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Abstract

Abstract

In this project, thenanoformulatiorof plant extractsn phosphtipid vesicles was performe improve
phytochemicalg applicability in potential skin products. In recent years, the scientific community and
pharmaceutical and cosmetic industries gave much attention todeldwved products with active
ingredients. The antioxidant, antibacterial, wound healing,-agpiing, sun protection, and anti
inflammatory activities are some tifeir properties highlighted faopical application. Despite this, plant
compounds present some drawbacks related to their poor solubility, instability, reduced skin permeation,
and low skinretention time, which strongly restrict their topical application. Nanotechnology emerges as
an innovative strategy to tackle these limitations: by manipulating materials and reducing their size at the
nanometer scal new structures able tocorporatedifferent active molecules aproduced Nanocarrier

based delivery preserves biomolecules from degradation and increases their bioavailability, at the same
time.

In this project, the plant material was obtained through alcoholic extradifatifferent parts of some
common plants. Theincorporationin phospholipid vesicles was carried duyt a simple sonication of
extracts anghosphtipids in dispersant solutits. To verify thathe nanéormulations had optimal features

for skin delivery, a deep characterization was performed, in terms of size, surface charge, sample
homogeneityshape, dgreeof lamellarity, and entrapment efficiency of the main compounds clesistic

of each extract. Their biocompatibility was assayed with diffeskintcell lines as well as their antioxidant
potential. Our results suggest that phospholipid vesicles incorporating plant extracts could be good

candidates for topical delivery



Riassunto

Riassunto

In questo progetto, &ata eseguita la formulaziodealcuni estratti vegetali in vescicdlesfdipidiche per
migliorame l'applicabilita per potenziali applicazioni sulla pelle. Negli ultimi anni la comunita scientifica

e le industrie farmaceiche e cosmetiche hanno prestato molta attenzione ai prodotti di origine vegetale
contenentimolecole biattive. Le attivita antiossidanti, antibatteriche, cicatrizzanti,-at#ti di protezione

solare e antinflammatorie sono solo alcune delle loro @m@pevidenziate per l'applicazione topica.
Nonostante ci0, i composti vegetali presentano alcuni inconvenienti legati alla loro scarsa solubilita,
instabilita, ridotta permeazione cutanea e basso tempo di ritenzione cutanea, che ne limitano fortemente
I'applicazione topica. & nanotecnologi emergno come una strategia innovativa per affrontare questi
limiti: manipolando i materiali e riducendone le dimensioni su scala nanometrica, ves\gluppate

nuove strutture in grado dincorporaremolecole attivecon diverse caratteristiche chimifisiche I

delivery mediato daanocarriepreserva le biomolecole dalla degradazione e allo stesso tempo aumenta la
loro biodisponibilita.

In questo progetto, il materiale vegetale é stato ottenuto attraverso estrazioni alcoliche effettuate da diverse
parti di alcune piante comuti.incorporazionén vescicole fosfolipidiche & stffettuatcon la semplice
sonicazione di estratti ®sfdlipidi in soluzioni disperdentacquose Per verificare che le formulazioni
avessero caratteristiche ottimali per il rilascio cutaneo, € stata eseguita un'approfondita caratterizzazione,
in termini di dimensione, carica superficiaimogeneitadel campioneforma, grado di lamellarita ed
efficienza di incorporazione dei principali composti caratteristici di ciascun estratto. La loro
biocompatibilita & stata analizzatadiverse linee cellulari, cosi come il loro potenziale antiossidante. |

nostri risultatisuggeriscono che le vescicole fosfolipidiche che incorporano estratti vegetali potrebbero

essere buoni candidati per la somministrazione topica.



Introduction

1.Nanocarriers

Nanotechnology ishe science focused on the manipulation and reduction of materials to the nanometer
scale conferringhemimproved or new propertieshich enable the regulation wéried aspects. It is an

active research area with applications in different fighdsticulaly, the health sector benefited from the
innovative approach to drug deliveryte manipulation of the nanoscale materials allows optimal targeting
and delivery as well as the controllable release of drugs. Taking advantdgenahoesized structures,
nanocarriers help poorly soluble molecules to become more bioavailable and protect them from
degradation.The modifiable surfaces of nanocarrieextend their usability in different biomedical
applications, especially in targeted theragmeir modificationnot only stabilizes but also functionalizes

them to be responsive to different stinjdl.

