the various liposome

formulations were determined. Table 2 summarizes the obtained results.
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2.2.2.1. Phospholipid incorporation rate

The dosage of phospholipids proved a high IR for Phospholipon 90H (89.5 + 6.3%) and Lipoid
S100 (95.9 + 1.5%) in blank liposomes. The addition of a-pinene did not greatly influence the
loading of Phospholipon 90H in liposome membrane while it reduced that of Lipoid S100. The
difference could be attributed to the amount of a-pinene loaded in liposome membrane; the LR
value of a-pinene was 0.2 + 0.01% into Phospholipon 90H vesicles and 22.9 + 2.2% into Lipoid

S100 vesicles.

In the presence of HP-B-CD, the IR of Phospholipon 90H and Lipoid S100 in liposomes
markedly decreased compared to the blank formulations, which is in agreement with our
previous investigations [28]. This finding might be explained by the ability of CDs to interact

with lipid bilayers and to mediate the desorption of lipid components from membranes [32].

In comparison to the blank batches, we noticed that HP-B-CD/a-pinene inclusion complex did
not greatly impact the incorporation of phospholipids (either Phospholipon 90H or Lipoid S100)
in liposome membranes. This finding implies that a-pinene is completely loaded into the
lipophilic core of HP-B-CD, thereby reducing the interactions of both a-pinene and HP-B-CD

with the liposome membrane.

2.2.2.2. Cholesterol incorporation rate

Chol quantification assay showed that the IR values of Chol into blank Phospholipon 90H
liposomes and blank Lipoid S100 liposomes were 75.9 £+ 3.5% and 71.2 £+ 5.4%, respectively.
These values are approximately consistent with recently published data: 84.2 + 3.8% into

Phospholipon 90H liposomes [41] and 77.6 = 1.18% into Lipoid S100 liposomes [28,42]. Alpha-
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pinene did not modify the Chol content of Phospholipon 90H and Lipoid S100 liposome

membranes.

A remarkable decrease in the Chol IR was obtained upon the addition of HP-B-CD to
Phospholipon 90H liposomes in comparison to empty vesicles (Table 2). This is determined for
the first time in literature. Furthermore, the addition of HP-B-CD did not significantly influence
the retention of Chol into Lipoid S100 liposomes in agreement with our previously published
data [28]. On the other hand, the loading of HP-B-CD/a-pinene inclusion complex into liposome
cavity lowered Chol entrapment in Phospholipon 90H liposomes while it didn’t drastically
impact the Chol content of Lipoid S100 liposomes in comparison to the blank liposomes. Hence,
HP-B-CD may extract Chol molecules from the membrane of Phospholipon 90H:Chol vesicles
forming soluble inclusion complexes out of the membrane, while no effect was exerted on
Lipoid S100 vesicles. Yancey et al., (1996) proposed that the CD-mediated Chol extraction
occurs by Chol desorption from the surface directly into CD hydrophobic core [46]. In addition,
Steck et al. (2002) suggested that Chol efflux induced by CDs takes place through an activation-
collision mechanism where the reversible partial projection of Chol molecules out of the
erythrocyte lipid bilayer precedes their collisional capture by CD [47]. On the other hand, the
position and orientation of Chol in saturated and unsaturated lipid bilayers has been widely
studied in literature [48—50]. A common conclusion is that in saturated bilayers, Chol is found in
traditional “upright” positions with the hydroxyl group oriented towards lipid head-groups, while
in unsaturated bilayers, Chol is relatively often found in a “flipped” configuration with the
hydroxyl group oriented towards the membrane middle plane. Furthermore, Chol molecules in

unsaturated bilayers are often found to form head-to-tail contacts which may lead to specific
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clustering behavior. For that, CD-mediated Chol extraction is easier from saturated Phospholipon

90H:Chol membranes compared to unsaturated Lipoid S100:Chol membranes.

2.2.2.3. a-pinene encapsulation efficiency and loading rate

Due to the fact that a-pinene is a highly lipophilic drug, it should be entrapped in the lipid
membrane of liposomes. Therefore, the strength of interaction of a-pinene with lipid membrane
of liposomes influences its incorporation in vesicles. Also, if we suppose that the hydrophobic
compartments of DCLs (CD core and liposome membrane) retain the hydrophobic EO
components, the parameters that modulate a-pinene entrapment into DCL vesicles are those
related to CD-a-pinene interaction and lipid membrane-a-pinene interaction. The EE and LR of

a-pinene into CLs and DCLs were determined, and the results are summarized in Table 2.

Alpha-pinene was highly encapsulated into all CL and DCL formulations. EE values of 100%
were obtained for all CL formulations and for Lipoid S100-DCLs; the EE of a-pinene into
Phospholipon 90H-DCLs was 72.9 + 6.8%. The high affinity of a-pinene for both components
(CDs and lipid bilayers) could explain the findings; the interaction of a-pinene with CD and lipid
bilayer is strong enough to inhibit the release of a-pinene to the outer extracellular medium of
CL and DCL systems. Indeed, it was reported that a-pinene possesses a high affinity for DPPC
lipid membrane due to its high hydrophobicity and chemical structure that does not contain polar
groups. Thus, a-pinene cannot interact directly with the DPPC polar head but it is able to interact
with the hydrophobic tails of the lipids. Namely, this small hydrophobic compound adopts a
position in the acyl region of the membrane rather than at the lipid-water interface [44]. Besides,
it was investigated that the loading of hydrophobic drugs into liposomes increases as the

hydrophobicity of the drug increases [42,51]. On the other hand, the strength of CD-guest
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interaction depends mainly on the polarity and geometric accommodation between CD cavity
and guest [52]. Here, the low molecular weight (136.23 g/mol) and the high hydrophobicity of a-
pinene could explain the strong interaction of a-pinene with CD. Moreover, it should be noted
that the stability of the inclusion complexes modulate the retention of EO components into
DCLs. The formation constant (Ky) values reported in literature for HP-B-CD/a-pinene inclusion

complex were 1637 M™' [20] and 2000 M [22].

Among both types of phospholipids, the highest LR value was obtained with Lipoid S100, where
the LR value of a-pinene into Lipoid S100 liposomes (22.9 + 2.2 %) was approximately 100
times higher than that of Phospholipon 90H liposomes (0.2 + 0.02 %). Lipid bilayers composed
of Lipoid S100 (unsaturated phospholipid) are less densely packed and more flexible compared
to those composed of Phospholipon 90H (saturated phospholipid), leading to greater entrapment
of a-pinene into liposome membrane [53]. Also, Lipoid S100 liposomes were fabricated at room
temperature while the preparation of Phospholipon 90H liposomes requires heating at 55 °C, thus

promoting the loss of volatile a-pinene.

When compared to a-pinene-Phospholipon 90H CLs, the DCL carrier system did not ameliorate
the LR of a-pinene. Additionally, concerning Lipoid S100 formulations, the LR value of a-
pinene into DCLs was lower than that of CLs. The LR values into CLs and DCLs were 22.9 +
2.2% and 0.6 = 0.02%, respectively (Table 2). Although this result does not corroborate the
previous studies where DCL improved the loading of essential oil components compared to CLs
[25,26,54,55], it lies with the encapsulation of risperidone into similar formulations (same lipid

composition and CD type) where CL proved better encapsulation than DCL [56].
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The final liposome composition (phospholipid:Chol:a-pinene molar ratio) was 124:98:0.36,
118:82:0.31, 61:93:42 and 111:92:1 for phospholipon 90H-CLs, phospholipon 90H-DCLs,
Lipoid S100-CLs, and Lipoid S100-DCLs, respectively. Based on the characteristics of CLs and
DCLs, Lipoid S100:Chol-CL was the best encapsulating system for a-pinene compared to the
other formulations. This explains the greatest effect of a-pinene on Lipoid S100-CL membrane

compared to other formulations.

The release of various hydrophobic drugs, including EO components, from CLs and DCLs was
studied in literature. Most of the studies demonstrated that DCLs are more effective in reducing
the release of hydrophobic drugs in comparison to CLs [23]. Also, in a previous work, we
showed that the size of liposomes, IR of Chol into vesicles and the LR of EO components are the

key factors modulating EOs release from lipoid S-100 liposomes [42].
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Table 2: Characteristics of blank CLs, a-pinene-CLs, blank DCLs, and a-pinene-DCLs prepared with Phospholipon 90H or Lipoid
S100. The values of size in italic are those obtained after 3 months of storage at 4 °C.

Size distribution

Vesicle characterization

Sample Population 1 Population 2 Population 3 IR of PL IR of Chol EE of a- LR of Final
% Mean size % Mean size % Mean size (%) (%) pinene (%) (x—p(i)nene PL:Chol:a—
(nm) (um) (um) (%) pinene .molar
ratio
Phospholipon 90H:Chol formulations
Blank CLs | 87.7+6.7 150+£0.0 12.3+6.7 62+09 - - 89.5+6.3 75.9+3.5 - - 122:98:0
87.3+£6.5 150 £0.0 12.7 £6.5 6.2+0.5
o-pinene- | 84.3+7.2 140+ 13.4 15.7+7.2 7.7+0.0 - - 88.6 6.0 76.3+4.3 100.0+0.0 | 0.2+0.01 124:98:0.36
CLs 82.5+11.6 | 123+£254 | 17.5+11.6 | 7.7+0.0
Blank 723+7.3 140£109 | 27.7+£73 6.1£0.8 - - 66.5 £3.9 41.1+£1.3 - - 90:59:0
DCLs 61.0+5.8 131 £0.0 17.7 £1.3 6.6+02 | 21.3+71 | 483 £4.8
o-pinene- | 82.5+1.9 140 +10.9 17.5+1.9 57+04 - - 87.8+3.8 63.2+3.1 729+6.8 | 02+0.02 | 118:82:0.31
DCLs 74.3+£22 | 115£17.8 | 10.8+1.3 58206 | 14.9+2.0 | 83.5+3)5
Lipoid S100:Chol formulations
Blank CLs | 17.0+1.4 166 +33.3 83.0+1.4 6.7+0.0 - - 959+1.5 71.2+54 - - 119:92:0
142 +0.3 | 172+41.1 | 85.8+0.3 84+2.9
a-pinene- - - 334+53 9.7+£0.7 | 66.6+53 | 83.5+87 | 48.6=+24 66.4+49 100.0£0.0 | 229422 61:93:42
CLs 12325 | 10608 | 87.6+25 | 84.8+6.4
Blank - - - - 100£0.0 | 26.1+0.0 | 83.1+0.7 74.5+ 1.7 - - 103:100:0
DCLs 100 £0.0 | 34.2 £4.7
a-pinene- | 34.0+0.0 131 £8.3 66.0 +0.0 6.8+£29 - - 89.2+14 712+1.3 100.0£0.0 | 0.6+0.02 111:92:1
DCLs 18.5+£ 2.2 296 £9.7 61.0+2.0 7719 | 20514 | 299+1.8
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2.2.3. Storage stability

The storage stability of the various nanoparticles was evaluated after storage for 3 months at 4 °C in
terms of size and percentage of remaining a-pinene in the whole suspension. All of the prepared
batches, except the blank and a-pinene-Phospholipon 90H CLs, presented an increase in the liposome
particle size and in the percentage of the largest population after 3 months (Table 2). The aggregation of
particles during storage cannot be excluded. This could be attributed to the low colloidal stability of
liposomes. The presence of surface charge prevents aggregation due to electrostatic repulsion, and the
more neutral net charge resulted in the formation of aggregates [57]. The magnitude of zeta potential,
which gives a prediction of the colloidal stability, was previously determined for blank Phospholipon
90H and Lipoid S100 liposomes. The authors demonstrated that both types of formulations possessed a

low zeta potential value, and thereby are susceptible to aggregate [53].