A variety of nanocarriers was de v salistypifferenttlioicali mpr o
needs One of the main classes of nanocarriers, the liposomes, is described below. Discovered in 1965 by
Bangham et a[2], liposomes have been extensively studied over time. In 1995, thevapbpy the Food

and Drug Administrations of Doxil as the first liposomal drug paved the way for the clinical translation of
nanocarriers that now have found an application in the treatment of patients suffering from cardiovascular
andneurodegenerative shase, diabetes, cancer, and many inflammation dis¢Bilé.

Liposomes have attractive biological properties, including biocompatibility, biodegradability, low toxicity,
small size, and different cargo transportability, that increase dpelication area from drug and gene

delivery tothediagnosticsector, andcosmetics, food, and chemical industifies 13].

1.1.Liposomes
Liposomes are spherieahaped vesicles consisting of phospholipid bilayers enclosing an aqueous
space, able to entrap both lipophilic and hydrophilic compounds, in the lipid membrane and aqueous
core, respectively (Fig. 1)Generally, liposome compositiomcludes natural and/or synthetic
phospholipids such as phosphatidylethanolamine, phosphatidylglycerol, phosphatidylcholine,
phosphatidylserine, and phosphatidylinositol, which are also physiological lipids of cell membranes, so

they are relatively biocopatible, biodegradable, and ronmunogenic materiglL1].
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In an aqueous environment, phospholipids have a strong ability to form stable bilayers due to their
amphipathic characteand their threedimensional cylindelike shape [14]. The spontaneous
phospholipid reorganization in bilayers is mainly driven by the hydrophobic effect, which organizes
these amphiphilic molecules sas to minimize entropicallyunfavourableinteractions between
hydrophobic acyl chains and surrounding agisemedium. Beyond hydrophilic interactions between

polar head groups, various intermolecular forces such as van der Waals forces between hydrocarbon
chains, as well as hydrogen bonding with water molecules, and other electrostatic interactions, further

setle this effec{11,15].

Phospholipid bilayer

PP JQ 9?00—. Hydrophilic head

{ {1 )| — Hydrophobic tail
IQIgIRIgInIg]
5666666

Hydrophilic molecules

[ Hydrophobic molecules

== Amphiphilic molecules

Figure 1. Representation of the general structure of liposomes. AdaptedSuimmaraes et al. 202[1L5].

In an aqueougnedium phospholipids can be arranged in single or multg@acentric lipid bilayers
(lamelle) to form enclosed vesicles. Based on their lamellarity, liposomes can be classified as
unilamellar vesicles (ULVs, all size range), multilamellar vesicles (MLVs, >500 nm), and multivesicular
vesiclefMVV s, >1000 nm); tk ULVs can also be classified according to their size as small unilamellar
vesicles (SUVs, 2000 nm), large unilamellar vesicles (LUVs, >100 nm), and giant unilamellar vesicles

(GUVs, >1000 nm) (Fig. 2L5].
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Suv Luv MLV Mw

Figure 2. Liposomal classification based on lamellarity and size. SUV (Small Unilamellar Vesicles), LUV (Large
UnilamellarVesicles), MLV (Multilamellar Vesicles), and MVV (Multi Vesicular Vesicles)ptéddrom Guimaraes et al.

2021[15].