Additionally, the total a-pinene concentration in the liposome suspensions was determined after 3
months by HPLC, and the values were compared to those obtained on the day of preparation. The
percentage of remaining o-pinene was 42.9 + 4.9%, 74.4 + 0.2%, 75.4 + 4.3%, and 83.1 = 5.1% in
Phospholipon 90H CLs, Phospholipon 90H DCLs, Lipoid S100 CLs, and Lipoid S100 DCLs,
respectively. Hence, a-pinene was still satisfactorily incorporated into liposomes after 3 months, and the

DCL carrier system was more effective in retaining a-pinene during the storage in comparison to CLs.

3. Material and methods

3.1. Materials

Alpha-pinene was purchased from Acros Organics, Germany; cholesterol (Chol) (94%) from Acros
organics, Belgium; and p-cymene from Fluka, Switzerland. HP-B-CD (DS=5.6) was supplied by
Roquette (Lestrem, France). Ammonium molybdate and potassium phosphate monobasic (KH;POj)
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were purchased from Sigma-Aldrich, Germany; methanol HPLC grade from Sigma-Aldrich, France; and
triton X-100 from Sigma—Aldrich, USA. Sulfuric acid and Absolute ethanol were obtained from VWR
Pro-labo chemicals, France; 4-amino-3-hydroxy-1-naphthalenesulfonic acid from Fluka, India; and
hydrogen peroxide from Fisher Scientific, UK. Chol CHOD-POD kit was purchased from Spin react
Company, Spain. Phospholipon 90H (90% soybean PC, 4% lysoPC, 2% triglycerides, 2% water, 0.5%
ethanol, iodine value 1) and Lipoid S100 (94% soybean phosphatidylcholine, 3%
lysophosphatidylcholine, 0.5% N-acyl phosphatidylethanolamine, 0.1% phosphatidylethanolamine,

0.1% phosphatidylinositol, 0.2% ethanol, 2% water) were supplied by Lipoid GmbH, Germany.
3.2. HPLC analysis of a-pinene

Stock solutions of a-pinene (1 mg/mL) and of the internal standard, p-cymene (1 mg/mL), were
prepared in methanol. The stock solution of a-pinene was diluted to obtain final concentrations in the
range of 1-100 pg/mL. The diluted solution of p-cymene (10 pg/mL) was also prepared in methanol. For
HPLC analysis, 100 pL of each a-pinene solution was added to a solution of p-cymene (100 pL) and
methanol (200 pL). The analysis was performed using an Agilent HPLC column (C18, 15 cm x 4.6 mm,
5 um). The mobile phase was a mixture of methanol and water (85:15). The flow rate was fixed at 1

mL/min, and the injection volume was 20 pL. The detection was set at 204 nm.

The HPLC method was validated in terms of linearity, repeatability, and limit of detection. The retention

times of p-cymene and a-pinene were 5.7 and 9.5 min, respectively. The calibration curve was

C0(—pinene

. AU . . . . .
constructed by plotting 20C against the concentration of o-pinene in pg/mL. The linear

p—cymene
relationships were evaluated by regression analysis with the least-squares method, and the correlation

coefficient ranged between 0.994 and 0.999.

3.3. Determination of the optimal HP-B-CD concentration for a-pinene solubilization
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Excess amount of a-pinene (6.81 mg) was added to 5 mL of HP-B-CD solutions (0, 10, 25, 50, 75, 100
mM) yielding different HP-B-CD:a-pinene molar ratios (1:1, 2.5:1, 5:1, 7.5:1 and 10:1). The mixtures
were shaken at a stirring rate of 125 rpm for 24 h at 26 °C. Then, to remove the un-dissolved a-pinene,
the solutions were filtered through a 0.45 pum membrane filter. The amount of solubilized a-pinene was
determined in the filtrate by HPLC analysis. The complexation efficiency (CE) was calculated using the

following equation:

CE (%) = =22 x 100 (Equation 1)

Mthe

in which mey, 1s the mass of a-pinene experimentally determined in the filtrate by HPLC. mg, is the

mass of a-pinene initially used to prepare the inclusion complexes.

3.4. Preparation of HP-B-CD/a-pinene inclusion complex for DCL preparations

HP-B-CD/a-pinene inclusion complex of 7.5:1 (HP-B-CD:a-pinene) molar ratio was prepared by adding
a-pinene (6.81 mg) to the HP-B-CD aqueous solution of 75 mM concentration. The mixture was stirred
at a stirring rate of 125 rpm for 24 h at 26 °C. It was then filtered using a 0.45 um cellulose filter. The
filtrate was used for DCL preparation. Also, the HP-B-CD aqueous solution of 75 mM concentration was

used for the fabrication of blank DCLs.

3.5. Preparation of liposomes

The liposomes were prepared by the ethanol-injection method. The appropriate amounts of
phospholipids (Phospholipon 90H or Lipoid S100) (10 mg/mL) and Chol (5 mg/mL) were dissolved in
absolute ethanol (10 mL) by stirring. The resulting organic phase was then injected into an aqueous
solution (20 mL) using a syringe pump (Fortuna optima, GmbH-Germany) at an injection flow rate of 1

mL/min, under magnetic stirring (400 rpm) and at a temperature above the transition temperature of
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phospholipids: 55 °C for Phospholipon 90H and room temperature for Lipoid S100. The liposomal
suspensions were then maintained for 15 min under stirring (400 rpm) at room temperature. Finally,

ethanol was evaporated under reduced pressure at 40 °C (Heidolph instruments GmbH, Germany).

Four liposomal batches were produced: (1) blank conventional liposomes (blank CLs), (2) blank DCLs,
in which HP-B-CD (75 mM) was dissolved in the aqueous phase; (3) a-pinene-loaded liposomes (o-
pinene-CLs), where a-pinene was dissolved in the organic phase at a concentration of 2.5 mg/mL; (4)
HP-B-CD/a-pinene inclusion complex-loaded liposomes (a-pinene-DCLs), where a solution containing
the HP-B-CD/a-pinene inclusion complex of 7.5:1 (HP-B-CD:o-pinene) molar ratio was used as the

aqueous phase. Each batch was prepared in triplicate.

3.6. Characterization of liposomes

3.6.1. Particle size analysis

Laser granulometry (Partica Laser scattering, LA-950V2 particle size distribution analyser, HORIBA,
Japan) was used to determine the diameter and size distribution of particles. This instrument is designed

for measuring particle sizes ranging from 0.01 pm to 3000 pm.

3.6.2. Determination of phospholipid:Chol:a-pinene molar ratio in the formulations

The concentrations of phospholipids, Chol, and a-pinene embedded in the lipid vesicles were calculated
by subtracting the free concentrations of compounds from their total concentrations determined in the
liposome suspensions. Liposome suspensions were centrifuged at 21382 g and 4 °C for 1 hour using a
Vivaspin 500 centrifugal concentrator (Sartorius Stedim Biotech, Germany, MW cut off=10,000 Da).
The filtrate contains the unloaded (free) compounds. For each formulation, the final liposomal

composition (phospholipid:Chol:a-pinene molar ratio) was determined.
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3.6.2.1. Determination of phospholipid incorporation rate

The total and the unloaded phospholipid concentrations in the various liposome formulations were
quantified according to Bartlett’s method as described in our previous studies [28,42]. Standard aqueous
solutions of phosphorus were prepared. The organic phosphate in the samples (0.5 mL from liposome
suspension and filtrate) was digested by sulfuric acid and then was oxidized to inorganic phosphate
through incubating the samples in the presence of H,O,. The phosphomolybdic complex was formed
upon interaction with ammonium molybdate. The complex was then reduced to a blue compound
through interaction with 4-amino-3-hydroxy-1-naphthalenesulfonic acid. The absorbance of the blue
compound was recorded at a wavelength of 815 nm. The following equation was used to calculate the

incorporation rate (IR) of phospholipids:

Mpo3=, ~

Mpo3~ . .
x 100 (Equation 2)

3_
POy organic phase

[Rpoz- (%0) =

m

where Mpo3- and Mpo3- correspond to the total and free masses of phospholipids in the liposome

suspension, respectively. mpg3- on is the mass of phospholipids initially added to the organic
organic phase

phase during the fabrication of liposomes.
3.6.2.2. Determination of cholesterol incorporation rate

Chol dosage in the liposome formulations was performed using Chol CHOD-POD kit as previously
described [28,42]. Briefly, 1 mL of the standard kit was added to 10 pL of each sample (Chol standards
prepared in triton X-100, liposome suspension, and filtrate). The absorbance of the colored complex was

measured at 505 nm. This equation was used to determine the IR of Chol:

mMcHO T mcHoO F

IRcho (%) = x 100 (Equation 3)

MmcHo organic phase
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where mcyg ., is the mass of Chol in the liposome suspension, mcyg . 18 the mass of Chol in the filtrate,
and mcyo organic phase is the mass of Chol initially added to the organic phase during liposome

production.
3.6.2.3. Quantification of a-pinene in the formulations

The total and free concentrations of a-pinene in the formulations were determined by the HPLC method
described above. The encapsulation efficiency (EE) and loading rate (LR) values of a-pinene were

calculated as follows:

a—pinene] ¢ota] — [0—pinene] free

[a—pinene] ¢otal

EE (%) = . x 100 (Equation 4)

where [at — pinene] (o, and [a — pinene] gee correspond to the total and free a-pinene concentrations

in liposomal suspension, respectively.

my; jon— Mifj .
LR (%) — liposomal suspension filtrate ~ 100 (Equatlon 5)
M jnitial

where M jiposomal suspension Stands for the mass of a-pinene in the liposomal suspension (total), and

M fijrate Stands for the mass of a-pinene in the liposomal filtrate (free). For a-pinene-CLs, m jpjtia) 1S the
initial mass of a-pinene added to the organic phase during the fabrication of vesicles. For a-pinene-

DCLs, m jpjtia) 18 the initial mass of a-pinene used to prepare the HP-B-CD/a-pinene inclusion complex.
3.6.3. Storage stability

The stability of the various nanoparticles was investigated by assessing their mean particle size after 3
months of storage at 4 °C. Additionally, the percentage of remaining a-pinene in the whole suspensions

was calculated after 3 months by the following equation:
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[a—pinene]s months , 1 (Equation 6)

[a—pinene]g,

Percentage of remaining a-pinene =

in which [a — pinene]; and [a — pinene]; months correspond to the total concentration of a-pinene in
the liposome suspension determined immediately after preparation and after storage for 3 months at 4

°C, respectively.
3.7.  Statistical analysis

Statistical analysis was performed using the Student’s t-test. All assays were carried out in triplicate.
The results are expressed as the mean values + standard deviation. The significance level was set at p <

0.05.
Conclusion

In this paper, we studied the encapsulation of the bio-insecticide, a-pinene, into CLs and DCLs using
hydrogenated (Phospholipon 90H) or non-hydrogenated (Lipoid S100) phospholipids and Chol. The
size, the IR of phospholipids and Chol, the EE and LR of a-pinene, and the storage stability of the
different formulations were characterized. Incorporation of a-pinene was more efficient in Lipoid S100-
CLs compared to the other formulations, and this is associated with a greater effect of a-pinene on lipid
bilayer and particle size. In addition, the various CL and DCL batches were stable after 3 months of
storage at 4 °C. Finally, it would be valuable to study the insecticidal effect of the a-pinene-loaded

liposome and DCL formulations for their application in agriculture and food products.
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Abstract

The monoterpene, camphor, is known as bio-insecticide. However, limitations in its application were
reported because of its volatility and chemical instability. Therefore, its encapsulation is an important
strategy that can be used to increase its stability and efficiency in integrated pest management. In this
study, conventional liposomes (CLs) and drug-in-cyclodextrin-in-liposomes (DCLs) loading camphor
were prepared and characterized with respect to their size, phospholipid and cholesterol incorporation
rates, camphor encapsulation efficiency, camphor loading rate, and storage stability. Ethanol injection
method was applied to produce the liposomes using saturated (Phospholipon 90H) or unsaturated
(Lipoid S100) phospholipids in combination with cholesterol. The results showed that the incorporation
of camphor was more efficient in DCLs composed of Lipoid S100 compared to the other formulations.
Furthermore, it was found that all CL and DCL formulations were stable after 3 months of storage at 4
°C (> 80% of initial camphor concentration was incorporated after 3 months). Therefore, DCLs are

promising carriers for new applications of camphor in the agricultural and food industries.

Keywords: camphor, drug-in-cyclodextrin-in-liposomes; hydroxypropyl-B-cyclodextrin; insecticide;

liposomes
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1. Introduction

Camphor (CoH;60) is a naturally occurring cyclic monoterpenoid. It is a volatile, white, crystalline and
waxy solid substance with a pleasant odor and sour taste. Camphor is derived from the wood of
Cinnamomum camphora, a large evergreen tree seen in Asia (Rahnama-Moghadam et al., 2015; Sikka
and Bartolome, 2018). It is a common component of several essential oils including rosemary, thyme,

lavender, and chicory (Brenes and Roura, 2010; Shahabi et al., 2014) essential oils.

Camphor has been widely used as a fragrance in cosmetics, food flavorings, scenting agent in a variety
of household products such as soap and detergent, and intermediate in the synthesis of perfume
chemicals (Reed, 2005). Additionally, it has various biological activities including antimicrobial,
antiviral, analgesic, anticancer, and antitussive properties (Chen et al., 2013). Camphor also presents
insect repellent properties. For instance, the insect repellent activity of camphor was investigated against
four beetles (Sitophilus granarius, S. zeamais, Tribolium castaneum and Prostephanus truncatus) with
overall repellency ranging between 80 and 98%, and the repellency was dosage-dependent with the dose
of 100 mg evoking over 94% repellency against the beetle species tested (Obeng-Ofori et al., 1998).
Various studies proved that camphor acts as a mosquito repellent (Ansari and Razdan, 1995; Seyoum et
al., 2003, 2002). Besides, camphor showed contact and fumigant activity against Sitophilus oryzae and
Rhyzopertha dominica (Rozman et al., 2007). However, the application of camphor in agriculture turns
out to be unsuccessful due to its volatility (estimated Henry's Law constant of 8.31x10 atm m®/mol at
25°C) and poor water solubility (1600 mg/L at 25°C) (Celebioglu et al., 2018). In addition, it was
reported that external factors such as temperature, light and accessibility to atmospheric oxygen
influence the stability of essential oils (Turek and Stintzing, 2013). Namely, the photodegradation of
camphor produced ortho-mentha-1(7)8-dien-3-ol, 3-cyclopentene-1-acetaldehyde,2,2,3-trimethyl, and
cyclopentanol,3-methyl-2-(2-pentenyl) (Sirtori et al., 2006). As a result, it is necessary to develop
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formulations for improving the handling of camphor. Efforts have been made to improve the
physicochemical properties of camphor or camphor oil through encapsulation in gelatin-gum Arabic
microcapsules (Chang et al., 2006), in porous starch microspheres (Glenn et al., 2010), in nanoemulsion
(Halim Moss et al., 2017), or in cyclodextrins (CDs) (Celebioglu et al., 2018; Ciobanu et al., 2013;
Tanaka et al., 1996). It was proved that CDs enhance the solubility of camphor, protect it from chemical

degradation, and prolong its release.

CDs are cyclic oligosaccharides formed by the enzymatic degradation of starch. The most common
native CDs are a-, - and y-CDs and are composed of six, seven and eight glucosyl units, respectively.
They have a truncated shape with a hydrophilic surface and a hydrophobic cavity where hydrophobic
guests are located inside the CD cavities forming inclusion complexes (Hammoud et al., 2019b; Szejtli,
1998). To improve the solubility of native CDs, many CD derivatives like hydroxypropyl-p-cyclodextrin

(HP-B-CD) were synthesized.

In parallel, liposomes, safe and effective drug carrier systems, are spherical microscopic vesicles
comprising a central aqueous compartment surrounded by a membrane composed mainly of
phospholipids. During vesicle formation, the water soluble molecules are encapsulated into the aqueous
core of vesicles, whereas the lipid-soluble molecules are embedded within the liposome bilayers. They
represent an efficient approach for incorporating natural compounds, such as essential oil components,
through improving their solubility and chemical stability (Sherry et al., 2013). Nevertheless, it was
demonstrated that the incorporation of a variety of essential oil components into liposomes can
destabilize liposome membrane (Gharib et al., 2017b, 2018), leading to the rapid release of the molecule
from the bilayer (Gharib et al., 2017b; Kirby and Gregoriadis, 1983; Takino et al., 1994). In an attempt
to overcome this problem, McCormack and Gregoriadis, 1994 suggested the possibility of forming a
combined system of CDs and liposomes called drug-in-cyclodextrin-in-liposomes (DCLs) system. DCLs
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are able to combine the ability of CDs to form CD/drug inclusion complexes with the use of liposomes
as shuttle systems. The DCLs have been applied to encapsulate a large series of natural hydrophobic
drugs comprising essential oils. Compared to conventional liposomes (CLs), this system was shown to
improve the encapsulation and prolong the release of several lipophilic drugs (Azzi et al., 2018a; Chen

et al., 2007; Gharib et al., 2017a, 2019; Hammoud et al., 2020; Piel et al., 2006; Sebaaly et al., 2016).

In this study, the encapsulation of camphor into CLs and DCLs is studied. The ethanol injection method
was applied to prepare the CLs and DCLs using hydrogenated (Phospholipon 90H) or non-hydrogenated
(Lipoid S100) phospholipids and cholesterol (Chol). All liposome formulations were characterized with
respect to their size, camphor encapsulation efficiency, and camphor loading rate. The incorporation
rates of phospholipids and Chol were also determined. The stability of the liposome formulations in

aqueous solutions was assessed after 3 months of storage at 4 °C.

2. Materials and methods

2.1. Materials

Camphor was purchased from Sigma—Aldrich, China; linalool from Sigma—Aldrich, Switzerland,
ammonium molybdate and potassium phosphate monobasic (KH,;PO,) from Sigma-Aldrich, Germany;
triton X-100 from Sigma—Aldrich, USA; and methanol HPLC grade from Sigma-Aldrich, France. HP-p-
CD (DS=5.6) was obtained from Roquette (Lestrem, France). Chol CHOD-POD kit was provided by
Spin react Company, Spain. Absolute ethanol and sulfuric acid were purchased from VWR Pro-labo
chemicals, France; hydrogen peroxide from Fisher Scientific, UK; 4-amino-3-hydroxy-1-
naphthalenesulfonic acid from Fluka, India; and Chol (94%) from Acros organics, Belgium.
Phospholipon 90H (90 % soybean PC, 4 % lysoPC, 2 % triglycerides, 2 % water, 0.5 % ethanol, iodine

value 1) and Lipoid S100 (94% soybean phosphatidylcholine, 3% lysophosphatidylcholine, 0.5% N-acyl
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phosphatidylethanolamine, 0.1% phosphatidylethanolamine, 0.1% phosphatidylinositol, 2% water, 0.2%

ethanol) were supplied by Lipoid GmbH, Germany.
2.2. HPLC assay of camphor

The concentration of camphor in the formulations was determined by reversed phase HPLC method.
Stock solutions of camphor (1 mg/mL) and of the internal standard, linalool (1 mg/mL), were prepared
in methanol. Aliquots were removed from camphor stock solution and diluted in methanol to obtain final
concentrations of camphor ranging from 7.5 to 1000 pg/mL. The diluted solution of linalool (10 pg/mL)
was also prepared in methanol. For HPLC analysis, 100 pL of each camphor solution was added to a
solution of linalool (100 pL) and methanol (200 uL). HPLC analysis was conducted using an analytic
column C18 15 cm x 4.6 mm, 5 pum, (Agilent Technologies). The mobile phase was a mixture of
methanol and water (70/30). The flow rate was fixed at 1 mL/min, and the detection was set at 206 nm.