Generally, according to composition, three different generations of liposomes were descriliest The
generationincludes liposomes made only of phospholipiasd possiblycholesterol to stabilize the
structure. To improve some drawbacks that sometimes occur, like low loading efficiency, leakage of
cargo, and rapid clearance of liposomes by the mononuclear phagocyte system or reticuloendothelial
system, liposomasurface moification led to the formation okecondgenerationliposomes. The
structural engineering is performed by coating the liposome surface with natural biological materials
such as oligosaccharides, glycoproteins, polysaccharides, and/or synthetic polyesersntiineered

|l i posomes can evade t he uptakd pydhe relicuoendothelialsysterhis m a
minimized; the adding of polyethylene glycol (PEG) to liposomes surface (PEGylation) is an ordinary
surface modificatiol]. Binding specific molecules or functional materials like antibodies and low
molecular probet the liposomes led to the developmenthifd-generatonliposomes. These can also

be coupled to trigger systems that can be functionalized with physicochemical alterations in the

microenvironment like heat, ultrasound, light, enzymes, oflf3H

1.1.1Liposomes preparation
Several methods aravailable for the preparation of liposomes, each with its advantages and
disadvantages. Almost all the techniques for liposome preparation involve the dissolution of
phospholipids in an organic solvent that is later remdiécdl7] The classical ways of liposome
manufacturing are described below.
The thin film hydrationtechnique or Bangham method was the first used for liposome production.
Phospholipids are dissolved in an organic solvent (such as chlorafodhbr methanol) and dried

down under a vacuum to forathin lipid film.
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When hydrated with an aqueous solutiliiosomes are formed with different structural organizations
(mainly MLVs and GUVSs) that depend on gtion conditions. Itg an easy method, but the main
drawbacks are the production of larger and heterogeneous liposomes, low entrapment efficiency (EE)
difficulty in completely removing therganic solvent, and scaigp.

In thereversephase evaporatiomethod a lipid film is prepared by evaporating the organic solvent
under reduced pressure. The lipids ardissolved in a second organic phase, Whisually is diethyl

ether and/or isopropyl ether. The addition of an aqueous phase results in the formation-of-an oil
water emulsion. Sonication of the mixture produces inverted micelles forming a homogeneous
emulsion. The final evaporation of the angasolvent under reduced pressure forms a viscous gel that
results subsequently into a liposomal suspension. This method has high EE but it uses organic solvents
and is timeconsuming.

The solvent injectiormethod involve the dissolution of the lipid iotan organic phase (ethanol or
ether), followed by the injection of the lipid solution into agueous media, forming liposomes. The
advantages are simplicity, reproducibility, fast implementation, easygeaf® lipid degradation or
oxidative alterations,and the use of an acceptable solvent for vivo applications (at low
concentrations). Despite all the benefits, poor solubility of some lipids in ethanol, heterogeneity of
liposomes produced, very low EE of hydrophilic compounds, and incomplete rerhettzuool from

the liposomes, are thmajorconcerns about this method.

Another classical method wetergent removalLiposomes are formed by solubilizing lipids with
detergent at critical micelle concentrations, yielding defined mixed micelles. Adeteegent is
removed by controlled dialysis, phospholipids form homogeneous unilamellar vesicles with a usefully
large encapsulatg volume. The drawbacks can be the presence of impurities in the final liposomal
formulation, possible interactions betwedye tetergent and the encapsulated compounds, and the
long time needed.

However, these classical techniques require large amounts of organicseWrett are harmful both

to the environment and to human health, requiring complete removal of residunt aggens, and

additional techniques to reduce their sizes, such as sonication, homogenization, or extrusion.
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Sonication can be used also for the preparation of liposomes. With sonication, lipid suspensions are
mixed with other compounds using acoustiergy from either a bath or a probe tip sonicator. When
the ultrasound is transmitted through the medium, the acoustic cavitation, formation, growth, and rapid
implosive collapse of microbubbles occur, generating high pressure and high temperatuig that m
compounds. Moreover, the induced pressure breaks up the larger, multilamellar vesicles in the sample
to form smaller vesicles that may be either unilamelladigolamellar in composition. The time over
which lipid dispersionsre sonicated determinte size of the vesicles. This is a less trnasuming
technique andloesnot use hazardous solvents; however, the resulting liposometbdialtch mean
diameter and size distribution are rabivaysas reproducible as those made by extrusion through a
paycarbonate membrane with a wdkfined pore sizfl8,19]

Novel methodsre being investigated to facilitate the segpeof industrial production.