The injection volume was 20 pL.

The HPLC method was validated in terms of linearity, repeatability, and limit of detection. The retention

times of linalool and camphor were 6.9 and 4.6 min, respectively. The calibration curve was constructed

Ccamphor

by plotting f\:; against the concentration of camphor in pg/mL. The linear relationships were

Clinalool

evaluated by regression analysis with the least-squares method, and the correlation coefficient ranged

between 0.995 and 0.998.
2.3. Optimization of camphor:HP-B-CD molar ratio for inclusion complex preparation

HP-B-CD/camphor inclusion complexes were prepared in aqueous solutions. Excess amount of camphor
(19.03 mg) was added to 5 mL of HP-B-CD solutions (0, 10, 25, 50, 75, and 100 mM). The mixtures

were shaken at a stirring rate of 125 rpm for 24 h at 26 °C, and then were filtered through a 0.45 pm
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membrane filter to eliminate the un-dissolved camphor. The concentration of camphor was determined
in the filtrate by the HPLC method. The complexation efficiency (CE) was calculated using the

following equation:

CE (%) = =22 x 100 (Equation 1)

Mthe

in which me,;, is the mass of camphor experimentally determined by HPLC in the filtrate of the inclusion
complex solutions. mg, represents the theoretical mass of camphor initially used to prepare the inclusion

complexes.
2.4. Preparation of HP-B-CD/camphor inclusion complex for DCL preparations

HP-B-CD (50 mM) was dissolved in ultrapure water, and the required amount of camphor (25 mM) was
added to obtain camphor:HP-B-CD molar ratio of 1:2. HP-B-CD/camphor inclusion complex solution
was prepared as described above, and the obtained solution was used for DCLs preparation.
Additionally, free HP-B-CD (50 mM) was dissolved in water and used for the preparation of blank

DClLs.
2.5. Preparation of liposomes

Among the different methods used for liposome preparation, the ethanol injection was chosen in our
study. The phospholipids (Phospholipon 90H or Lipoid S100) (10 mg/mL) and Chol (5 mg/mL) were
dissolved in absolute ethanol (10 mL). The resulting organic phase was later injected into an aqueous
solution (20 mL) using a syringe pump (Fortuna optima, GmbH-Germany) at an injection flow rate of 1
mL/min and under magnetic stirring (400 rpm). The preparation of Lipoid S100-based liposomes was
carried out at room temperature while the preparation of Phospholipon 90H-based liposomes was

performed at a temperature above the transition temperature of the phospholipid (~ 55 °C). Spontaneous
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liposome formation occurred as soon as the ethanol solution was in contact with the aqueous phase. The
liposomal suspensions were then left for 15 min under stirring (400 rpm) at room temperature. Finally,
ethanol was removed by rotary evaporation (Heidolph instruments GmbH, Germany) under reduced

pressure at 40 °C. The liposomal formulations were stored at 4 °C prior to analysis.

Different liposome formulations were prepared: (1) blank conventional liposomes (blank CLs); (2) blank
DCLs, in which HP-B-CD was dissolved in the aqueous phase at a concentration of 50 mM; (3)
camphor-loaded liposomes (camphor-CLs), where camphor was dissolved in the organic phase at a
concentration of 7.5 mg/mL; (4) HP-B-CD/camphor inclusion complex-loaded liposomes (camphor-
DCLs), where a solution containing the HP-B-CD/camphor inclusion complex was used as the aqueous
phase during DCL preparation. Each batch was prepared in triplicate and underwent characterization as

described below.

2.6. Characterization of liposomes

2.6.1. Particle size measurement

The diameter and size distribution of liposomes were determined by laser granulometry using a Partica
LA-950V2 laser diffraction particle size distribution analyzer (Horiba, Japan). This instrument enables

the measurement of particle sizes ranging from 0.01 pm to 3000 pm.

2.6.2. Determination of the yield of the process

The liposomal suspensions were subjected to centrifugation at 21382 g and 4 °C for 1 hour using a
Vivaspin 500 centrifugal concentrator (Sartorius Stedim Biotech, Germany, MW cut off=10,000 Da) to
separate the un-retained (free) liposomal components (phospholipids, Chol, camphor) from the retained
ones. Aliquots were removed from the filtrates to determine the concentrations of the unloaded
constituents. Also, aliquots were removed from the liposome suspensions, sonicated for 10 min in ice,
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and used to determine the total concentrations of the constituents. The concentrations of phospholipids,
Chol, and camphor embedded in the lipid vesicles were calculated by subtracting the free

concentrations of constituents from their total concentrations.

The incorporation rates of phospholipids and Chol were calculated according to the following formula:

mr— mg

IR (%) = x 100 (Equation 2)

Morganic phase

in which mr is the mass of the specific lipid in the liposome suspension, mg is the mass of the lipid in
the filtrate, and Morganic phase 1 the initial mass of the lipid added to the organic phase during liposome

preparation.

The EE of camphor was calculated as follows:

EE (%) — [Camphor] total — [camphor] free x 100 (Equation 3)

[camphor] total

where [camphor] (oo and [camphor] ¢ correspond to the total and free concentrations of camphor

determined in the liposomal suspension, respectively.

The LR of camphor was calculated as follows:

my; jon— M .
LR (%) — liposomal st:;pensmn filtrate ~ 100 (Equatlon 4)
initial

where m jjp0s0mal suspension 18 the mass of camphor in the liposomal suspension (total), and m fjj¢rate 18
the mass of camphor in the liposomal filtrate (free). For CLs, m jpjtig 1S the initial camphor mass added
to the organic phase during the preparation of liposomes. For DCLs, m jpitia; 18 the mass of camphor

initially used to prepare the inclusion complex.

2.6.2.1. Phospholipids quantification assay
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The quantification of free and total phospholipids concentration in the various formulations was
performed by Bartlett’s method as described in our previous studies (Hammoud et al., 2020, 2019a).
Standard aqueous solutions of phosphorus were prepared. The organic phosphate in the samples
(liposome suspension and filtrate) was digested by sulfuric acid, and the samples were incubated in the
presence of H,O, to allow the oxidation of organic phosphates to inorganic phosphates. Then, the
phosphomolybdic complex was formed upon interaction with ammonium molybdate. This was followed
by its reduction to a blue product through interaction with 4-amino-3-hydroxy-1-naphthalenesulfonic

acid. The absorbance of the blue compound was recorded at a wavelength of 815 nm.

2.6.2.2. Cholesterol quantification assay

The enzymatic colorimetric method was utilized to determine the total and the free concentrations of
Chol in the suspensions (Hammoud et al., 2019b, 2020). In brief, 1 mL of a Chol CHOD-POD kit was
added to the samples (Chol standard solutions prepared in triton X-100, filtrates, CL and DCL

suspensions). The absorbance of the colored complex was measured at 505 nm.

2.6.2.3. Quantification of camphor

The concentration of camphor in the liposomal suspensions (total concentration) and filtrates (free

concentration) was determined using the HPLC method described above.

2.6.3. Stability study of liposomes

The stability of the liposomal formulations was investigated by assessing their mean particle size after 3
months of storage at 4 °C. Additionally, the percentage of remaining camphor in the whole suspensions

was determined after 3 months according the following equation:

s _ [camphor]z months :
Percentage of remaining camphor = [camphorls, x 100 (Equation 5)
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where [camphor];, and [camphor]; months correspond to the total concentration of camphor

determined in the liposome suspensions on the day of preparation and after 3 months of storage at 4 °C,

respectively.
2.7. Statistical analysis

Statistical analysis was performed using the two samples Student’s t-test. The results are expressed as

the mean values + standard deviation. The significance level was set at *p < 0.05.

3. Results and discussion

3.1. Determination of camphor concentration in HP--CD/camphor inclusion complex solutions

The concentration of camphor solubilized by HP-B-CD using different HP-B-CD concentrations (0-100
mM) was determined by HPLC, and the results are shown in Figure 1. The concentration of camphor in
the absence of HP-B-CD was 1406.2 = 90.7 pg/mL. This value is consistent with the aqueous solubility
value found in literature (1600 ng/mL) (Yalkowsky et al., 2010). The addition of HP-B-CD enhanced the
solubility of camphor, and the optimal solubilization occurred at HP-B-CD concentration of 50 mM. The
camphor concentration in the filtrate was of 3666 pg/mL (24.1 mM). Therefore, the HP-B-CD/camphor
inclusion complex was prepared at camphor:HP-B-CD molar ratio of 1:2 and used as the aqueous phase
during DCLs preparation. The CE of camphor into HP-B-CD was calculated using equation 1, and the
results are reported in Table 1. The CE value of camphor at the optimal HP-B-CD concentration (50

mM) was 96.3 = 2.4%.

In the present study, HP-B-CD was selected due to its high aqueous solubility (> 500 mg/mL), low

toxicity, and strong complexing ability with camphor. In earlier reports, different types of CDs were
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used to prepare CD/camphor inclusion complexes. Ciobanu et al., (2013) determined the stability
constant and the complexation efficiency of complexes formed between camphor and a-CD, B-CD, v-
CD, HP-B-CD, randomly methylated-B-cyclodextrin (RAMEB), and a low methylated-B-cyclodextrin
(CRYSMEB). The authors proved that the stability constant was in the order of B-CD > CRYSMEB >
HP-B-CD > RAMEB > y-CD > a-CD. Furthermore, Tanaka et al., (1996) reported that HP-B-CD
significantly increased the solubility of camphor, and the stability constant of HP-B-CD/camphor

inclusion complex was higher than that of HP-a-CD/camphor and HP-y-CD/camphor complexes.

Figure 1: The concentration of camphor solubilized in the filtrate of HP-B-CD/camphor complex
solution at different HP-B-CD concentrations.
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Table 2: The complexation efficiency of camphor into HP-B-CD as a function of HP-B-CD
concentration.