The heating methods a new method for the fast production of liposomes without the use of any
hazardous chemicals. This method involves the hydration of liposome componentagneainis
medium followed by the heating of these components, in the presence of glycerol (3% v/v), up to 120
°C[20]. Thespraydryingis a very simple and industrially applicable method, the direct spisang

of a mixture of lipids and drugs applied forthe preparation of liposomgsut organic solvents are
used[21]. Thefreezedryingis based on the formation of a homogenous dispersion of lipids in-water
soluble carrier materials such as sucrose, dissolved thusyt alcohol/water cosolvent systems to
form an is¢ropic monophase solution that sterilized by filtration and freeziried In addition to

water, the lyophilized product spontaneously forms homogenous lipod@&@8) Supercritical

reverse phase evaporatiggaonestep new method that uses supercritical carbon dioxide. An aqueous
dispersion of liposomes is obtained through emulsion formation by introducing a given amount of
water into a homogeneous  mixture of  supercritical carbon  dioxide/L
dipalmitoylphosphadlylcholine/ethanol under sufficient stirring and subsequent pressure reduction
[24,25]

Novel approaches based on the principle of the ethanol injection technique suclmasdfieidic
channelmethod[26,27] the cross flowinjection technique[28,29], and themembrane catactor

method[30] were recently reported for liposome production.



Introduction

1.1.2Liposomes characterizaton

After production, liposomes need to be extensively characterized for evaluation of their physical and

chemical properties to guarantdeir in vitro andin vivo performance.

Size and size distribution

The average mean diameter and polydispersity index (PDI) of liposomes are the most relevant features
in liposome characterization and are commonly assessed by dynamic light scattering (DLS), also
known as photon correlation spectroscopy (PCS).

The principe of dynamic light scattering is thparticlesthat are in constant random thermal motion
(Brownian motion) diffuse at a speed related to their size (and temperature that is accurately
controlled): smaller particles diffuse faster than larger partiglesneasure the diffusion speed, the
speckle pattern produced by illuminating the particles with a laser is observed. The scattering intensity
at a specific angle will fluctuate with time, and this is detected using a sensitive avalanche photodiode
detector(APD). The intensity changes are analysed with a digital autocorrelator, which generates a
correlation function. This curve can be analysed to give the size and the size distribution.

The size is a crucial factor to determine the circulation-lifelfof liposomes: generally, small
liposomes can circulate in thedyfor a long time while large liposomes are more quickly eliminated
from blood circulation[31,32] For drug delivery, the desirable size of liposomes usually ranges
between 50 and 200 nj33].

The PDI is a dimensionless value in the range -of @vhich calculation is based on the particle size,

the refractive index of the solvent, the measurement angle, and the variance of the disf8#lition

This value reveals in terms of size, the degree of sample heterogeneity, which can be monodisperse or
polydisperse. In drug delivery, a PDI value equal to or below 0.3 indicates an acceptable and

homogenous liposomal populati{85].

Zeta potential

The charge acquired by a particle in a medium is its gepe{ential and arises from the surface charge
(related to composition) and the concentration and types of ions in the s@Béjofeta potential is

an extremely important parameter to predict nanoparticle stabilitglioidal dispersions. Liposomes
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wi t h pbtential osuncharged have more probability to aggregate over time, because there will be
no force topreventthe liposomes from flocculatingin the other handhe liposomes in suspension
withalargenegatie o r pooteniiakchaxge present repulsive forces in the medium that prevents

the natural tendency to aggregatjam).

T h e-potential measurements are commonly assessed by electrophoretic light scattering (ELS)
measuring nanoparticlesé velocity while they
molecules with @&-potential will migrate toward an electrode if an electric field is applied. The speed

they move is proportional to the electric field streratid theirs-potential. If this strength is known,

the speed of movement is simply measu-potetial usi n
is calculated by determining the electrophoretic mobility, i.e. the velocity of a particle in an electric

field, and then applying specific equations (Henry equaflth87]

Shape anddmellarity

Microscopyis the most selected toolrfthe ascertainment of liposommorphological featuref38].

The visualization of liposomes by microscopy techniques provides a direct observation of their shape.
Electron microscopy techniques such as TEMnNsmission electron microscgpgnd cryd TEM
(cryogenictransmission electron microscofdyave been widely implemented for creating liposomal
imageq39]. The ayoi TEM is the most used method to provide useful information regarding liposome
lamellarity such as their bilayerithness and intebilayer distancé40].

Other techniques for la@larity determination include Smalngle X-ray Satering (SAXS)[41,42]

The basic principles of SAXS are similar to those of light scattering although working at different
wavelengths (&) and dif feerernagl Ifyo,r afuhdeSe Auaadet sr ass t
measures differences in electron density alloviimghe extraction of indepth structural information.

A source emits an Xay beam that interacts with the electrons of the sample and is scaiiered;
detector meases the radiation coming from the sample in a certain range of ampkegsletected
scattering pattern is characteristic of the nanostructures of the sample and can be used to determine
many important structural parameters such as particle size, shapmtenmal structurg43i 45].

However, SAXS can highlight fine structural information related to the bilayers but is not able to

differentiate the presence of vesicular or linear bilayers.
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Entrapmentefficiency

EE is calculated as the percentage of the amount of drug inside liposoimaspeeihdrug), compared

with the totalamount of drug used in liposome preparation (entdppd norertrapped drug). The
removalof the free drug (noentrapped) could be realized with exclusion chromatography based on
the differences in size (liposome versus free drug), gravitation or centrifugation, dialysis membrane
with an appropriate cwudff, and ultracentrifugatiofii1l]. The EE evaluation can be realized through
indirect or direct methods. The amount of drugapped into liposomes can be measured indirectly

by assessing the namtrapped drug concentration and subtracting this concentration from téie to
drug concentration used in a liposepreparation. The direct measure can be realized through the
disruption of liposomes with organic solvent ahdquantification of the released material with UV

Vis, fluorescence spectroscopy, enzyme or prebeied assays, HPLC, L-®IS, and GCMS,
[11,46]

The formulation ofa nanocarrier presumes the attainment of a high value of EE, since it avoids the

wastage of the érapped active ingredient, enhancing the clinical efficacy of the nanoformul[a@pn

1.2. Lipid -based nanocarriers to overcome skin barrier
Among the various typeof drug delivery, the use of nanocarriers for topical application continues to
grow. The skin appeargeliable route of drug delivery for different reasons. With transdermal delivery,
the drug molecules can reach the bloodstream, triggering systemic effactise other handtopical
delivery can regulate a localized action on the skin, involving mirgggiemic absorption. This is very
attractive for the treatment of skin diseases, such as skin cancer, psoriasis, and fungal if#éttions
Another advantage is the improvement of the bioavailability of drugs that are unstable in the
gastrointestinal tract and/auffering hepatic firspass metabolism. Moreover, the skin represents a
large and accessible surface area for drug administration. In addition to drug administration, the use of
nanocarriers for topical application conceatso cosmetics. Anyway, theoplex architecture of the

skin makes molecul esd penetration and per meat i

Skin structure and permeation routes

10
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The primary function of the skin is to provitlee bodywith a protective interface from the external
environment (e.g. microorganisms, temperature, among others) through its complex stratified structure.
From the inside to the outside, the deepest layer isyihedermisconsisting mainly of adipose tissue.

The middle layer is theermis a connective tissue containing fibroblasts, nerve endings, blood and
lymphatic vessels, adnexal structures (such as hair shafts, sweat glands, and sebaceous glands), the
fibrous proteins collagen and elastin, which allowdok i nés strength and fl exi
an interfibrillar gel of glycosaminoglycans, salts, and water. The outermost layerdpitleemis a

stratified squamous epithelium without vascularization, responsible for the barrier function kifithe s

and which contains four to five layers depending on its location:

- stratum basalisthe closest layer to the dermis; it is mitotically active and contains stem cells,
melanocytes, and keratinocytes that from this layer evolve and travel outwardtttbeeremaining

layers;

- stratum spinosumcontaining several layers of cells tightly connected by desmosomes to resemble
spines architecturally;