HP-B-CD concentration (mM) CE (%)
10 67.7+0.8
25 90.6 + 2.5
50 96.3+2.4
75 98.4+1.2
100 93.4+3.6
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3.2. Characterization of liposomes formulations

3.2.1. Particle size determination

The particle size distributions of CLs and DCLs were assessed by a laser granulometer on the day of

preparation and after 3 months of storage at 4 °C. Table 2 presents the percentage distribution of

nanometric and micrometric particles in each formulation.

Table 2: Percentage distribution and mean particle size of populations for blank- and camphor-loaded
CLs and DCLs determined on the day of preparation and after 3 months of storage at 4 °C. The values in
italic are those obtained after 3 months of storage at 4 °C.

Sample Population 1 Population 2 Population 3
(%) Mean size (%) Mean size (um) (%) Mean size (um)
(nm)
Phospholipon 90H:Chol formulations
Blank CLs 98.8+0.9 150+ 0.0 12+0.9 59+14 - -
98.4 £0.8 150 £0.0 1.6 0.8 5.1+0.8
Camphor-CLs 92.5+2.9 137 +10.9 7.5+29 6.2+0.9 - -
63.1 £3.1 137 £10.9 36.9 + 3.1 9.1 0.9
Blank DCLs 55.1+4.5 131+0.0 17.6 £4.5 49+04 27.3+8.7 82.7+11.6
53.9+0.9 140+ 3.3 18.9 £04 4.6 £0.9 27.2+0.5 77.3 £0.0
Camphor-DCLs 53.5+0.8 131+0.0 16.2+2.0 6.4+0.5 30.3+£2.3 46.0 £ 1.2
48.2 £0.8 140 £ 1.1 172 £ 14 7.3 +2.1 35.1+2.8 44.9 £3.9
Lipoid S100:Chol formulations
Blank CLs 174+0.7 172+ 0.0 82.6 0.7 6.4+0.7 - -
164 £1.7 172 £0.0 83.6 £1.7 7.8 0.8
Camphor-CLs 13.3+£2.6 172 +£0.0 86.7+£2.6 6.8+ 0.0 - -
52+ 1.1 243 +13.3 948 £1.1 8.1+0.0
Blank DCLs - - 100 + 0.0 162+1.5 - -
100 £0.0 18.7+1.8
Camphor-DCLs 13.1+£2.5 216+ 15.0 86.9+2.5 174+£23 - -
10.9 +2.3 226 £0.0 89.1 £2.3 16.3 +1.5

For blank Phospholipon 90H:Chol CLs, two distinct populations with nanometric (150 £ 0.0 nm) and

micrometric (5.9 + 1.4 um) sizes appeared; the percentage of nanometric population was of 98.8 = 0.9%.
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Blank Lipoid S100:Chol liposomes presented two populations with nanometric (172 £ 0.0 nm) and
micrometric (6.4 £ 0.7 um) sizes. The micrometric population was the major one since it represents 82.6
+ 0.7% of the vesicles. The results are in good agreement with the results obtained in previous studies
(Azzi et al., 2018b; Hammoud et al., 2019a). In addition, for both phospholipid types, the presence of

camphor did not significantly affect the size distribution of blank liposomes.

In comparison to the blank Phospholipon 90H formulations, the incorporation of HP-B-CD reduced the
percentage of nanometric population, and accordingly boosted the production of larger micrometric
vesicles. Also, we can notice a significant decrease in the percentage of nanometric population in
presence of HP-B-CD/camphor inclusion complex compared to the blank batch. Indeed, this result does
not corroborate other literature studies where HP-B-CD does not affect Phospholipon 90H particle size
(Gharib et al., 2017a; Sebaaly et al., 2016). This difference can be ascribed to the different methods used
for size characterization. Most studies in literature used dynamic light scattering where the detection
could be limited to submicron size range populations (Storti and Balsamo, 2010). However, the laser
granulometry technique used in this study is designed for measuring particle sizes between 0.01 and
3000 um. The aggregation of smaller particles into large vesicles could explain the appearance of giant
particles in HP-B-CD-loaded liposomes and camphor-DCLs composed of Phospholipon 90H and Chol
(Domazou and Luigi Luisi, 2002; Puskas and Csempesz, 2007). Phospholipon 90H liposomes presented
a negative surface charge, resulting from the phosphatidylcholine head group present at the surface of
vesicles, with the phosphate group located above the choline group plane (Ascenso et al., 2013; Gharib
et al., 2017a; Sebaaly et al., 2016). Moreover, a previous study investigated that the presence of HP-f3-
CD induced a decrease in surface charge of Phospholipon 90H where CDs may produce changes in

phosphatidylcholine head group orientation at the surface of vesicles, allowing exposure of positively
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charged choline to the surface (Gharib et al., 2017a). Namely, the repulsive force between particles

decreases in the presence of CDs; therefore, the vesicles would be more susceptible to aggregate.

For Lipoid S100 liposomes, HP-B-CD shifted the size distribution in favor of the micrometric
liposomes; the percentage of micrometric population was 82.6 + 0.7% for blank liposomes while it
markedly increased to 100 = 0.0% in the presence of HP-B-CD. The results are in accordance with our
previous results obtained at HP-B-CD concentration of 25 and 75 mM (Hammoud et al., 2020).
Additionally, HP-B-CD-loaded liposomes and camphor-DCLs had larger particle size compared to
camphor-CLs and blank CLs, which is in agreement with the results of Maestrelli et al., (2006) and
Cavalcanti et al., (2011) who showed that the HP-B-CD/guest-loaded liposomes possessed a larger

diameter than the guest-loaded vesicles.

3.2.2. Determination of phospholipid:Chol:camphor molar ratio

The IR values of phospholipids and Chol as well as the EE and LR values of camphor in the various CL

and DCL formulations were determined. The results are shown in Table 3.

Table 3: Phospholipid (PL) and cholesterol (Chol) incorporation rates (IR), camphor encapsulation
efficiency (EE), camphor loading rate (LR), and PL:Chol:camphor molar ratio for the various liposome

formulations.

Sample IR of PL IR of Chol EE of LR of Final
(PL:Chol:camphor molar (%) (%) camphor camphor | PL:Chol:camphor
ratio) (%) (%) molar ratio
Phospholipon 90H:Chol formulations
Blank CLs (1:1:0) 86.6+2.9 79.8+ 1.8 - - 1:1:0
Camphor-CLs (1:1:4) 87.9+49 854+3.7 | 62.1+£49 1.9+04 1:1:0.08
Blank DCLs (1:1:0) 514+7.1 64.8 +4.4 - - 1:1:0
Camphor-DCLs (1:1:5) 584+4.1 61.9+5.1 | 56.9+33 89+1.7 1:1:0.5
Lipoid S100:Chol formulations
Blank CLs (1:1:0) 933+1.3 80.8+ 1.4 - - 1:1:0
Camphor-CLs (1:1:4) 924+25 72.8+3.6 | 66.2+5.5 4.7+0.3 1:1:0.25
Blank DCLs (1:1:0) 85.5+25 752 +4.8 - - 1:1:0
Camphor-DCLs (1:1:5) 86.7 3.1 692+27 | 684+1.0 | 549+25 1:0.75:2
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3.2.2.1. Phospholipid:Chol:camphor molar ratio

The IR values of Phospholipon 90H (86.6 + 2.9%) and Lipoid S100 (93.3 £+ 1.3%) in blank liposomes
were high, indicating that a small loss of phospholipids occurred during liposome preparation. The
addition of camphor did not significantly affect the incorporation of Phospholipon 90H and Lipoid S100
in liposomes. Additionally, compared to empty vesicles, the loading of free HP-B-CD and HP-f-
CD/camphor inclusion complex into liposome aqueous phase lowered the entrapment of both
phospholipid types in liposome. This finding might be explained by the ability of CDs to interact with
lipid bilayers and to extract lipid components from biomimetic and biological membranes (Hammoud et

al., 2019b).

Chol quantification assay showed that the IR values of Chol were 79.8 + 1.8% and 80.8 + 1.4% into
blank Phospholipon 90H liposomes and blank Lipoid S100 liposomes, respectively. These values are
approximately consistent with recently published data: 84.2 + 3.8% into Phospholipon 90H liposomes
(Azzi et al., 2018b) and 77.6 = 1.18% into Lipoid S100 liposomes (Hammoud et al., 2020, 2019a).
Camphor did not modify the Chol content of Phospholipon 90H and Lipoid S100 liposome membranes.
Furthermore, the addition of HP-B-CD and HP-B-CD/camphor complex didn’t drastically impact the
incorporation of Chol into Lipoid S100 liposomes. However, in the presence of HP-B-CD, the IR of
Chol into phospholipon 90H liposomes markedly decreased compared to the blank formulations. Hence,
HP-B-CD effectively extracted Chol from Phospholipon 90H liposome membranes, forming soluble
inclusion complexes out of the membrane matrix, while no effect was exerted on Lipoid S100 vesicles.
It might be that CD-mediated Chol extraction is easier from saturated Phospholipon 90H:Chol
membranes compared to unsaturated Lipoid S100:Chol membranes, in agreement with our previous

studies (Hammoud et al., 2020; Hammoud et al. 2020, submitted).
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In terms of LR value, the DCL carrier system significantly improved the encapsulation of camphor.
Likewise, literature studies showed that the DCL system represents a better encapsulation system than
CLs for numerous drugs including frans-anethole (Gharib et al., 2017a), estragole, pulegone, thymol
(Hammoud et al., 2020), celecoxib (Jain et al., 2007) and betamethasone (Piel et al., 2006). Additionally,
the LR values were higher in liposomes composed of Lipoid S100 compared to those composed of
Phospholipon 90H. Lipid bilayers composed of Lipoid S100 (unsaturated phospholipid) are less densely
packed and more flexible compared to those composed of Phospholipon 90H (saturated phospholipid),
leading to higher camphor incorporation in liposomes. Also, Lipoid S100 liposomes were fabricated at
room temperature while the preparation of Phospholipon 90H liposomes requires heating at 55 °C, thus

promoting the loss of volatile camphor.