- stratum granulosuincontaining several layers of cells rich in ligidh granules; in this layer, cells

begin to immortalize and lose their nuclei, as they move away from the nutrients located in the deeper
tissue;

- stratum lucidumonly existing in the thick skin of soles and palms and consists of mostly immortalized
cells;

- stratum corneumwhich serves as a protective overcoat and is the outermost layer of the epidermis.
The stratum corneum comprises 28 layers of corneocytes, cells rich in packed keratin and lipids but
poor in water conterji2,44,47]The flattened and cornified dead cells of this layer represent the final
evolution of the keratinocytes produced at the basal layer and pushed upwards tee$titaskin by

newly produced keratinocytes. While trHirg to the skin surface, keratinocytes gradually differentiate,
losing cell organelles and nuclei, and creating tightly packed corneocytes. These cells are connected by
desmosomes and embedded in an intercellular-tipidmatrix made mostlpf ceramideand neutral

lipids (cholesterol and fatty acidgjganizedn lipid bilayers[43]. This lipid organization forms a semi

crystalline gel and liquid crystal domains that play an essential role in the barrier property of the stratum
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corneum and that makes difficult molecules permedd@my4]. Themainroutes to pass the stratum
corneum are:

- the dermal appendage routekat include permeation through the sweat glands and across the hair
follicles with their associated sebaceous glands;

- the transdermalrouteswhere compounds permeate across the intact, unbroken stratum corneum. In
this last case, there are two possible micro pathwayatireellular route a continuous but tortuous

way through the lipids surrounding the cells, andtthescellular rautethrough the keratinocytes and

then across the intercellular lipids (Fig. 3).

Intercellular route Transcellular route

J

membrane

Intercellular
space

Lipid Aqueous Cholesterol Trialvceride Minimallipid Keratin

Figure 3. Simplified structure of the stratum and the possible drug permeation pathways through intact stratum
corneum. Adapted from El Maghraby et al., 2008].

All molecules traverse by a combination of all three routes, the relative importance of which will
vary depending on their physicochemical characteriflizg 3,44]

Many compounds do not possess the physicochemical criteribo{i.enolecular weight, adequate
lipophilicity (log Po/we 1-3), low melting point) to permeate passively the skin in therapeutic
quantities thus limiting the topical and transdermal market. The development of technologies to

enhance delivery into the skitas been a major research focus for over half a cefitR/48]

Nanocarrier for skin applications
The most common nanocarriers used in skin delivery methotip@emesAs described in section

1.1, liposomes can carry molecules with different physicochemical properties. However, the role of

12
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the liposome in skin drug delivery systems is still a great source of debate. Although several authors
suggest that liposomes argtable candidates for transdermal delivery, the majority of research has
shown that conventional liposomes cannot penetrate deeply into the skin layers, remaining confined
to the most superficial space of the epidermis and reaching deeper tissueshengkih has been
previously damagef#19]. Some physicehemical characteristics seem to facilitate the penetration

of conventional liposomes, such as application in the gel phase, use of cutaneous ligids for t
preparation of vesicles, increased membrane fluidity by decreasing the amount of cholesterol or
changing properties, such as size, charge, and lamellarity. However, most liposomes accumulate on
the surface of the stratum corne(#®]. Moreover, serious inconveniences of liposomes are the
hydrolysis, oxidation, and rancidity of phospholipids used, which affect the storage and the
bioavailability of drugg50,51]

Intensive research has been devoted to the development of new classes of lipid vesicles (Fig. 4). In
the 1970s, L 6 Odioniasurfadant vesioles ealledodomagb2ih Firstly developed

for cosmetic use, tilse vesicles have been explored in the pharmaceutical field. Niosomes are
structurally similar to liposomes, being bilayered unilamellar or multilamellar vesicles composed of
selfassembled neionic surfactants in an aqueous medium. The amphiphilic nafufre system
ensures the main advantages reported for liposomes, such asdapenentof both hydrophilic and
hydrophobic drugs as well as their biodegradability. The interaction with skin is similar for liposomes
and niosomes. However, the presencaationic surfactants instead phosphtipids guarantees

the physical and chemical stability of the system and easy formulation witoletvand largscale
production[50,51]

New vesicular carriers have been developed by introducing some additives (edge activators) to the
classic composition of liposomes for the creatiodefbrmable, elastic, and flexible liposomes. An

edge activator is generally a surfactant namely an amphiphilic molecule able to intercalate into
lamellar structures, destabilizing lipid bilayer in the right measure toaseréeir deformability by
lowering the interfacial tensiof44]. Among them, ransfersomesa registered trademark by the
German company IDEA AG, were the first and one of the most successful carriers for molecules

skin delivery. Introduced in 1992 by Cevc and BIUBf#, the typical characteristic of these s
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is determined by the addition of a singleain surfactant as an edgetivator, such as sodium
cholate, sodium deoxycholate, Span, Tween, dipotassium glycyrrhizinate, and polysorbic acid. These
compounds can destabilize the lipid bilayers resultinglradeformable vesicle formation able to

cross the skirf50]. This is mainlyattributable either to their typical flexible structure and the
hydrostatic gradient of the skin, with the upper layers of the skin lower hydrated than the epidermal
layers. Deformable liposomes, driven by the water gradient in the deeper skin laydefpcarand

cross the channels between the cells of the stratum corneum, crossing the epidermis, reaching the
dermis, and eventually, the systemic circulafiéf,50]

Meanwhile, in 2000, Touitou et al. developgbosomeby introducing ethanol into the phospholipid
vesicle[54]. The most important feature of ethanol in the formulation is the ability to act as a
penetration enhancer, promoting skin permeatiogejoth or directly into the systemic circulation.

Firstly, ethanol increases lipid membrane permeability by disturbing the organization of the stratum
corneum. Secondly, ethanol provides a soft and malleable structure to vesicles, decreases their size,
increases their stability over time, and the entrapment efficiency of either hydrophilic or lipophilic
compounds; moreover, it donates a negative surface charge to the system, preventing the vesicles
aggregation and drug leaka&®].

Drawing on the discovery that the elasticity of the bilayer is a significant factor for effective skin
delivery, a series of molecules have been tested atrpian enhancerPE, such agpropylene

glycol, glycerol, oleic acid, etc.) producing very versatile systems called Penetration Enhancer

containing Vesicles (PEV$»5i 61].
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Figure4. Schematic representation of the different types of-bpied vesicular delivery systems. Adapted fiom, 2015
[62].
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Figure 5. Schematic representation of the main permeation mechanisms didiged vesicles. Adapted from Sala et al.
2018[63].

1.3. Topical delivery of phytochemicals

Recently, alsothanks tonanotechnological breakthroughs, thdras beenintensive growth of
phytocompoundgased formulations for topical applications mainly in the cosmetic market. The
cosmetic industry is a huge and dynasectorof the world economy that, due to the public stringent
concerns about beauty and skin care, is always pursuing the best technological pt@fiucts

The plant kingdonproduces a large diversity of compounds with different biological functions that find

applications in sectors such as the food, pharmaceutical, and cosmetic industries. In addition, the
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industrial interest in using green molecules has greatly increapatstee the ecology and sustainability
criteria[64]. Nowadays, phytochemicals are important gyotasts in research. They include mostly a
group of bioactive compounds naturally found in plants and commonly known as secondary metabolites
such aslkaloids, phenolic compounds, and terpenf#@$. Phytochemicals play important roles in the
adaptation of plants to their environment, at the same time provide health benefits for humans. Several
authors reported many biological activities, namely antioxidantjrafaimmatory, antimicrobial, etc.
However, these advantageous features cannot be fully exploited dom@tourablephysicochemical

or pharmacokinetic characteristics. The main hindrances to the dermal delivery of phytochemicals
appear to be their chemical ingil#ty and vulnerability to environmental conditions, alongside the
potential discrepancy with the baharmaceutical requirements for this route of application. The high
miscibility in the aqueous phase, the low lipid solubility, and the high moleculghi®ave a crucial

impact on the poor penetration across hpah biological membranes, such as the skin barrier, leading

to low bioavailability [66i 68]. The inclusion of active pharmaceutical ingredients in {mded
nanocarriers is the contemporary approach to overcoming problems such as poor solubility, stability,
and permeation, and improving their dermal/transdermal delj@8iy 1].