The EE values of camphor were below 70% in all CL and DCL formulations. It was reported that
camphor, bearing a carbonyl group, interacts with the polar head group of phospholipids constituting
stratum corneum lipid bilayer, leading to an increase in membrane fluidity and permeability (Cui et al.,
2011). Furthermore, in our previous study, we investigated that the incorporation in liposomes was more
efficient for the essential oil components exhibiting low aqueous solubility (Hammoud et al. 2019a);
thus, the moderate incorporation in liposomes may be due to the high aqueous solubility of camphor
compared to other essential oil components. On the other hand, it is noteworthy that the retention of EO
components into DCLs strongly depends on the stability of the inclusion complexes. It might be that the
interaction of camphor with CD is not strong enough to inhibit the release of camphor. In general, the
main forces involved in the inclusion complex formation are weak non-ionic interactions, such as van
der Waal forces, hydrophobic bonding and hydrogen bonding between the CD's cavity and drug
molecules. CD inclusion complex formation is a dynamic equilibrium process, whereby the drug

molecules continuously associate and dissociate from the CD cavity. Molecular modeling studies
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showed that camphor fits in the edge of the wider rim of HP-B-CD, leading to its easier release from the
cavity of HP-B-CD compared to other CD types (Celebioglu et al., 2018). In addition, the stability
constant values reported in literature for HP-B-CD/camphor inclusion complex were 1280 M (Ciobanu
et al., 2013) and 1530 M (Tanaka et al., 1996). The affinity of camphor for CD could also explain the
IR values of phospholipid and Chol into camphor-DCLs and blank-DCLs. We noticed in Table 3 that
the incorporation of camphor into CD cavity did not limit the effect of CD on Phospholipon 90H- and
Lipoid S100 liposome membrane. Hence, it is possible that, during the preparation or storage of DCLs,
lipid components, especially Chol, may enter the CD cavity and replace camphor (Chen et al., 2014). As
drug molecule leaks out of CD cavity, CDs become empty, thereby able to extract lipid components

from liposome membrane (Piel et al., 2006).

Based on the characteristics of CLs and DCLs, it is obvious that the best system for camphor

encapsulation is the DCL system prepared using Lipoid S100.
3.2.3. Storage stability

The stability of the various formulations was examined after 3 months of storage at 4 °C. The mean size
of all batches was maintained after storage except for camphor-CLs where an increase in the particle
size was observed (Table 2). In addition, the total camphor concentration in the liposome suspensions
was determined after 3 months by HPLC, and the values were compared to those obtained on the day of
preparation. The results showed that all formulations effectively retained camphor after storage: the
percentage of remaining camphor was 90.1 £ 0.2%, 93.2 = 3.4%, 83.8 + 6.3%, and 90.2 + 3.1% for
Phospholipon 90H CLs, phospholipon 90H DCLs, Lipoid S100 CLs, and Lipoid S100 DCLs,

respectively.
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Conclusion

In the present study, the encapsulation of the bio-insecticide, camphor, into CLs and DCLs was studied
using hydrogenated (Phospholipon 90H) or non-hydrogenated (Lipoid S100) phospholipids and Chol.
The size, the IR of phospholipids and Chol, the EE and LR of camphor, and the storage stability of the
different formulations were characterized. Lipoid S100 DCLs displayed the highest LR of camphor
(54.9 + 2.5%) compared to Phospholipon 90H CLs, Phospholipon 90H DCLs and Lipoid S100 CLs.
Additionally, the various CL and DCL batches were stable after 3 months of storage at 4 °C. Finally, it
would be valuable to study the insecticidal effect of camphor-CLs and camphor-DCLs for their

application in agriculture and food products.
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Discussion and Perspectives



Discussion

EOs possess antibacterial, antifungal and antiviral properties and have been investigated as a potential
source of novel antimicrobial compounds, alternatives to hazardous chemical pesticides and agents
promoting food preservation (Astani et al., 2010; Mossa, 2016; Pandey et al., 2017; Solérzano-Santos
and Miranda-Novales, 2012). However, as previously discussed in this manuscript, it is important to
encapsulate EOs in order to extend their shelf life and activities. Nanoparticles were extensively
proposed for drug delivery where they allowed targeted delivery and controlled release of the drug
(Rizvi and Saleh, 2018). Liposomes and DCLs were used in our studies as carriers for several EO
components. Here, the ethanol injection method was applied for the preparation of liposomes. This
method is simple, a one step process, inexpensive and rapid. Also, it avoids the use of harmful solvents
as well as strong forces that may disrupt the liposomes and the entrapped molecules (Justo and Moraes,
2010). The liposome preparation parameters (PL concentration, CHOL concentration, stirring rate,
organic phase/aqueous volume ratio, and the rate of the ethanol phase injection) were previously
optimized (Sebaaly et al., 2016). In combination with CHOL, the unsaturated PL, Lipoid S100, was
selected in our studies for vesicle preparation. This lipid proved a higher encapsulation of the EO
component, eugenol, into liposomes compared to the saturated PLs like Phospholipon 90H and
Phospholipon 80 (Sebaaly et al., 2016). Phospholipon 90H was used in this work to prepare some
liposome formulations since it was previously demonstrated that liposomes composed of saturated PLs
present a higher stability during storage for several months at 4°C and a better stability during freeze-

drying compared to liposomes composed of unsaturated PLs (Sebaaly et al., 2016).

During my thesis, the first study was to characterize the encapsulation of the MTs: EUC, PUL, TER and
THY, and the PPs, EST and ISOEUG, into CLs and DCLs composed of Lipoid S100 and CHOL. Then,

the MTs a-PIN and CAM were encapsulated in CLs and DCLs using Phospholipon 90H or Lipoid S100
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in combination with CHOL. Alpha-PIN and CAM were chosen in the latter study due to their interesting

insecticidal properties. Although several studies investigated the encapsulation of EO components into

CLs and DCLs, there is no available data on the effect of the physicochemical parameters of a drug on

CL and DCL characteristics. For that, the effect of the chemical structure, aqueous solubility, log P, and

Hc on the encapsulation and the release of EO components from CLs and DCLs was investigated. The

structure, log P, and aqueous solubility values of the selected drugs are presented in Table 1. It is worthy

to note that the He values of the selected drugs, except those of a-PIN and CAM, are for the first time

experimentally determined at 30 and 60 °C, and the results are reported in Table 1. The experimental Hc

values determined at 30 °C are in good agreement with the predicted Hc values found in the literature

(Pubchem). The EE and the LR values of the chosen EO components into CLs and DCLs were

calculated, and the values are represented in Table 1.

Table 1: The structure, log P, aqueous solubility, and Hc of the selected EO components, and their EE and LR
values into CLs and DCLs.

EO Structure Aqueous LogP | Hc CLs DCLs
component solubility 30°C | 60°C | EE (%) LR (%) EE (%) LR (%)
(mg/L)

Alpha- 2.5 4.83 - - 100.0£0.0 | 229+22 | 100.0=0.0 | 0.6 +0.02

pinene

Camphor 1600 2.38 - - 66.2+55 |47+£03 |684+£1.0 |549+25

éﬁ o]

Estragole 0 178 34 0.03 [0.07 [909+0.74 | 1.1£0.3 |89.7+3.8 |109+3.1
/\/©/

Eucalyptol \(@/ 3500 2.74 0.01 |{0.05 | 61.9+7.05| 49 £0.1 | 494+84 | 2.18+0.3

Isoeugenol OH 665 2.6 0.005 | 0.008 | 96.4+3.25 | 199+2.2 | 88.7+09 | 13.0£1.0
/\/(Io/
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Pulegone 0 276 3.08 [0.005]0.009 905032 | 2903 | 61867 | 933+1.1
,55/*

Terpineol /@ko” 7100 298 [ 0.001 | 0.003 | 73.7+4.13 | 18.7+0.6 | 253+1.8 | 133+1.6

Thymol OH 900 33 0.003 | 0.009 | 79.1+3.86 | 205+1.9 | 49.5+4.0 |23.1+1.0

The aqueous solubility and log P values are from Pubchem

1. The characteristics of CLs

1.1. The influence of EO components on liposome particle size

In general, blank liposomes composed of Phospholipon 90H or Lipoid S100 in combination with CHOL
represented two distinct populations: a nanometric sized population and a micrometric sized population.
The nanometric population was the major population for blank phospholipon 90H particles while the
micrometric population was the major population for Lipoid S100 particles. Larger vesicles were
obtained in comparison to the literature and this could be related to the different methods used for size
characterization. Here, the size characterization was done using the laser granulometry technique which
enables measuring particle sizes between 0.01 and 3000 um. However, most studies in literature used
dynamic light scattering for size characterization where the detection could be limited to submicron size

range populations (Storti and Balsamo, 2010).

The effects of EO components on the particle size of Lipoid S100 liposomes were evaluated. CAM,
EUC and PUL did not influence the size distribution of Lipoid S100 liposomes. However, the EO
components: o-PIN, EST, ISOEUG, TER and THY boosted the formation of larger vesicles in
comparison to blank Lipoid S100 liposomes. Based on these results, we can propose that the degree of

drug incorporation into liposomes control their effect on particle size where drugs with high LR into
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liposomes showed a greater effect on particle size distribution. The accumulation of lipophilic drugs in
the hydrophobic part of the membrane may affect the interactions between the acyl chains of PLs and
induces swelling of the membrane, leading to the formation of larger vesicles (Sikkema et al., 1995).
Moreover, giant particles could be clusters or aggregates of smaller particles (Domazou and Luigi Luisi,
2002). It is noteworthy to mention that many other EO components induce an increase in liposome
particle size like eugenol (Sebaaly et al., 2015) and nerolidol (Azzi et al.,, 2018). Here, the
morphological characterization using scanning electron microscope was performed confirming the broad
size distribution of Lipoid S100 formulations (drug-loaded-, CD-loaded-, and CD/drug inclusion
complex-loaded liposomes). The results proved that aggregation/fusion of batches during preparation or

storage cannot be excluded.

1.2. The influence of EO components on the membrane composition of liposomes

The selected EO components exert different effects on the membrane composition of Lipoid S100
liposomes. Alpha-PIN, ISOEUG, PUL and THY significantly reduced PL retention while the other EO
components did not greatly influence the loading of PLs into vesicles. It might be that the degree of
encapsulation of EOs in liposomes modulates the extent of interaction of EOs with membrane
phospholipids where a decrease in the PL IR was demonstrated for liposomes exhibiting a high LR of
drugs, except for PUL. The interaction of the studied EO components (except CAM) with DPPC
liposome membranes was previously studied (Cristani et al., 2007; Gharib et al., 2018a, 2017b;
Rodriguez et al., 2018). It was proved that the selected components interact with the polar head groups
and the hydrophobic acyl chains of PLs, producing a membrane fluidizing effect. Moreover, it was
demonstrated that the EO components, except EUC, act as substitution impurities, taking place of lipid

molecules, while EUC acts as an interstitial impurity and intercalates in the bilayer.
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On the other hand, the incorporation of EUC, ISOEUG, PUL and THY reduced CHOL entrapment into
liposomes. The other EO components did not modify the CHOL content of vesicles. Fang et al., (2001)
reported that certain lipid soluble drugs compete with CHOL molecules for the hydrophobic space in the

liposomal membrane.

1.3.The factors influencing the incorporation of EO components into CLs

The entrapment of drugs into liposomes, generally evaluated by their EE and LR values, depends on the
studied EO components. The EE values into CLs were higher for EO components exhibiting lower
aqueous solubility (a-PIN, EST, ISOEUG and PUL) compared to those exhibiting higher aqueous
solubility values (CAM, EUC, TER and THY). Moreover, it was investigated that manifesting a high He
value could be a factor that reduces the liposomal incorporation of EO components. In addition, bearing
a hydroxyl group in the chemical structure of EO components (ISOEUG, TER and THY) seems to
enhance their incorporation into CLs, as evidenced by their LR values. This was probably due to the
interaction of hydroxyl groups of drugs with the membrane components of liposomes (PLs, CHOL)
(Cristani et al., 2007). The non-hydroxylated EO component a-PIN presents a high LR value into CLs,
and this was attributed to the high affinity of a-PIN for lipid membranes due to its high hydrophobicity
and chemical structure that does not contain polar groups (Rodriguez et al., 2018). Besides, it is worthy
to mention that all these factors modulate the retention of CAM in Lipoid S100-CLs which was

characterized in a separate study during my thesis.

1.4.The factors influencing the release of EO components from CLs

The release of the studied EO components (a-PIN and CAM were not included due to unfavorable
circumstances in the last year of my thesis) in free form or when encapsulated into CLs was studied

using multiple headspace extraction, and the parameters that influence their release were estimated. In
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their free form, EO components presented different release rates; the Hc value of EO component was
shown to control its release as revealed by plotting the release percentage as a function of Hc value.
However, Hc did not influence the release of components from liposomes. Liposomes efficiently
retained EO components, thereby reducing their volatility. The factors that affect the release rate of EO
components from CLs are the size of liposomal batches (slower release for liposomes of larger size), IR
of CHOL into liposomes (the slow release of pulegone was ascribed to the low CHOL content of
pulegone-loaded vesicles), LR of EO components (slower release for components possessing a high LR
into liposomes), and the location of components within the lipid bilayer (the deep insertion of

components in lipid bilayers caused their slower release from liposomes).

2. The effect of CDs on particle size and membrane composition of liposomes

For the first time in literature, the effect of HP-B-CD on liposome size and liposome membrane
composition (PL and CHOL IR values) was investigated using various HP-B-CD concentrations (25, 50,
75 mM). Table 2 presents the size and membrane composition of blank- and HP--CD-loaded liposomes

(blank DCLs) prepared with Phospholipon 90H or Lipoid S100 in combination with CHOL.
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Table 2: The size distribution and membrane composition of blank and HP-B-CD-loaded liposomes prepared with

Phospholipon 90H or Lipoid S100 in combination with cholesterol.

Size distribution Membrane composition
sample Population 1 population 2 population 3 IR of PL IR of
: : : (%) | CHOL
% Mean size % Mean size o Mean size (%)
(nm) (um) (nm)
Phospholipon 90H: CHOL formulations
Blank liposome 932+38 | 150+0.0 | 6.8+£3.8 | 6.1%1.1 - - 88.1+4.6 | 77.8+2.6
Blank DCL 551+45 | 131+0.0 | 17.6+45 | 49+04 | 273+£87 | 82.7+11.6 | 514+7.1 | 648+4.4
(HP-B-CD 50 mM)
Blank DCL 723+7.3 | 140+£109 | 27.7+73 | 6.1£0.8 - - 66.5+39 | 41.1+1.3
(HP-B-CD 75 mM)
Lipoid S100: CHOL formulations
Blank liposome 17.2+0.9 | 169£16.6 | 82.8+09 | 6.5+0.3 - - 944+3.1 | 76.5+2.6
Blank DCL - - 755+64 | 12.1£09 | 245+64 | 63.2+£6.1 | 82.7+0.7 | 773+ 1.0
(HP-B-CD 25 mM)
Blank DCL - - 100£0.0 | 16.2£1.5 - - 85.5+25 | 752448
(HP-B-CD 50 mM)
Blank DCL - - 67.5+49 | 7.7+£0.1 | 325+49 | 780+14.9 | 82.1+2.5 | 75.6+3.2
(HP-B-CD 75 mM)

Note: The values presented in this table consider the results of all studies; the values are expressed as
mean values of all results + SD.

As explained above, two populations of nanometric and micrometric sizes were obtained with blank
Lipoid S100 and Phospholipon 90H liposomes (Table 2). The addition of HP-B-CD (25, 50 and 75 mM)
to Lipoid S100:CHOL liposomes promoted the formation of larger vesicles. HP-B-CD interacts with the
acyl chains of Lipoid S100 constituting liposome membrane; the packing of the acyl chains is reduced,
and this leads to membrane swelling and particle size enlargement (Gharib et al., 2018b). Similarly, the
addition of HP-B-CD (50 and 75 mM) to Phospholipon 90H:CHOL liposomes reduced the percentage of
nanometric population, and accordingly boosted the production of larger micrometric vesicles. In
comparison to blank liposomes, the aggregation of smaller particles into large vesicles could explain the
appearance of giant particles in Phospholipon 90H:CHOL and Lipoid S100:CHOL liposomes carrying

HP-B-CD. The presence of surface charge prevents aggregation due to electrostatic repulsion, and the
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more neutral net charge results in the formation of aggregates (Wiacek and Chibowski, 1999). The
magnitude of zeta potential, which is a parameter that characterizes the particles surface charge, was
previously determined for blank Phospholipon 90H and Lipoid S100 liposomes (Gharib et al., 2017a).
The authors demonstrated that both types of formulations present a negative surface charge, resulting
from the phosphatidylcholine head group orientation at the surface of vesicles, with the phosphate group
located above the choline group plane. Besides, HP-B-CD decreased the zeta potential value (surface
charge) of Phospholipon 90H liposomes; CDs may produce changes in phosphatidylcholine head group
orientation at the surface of vesicles, allowing exposure of positively charged choline to the surface

(Gharib et al., 2017a).

At all the tested CD concentrations, HP-B-CD reduced the incorporation of PLs into Phospholipon 90H
and Lipoid S100 liposome membrane compared to blank liposomes. This finding was explained by the
ability of CDs to extract lipid components from lipid membranes (Denz et al., 2016; Ohtani et al., 1989).
Moreover, in comparison to the blank batches, HP-B-CD lowered CHOL entrapment in Phospholipon
90H liposomes while it didn’t markedly influence the retention of CHOL in Lipoid S100 lipid vesicles.
Hence, HP-B-CD may extract CHOL molecules from Phospholipon 90H:CHOL liposome membrane
while no effect was exerted on Lipoid S100 membranes. Literature studies demonstrated that CD-
mediated CHOL extraction occurs through CHOL desorption from the surface directly into CD
hydrophobic core (Yancey et al., 1996). Also, it was investigated that in saturated bilayers, CHOL is
found in traditional “upright” positions with the hydroxyl group oriented towards lipid head-groups,
while in unsaturated bilayers, CHOL is relatively often found in a “flipped” configuration with the
hydroxyl group oriented towards the membrane middle plane (Ermilova and Lyubartsev, 2019; Harroun
et al., 2006). The different orientation of CHOL may explain the variability of the effect of CD on both

membranes.
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To conclude, HP-B-CD interacts with liposome membrane, and the formation of HP-B-CD/PL and HP-§3-
CD/CHOL inclusion complexes cannot be excluded. However, as noticed in Table 2, the effect of HP-3-

CD on liposome membranes is not concentration dependent in the studied CD concentration range.

3. Characteristics of DCLs

3.1.The effect of inclusion complex on the particle size and the membrane composition of liposomes

Previous studies investigated the formation of inclusion complexes between HP-B-CD and the selected
EO components where the formation constant (Ky) values were determined (Table 3). Here, the
concentration of EO components solubilized in the presence of different HP-B-CD concentrations (0—
100 mM) was studied. The optimal CD concentration allowing efficient solubilization of drugs was
determined (Table 3). During DCL preparation, the HP-B-CD/EQO inclusion complex was prepared using

the optimal HP-B-CD concentration.

Table 3: The CD concentration used in the preparation of the inclusion complexes, the K; of the various inclusion
complexes, and the effect of inclusion complexes on the Lipoid S100 liposome size and the membrane

composition.
Inclusion ke (M) Used CD Effect on size distribution Effect on Effect on
complex concentration PL IR CHOL IR
(mM)
a-pinene 1637%; 2000 75 Abolished the formation of large vesicles | No effect No effect
Camphor 1280°%, 1530° 50 No significant effect No effect | No effect
Estragole 1581¢ 75 Boosted the formation of large vesicles Reduced Reduced
Eucalyptol 334% 1200 1112° | 25 Boosted the formation of large vesicles No effect Reduced
Isoeugenol 4417 25 Abolished the formation of large vesicles | No effect Reduced
Pulegone 676"; 867°,798" 25 Abolished formation of large vesicles Reduced Reduced
Terpineol 761° 25 Boosted formation of large vesicles No effect No effect
Thymol 806%; 1400”1313 | 75 Abolished formation of large vesicles No effect Reduced

a: (Ciobanu et al., 2013); b: (Kfoury et al., 2014);c : (Tanaka et al., 1996) ; d: (Kfoury et al., 2016)
Note: The effect of inclusion complex is based on comparison of size and membrane composition of Lipoid
S100:CHOL drug-loaded DCLs with the respective blank DCLs.

In comparison to blank DCLs, the effect of the inclusion complexes on Lipoid S100-liposome particle

size and membrane composition was examined. These effects are summarized in Table 3. Briefly, most
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of inclusion complexes lowered the incorporation of PLs or CHOL into liposomes compared to blank
DCLs. Hence, we suppose that the inclusion complexes may be dissociated during DCL preparation,
leading to the liberation of the EO component from HP-B-CD core. CD inclusion complex formation is a
dynamic equilibrium process, whereby the drug molecules continuously associate and dissociate from
CD cavity. As drug molecules leak out of CD cavity, CDs become empty, thereby able to extract lipid
components from liposome membranes (Piel et al., 2006). Also, some of the EO components, when
released from the CD cavity, may interact with the liposome lipid bilayer, thereby minimizing the
incorporation of PL or CHOL into the vesicles. The probability of drug release from CD cavity depends
mainly on the strength of CD-guest interaction and on the stability of the inclusion complex, determined
by its K¢ value. The strength of interaction depends on the polarity and the geometric accommodation

between CD cavity and guest (Marques, 2010).

3.2.The factors affecting the incorporation of EO components into DCLs

Variable factors control the loading of EO components into DCLs. If we suppose that the hydrophobic
compartments of DCLs (CD core and liposome membrane) retain the hydrophobic EO components, the
parameters that modulate EO entrapment into DCL vesicles are those related to CD-EO component
interaction and lipid membrane-EO component interaction. First, it was found that the EE of PPs into
DCLs was higher than that of MTs, except for a-PIN. This was associated with the greater increase in
the liposome membrane fluidity and disorder demonstrated in the presence of PPs compared to MTs
(Gharib et al., 2018a, 2017b). Also, it might be that the allyl chain of PPs remains outside the cavity of
HP-B-CD and interacts with the hydroxypropyl moieties present on CD ring. This leads to an increase in
the stability of HP-B-CD/PP inclusion complex compared to HP-B-CD/MT inclusion complex (Jug et al.,
2010). Additionally, a negative relationship was found between the EE of EO components into DCLs (o-

PIN is not included) and the CHOL content of formulations. CHOL molecules accommodate within the
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free space that was formed due to the kink in the chain of unsaturated lipids, causing a decrease in the
flexibility of the surrounding lipid chains (Monteiro et al., 2014); therefore, the loading of the inclusion
complexes into liposomal aqueous phase is lowered. It should be mentioned that the EE of CAM fits in
the relationship demonstrated between EE and CHOL content of DCLs. However, a-PIN exhibited a
high EE into DCLs that does not fit in the relationship. It would be that the interaction of a-PIN with CD
and lipid bilayer is strong enough to inhibit its release to the outer extracellular medium of DCL. As
explained before, a-PIN has a high affinity for lipid membranes. Also, the strong interaction between a-
PIN and CD may be attributed to the higher hydrophobicity (higher log P value) of a-PIN compared to
the other selected EO components (Kfoury et al., 2014). Hence, the high hydrophobicity of a-PIN could
explain the peculiar characteristics of a-PIN-loaded DCLs when compared to DCLs carrying the other

EO components.

In this work, a linear increase in the LR of MTs into DCLs was observed with the increases in log P
value of compounds. This was ascribed to the strong positive correlation between log P of MTs and the
K¢ value of HP-B-CD/MT inclusion complex (Kfoury et al., 2014). The HP-B-CD/MT inclusion complex
with a greater K¢ value (complex entrapping MT with greater log P) presented an improved retention of
MT into HP-B-CD cavity; thus, the loading of MT into DCL would further increase. Nevertheless, this
relationship was not maintained when dealing with a-PIN and CAM. Namely, a-PIN that possesses a
high logP value demonstrated a low LR into DCLs and CAM that exhibits a low logP value
demonstrated a high LR into DCLs. A few studies investigated the effect of co-solvents, including
ethanol, on the formation of inclusion complexes between CD and various guest molecules. And the
literature data regarding the effect of co-solvents and CDs on the solubility improvement of a drug are
controversial. Some studies proved that the presence of a co-solvent facilitates the complex formation by

dissolving the guest before entering the CD cavity. In addition, the co-solvent could dissolve the excess
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guest molecules which are not incorporated into the CDs cavity (Charumanee et al., 2016). However, a
destabilizing effect on CDs complexation, caused by co-solvents, has also been reported; cosolvents
induced a decrease in complexation efficiency and Ky of inclusion complexes (Nakhle et al., 2020). In
this case, two mechanisms have been discussed: First, at a certain concentration of the cosolvent, the
environment became more hydrophobic and the guests tend to dissolve in the surrounding medium
rather than entering the CD cavity. This hampered the driving forces of the complex formation (Loftsson
and Brewster, 2012). Secondly, the co-solvent can compete with a drug molecule to occupy the space in
the CDs cavity (Boonyarattanakalin, 2015). Namely, adding co-solvents, like ethanol, to complexing
media (CD and guest) can help the formation of drug-CD-cosolvent ternary complex or can be harmful
to the formation of CD/drug binary complex. The effectiveness of CD in solvent/water mixtures
depended on several factors like the type of CD, the guest structure and the characteristics of the
medium (solvent type and percentage, hydrophobicity, etc.) (Charumanee et al., 2016; Li et al., 2009;
Nakhle et al., 2020). As shown in Table 1, a-PIN exhibits a very low aqueous solubility value compared
to the other EO components which means that the interaction between a-PIN and ethanol is stronger
than the interaction between the other selected EO components and ethanol; the existence of ethanol
may lead to the dissociation of HP-B-CD/ a-PIN inclusion complex rather than the formation of a-PIN —
HP-B-CD-ethanol ternary complex. Therefore, it could be suitable to analyze the stability of inclusion
complex in the presence of ethanol. On the other hand, to our knowledge, the literature lacks noticeable
data on the interaction of camphor with lipid membranes. For that, the factors that induced its high
loading into DCLs cannot be estimated from literature data. However, it might be that one of the major
interactions responsible for retaining CAM into DCLs is a strong hydrogen bonding between carbonyl
group of CAM (hydrogen bond acceptor group) and any hydrogen bond donor group in lipid membranes

(such as CHOL hydroxyl group, NH'3 group of phosphatiylethanolamine head group, etc.) or in HP-B-
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CD. As HP-B-CD contains 25- and 39- hydrogen bond donor and acceptor groups, respectively
(Saokham et al., 2018), the formation of hydrogen bonds between the carbonyl group of CAM and CD
would also take place. Moreover, it may be that adding ethanol to complexing media (HP-B-CD and
CAM) induced forming CAM-HP-B-CD—ethanol ternary complex rather than distabilizing HP-f-
CD/CAM inclusion complex (CAM interaction with ethanol is weaker compared to the other EO

components).

3.3. The factors affecting the release of EO components from DCLs

The release of the EO components from CD/drug inclusion complex and from DCL was analyzed
investigating the factors that influence this release. Hc was demonstrated as a key factor controlling the
release of EO components from HP-B-CD/EO component inclusion complex. The release of components
from DCLs was not affected by their Hc; thus the release mechanism of EO components from DCLs is
more complex in comparison to HP-B-CD as additional parameters modulate their release from DCLs.
The EE of EO components was shown to influence their release from the DCL vesicles, in accordance
with Piel et al. (2006) who demonstrated a direct correlation between the EE of betamethasone into
DCLs and their release rate from vesicles using different CD types (HP-B-CD, randomly methylated (-

CD, partially methylated crystallized-B-CD, HP-y-CD) and CD concentrations (10, 40 mM).

As a conclusion, liposomes and DCLs could be useful for the encapsulation of EO components,
extending their various applications. The results obtained in this work may allow estimating the
capability of lipoid S100-CLs and DCLs to entrap an EO component based on its physiochemical
properties. Furthermore, the developed formulations may be suitable for preventing microbial spoilage

of various food, cosmetics and pharmaceutical products during storage.

4. CLs versus DCLs
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In my thesis, we demonstrated that DCLs significantly improved the LR of CAM, EST, PUL, and THY
compared to CLs. Literature studies showed that the incorporation of several hydrophobic drugs
including trans-anethole, which is an isomer of EST (Gharib et al., 2017a), and betamethasone (Piel et
al., 2006) into liposomes in the form of CD/drug inclusion complex resulted in an improvement of drug
encapsulation compared to CLs. DCLs did not ameliorate the LR of a-PIN, EUC, ISOEUG, and TER, in
accordance with Wang et al., (2016) who proved, using the same lipid composition and CD type used

here, that CL caused better encapsulation for risperidone than DCL.

The storage stability of the various CL and DCL formulations was evaluated: after 10 months of storage
at 4 °C for EST, EUC, ISOEUG, PUL, TER and THY; after 3 months of storage for a-PIN and CAM. In
general, most of the prepared CLs and DCLs were stable after storage where the retention of EO
components in the various formulations is satisfactory, and the DCL carrier system was more effective

in reducing EO component release with respect to CL.

The characteristics (size, PL IR, CHOL IR, drug EE, drug LR, and storage stability) of a-PIN- and
CAM-loaded CLs and DCLs were analyzed using Lipoid S100 and Phospholipon 90H in combination
with CHOL. It was found that Lipoid S100-CL was the best encapsulating system for a-PIN compared
to the other formulations. Lipoid S100-DCL was the best system for CAM encapsulation. The
encapsulation of the insecticidal agent EUC into Phospholipon 90H:CHOL-liposomes and DCLs was
previously characterized before and after freeze-drying. These results revealed that freeze-dried DCL
presented better retention of EUC compared to CLs (Gharib et al., 2020). The best encapsulation system

for a-PIN, CAM and EUC could be later selected for its potential use in agriculture and food products.
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Perspectives

Future studies could be conducted to test the effectiveness of CLs and DCLs loading EUC, a-PIN- and
CAM as well as the free EOs on different species of pests, namely: Ectomyelois ceratoniae, Ephestia
kuehniella, Tribolium castaneum and Carpophilus hemipterus which are considered among the most
destructive species of dates and other stored food. To increase their shelf life, it is necessary to freeze-
dry the CL and DCL formulations containing a-PIN- and CAM before their applications, and the
stability of the formulations during freeze drying should be assessed. Additionally, the stability of the
various CD/drug inclusion complexes in the presence of ethanol could be analyzed for determining the
factors (drug structure and physicochemical properties) that influence the stability of CD/drug inclusion
complex in ethanol/water mixtures. In light of the results obtained in this work, fluorescent CDs could
be used to track the location (aqueous phase or membrane) of CDs and CD/drug inclusion complexes in
liposomes. Moreover, by conjugating a fluorescent dye to an EO component, the forms and the locations
of the drug in DCL vesicles (inside or outside the particles, as free drug in membrane or aqueous phase,
as inclusion complex in membrane or aqueous phase) could be monitored to get solid evidence on DCL

structure and properties.
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