Examples of nanocarriers for phytochemicals reported in the literatureesenped in table 1, and in

the next paragraphs, there is a description of the plants chosen for active mpabetigtion and

subsequent lipidesicleformulation

Nanocarrier Phytocompounds Phytocompounds activity/function
Curcumin Anticancer
Ascorbic acid Anti-oxidant
Liposomes Woundhealing
Aloe veraextract Moisturizing
Anti-aging
) ) Anti-oxidant
Ellagic acid Skin-whitening
Anti-oxidant
Anti-aging
Moisturizing
) Curcumin Anticancer
Niosomes

Antibacterial
Anti-inflammatory
Woundhealing

Anti-inflammatory

Resveratrol . o
skin-whitening
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Anti-acne
Anti-aging

Ethosomes

Rutin

Antioxidant
Photoprotection
Venotonic

Ursolic acid

Anti-oxidant
Anti-inflammatory
Antimicrobial
Cytotoxic
Anti-aging
Cellular renewal

Transferosomes

Baicalin

Anti-inflammatory

Cubosomes

Capsain

Anti-inflammatory

Phytosomes

Citrus auranticumandGlycyrrhiza
glabraextracts

Anti-oxidant
Anti-aging

Quercetin

Anti-oxidant
Anti-inflammatory

Pomegranate peel extract

Photoprotection

Anti-inflammatory
Skin-whitening

Nanoemulsions Resveratrol .
Anti-acne
Anti-aging
Betulin Anti-cancer
Anti-oxidant
Nanocrystals Quercetin Anti-inflammatory
Photoprotection
Umangostin Anti-acne
) . Anti-oxidant
Polymeric nanopatrticles . .
Rutin Photoprotection
Venotonic
Auraptene Anti-inflammatory
Anti-oxidant
Resveratrol Anti-inflammatory
Solid lipid nanoparticles - Ant?-.acne
Quercetin Anti-inflammatory
Anti-oxidant
Luteolin Cellular protection
Photoprotection
Anti-oxidant
Nanostructured lipid carriers Silymarin Photoprotection
Immunomodulatory
Ursolic acid Anti-inflammatory
Carbon Nanotubes Curcumin Ant!-omdant
Anti-cancer
Fullerenes Ascorbic acid Photoprotection
. Silibinin and Epigallocatechi- Anti-inflammatory
Dendrimers

gallate

Wound healing

Tablel. Examples of nanocarriers reported in the literaturephgtocompoundbased nana&osmeceuticals. Adapted from

Santos et al. 201[@2].

1.3.1Myrtus communisL.

Myrtus communid.., commonly referred to as myrtle, is an evergreen shrub belonging to the

Myrtaceae family. Myrtle is widely distributed in the Mediterranean area and presents round blue
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black berries extremely rich in seeds and traditionally used for many purposeseleacts are

known for various biological activitig32i 79]. The broad spectrum of biological activities associated

with myrtle is ascribed to many isolated components. Phytochemical analysis has revealed its richness
in phenolic compounds, including phenolic acids, fla8asils, and anthocyans. Moreover, essential

oils and polyunsaturated fatty acids have been det§@0885]. One of berrye x t r acknavd b e st
actions is their antioxidant effed®6]. Some studies have highlighted their inhibitory activity against
enzymes linkedo neurodegenerative disea$8%], beneficial effects on gastrointestinal disorders

[88i 90], ability to reduce streptozotoeinduced oxiative stress in diabetictsa[91], and wound

healing propertie2]. These properties can all be related

1.3.2Prunus spinosda..
Prunus spinosa. is a perennial deciduous plant growing as a thorny bush or small tree in uncultivated
areas of different countries among them the Mediterranean. Also known as blackthorn or sloe, it
belongs to the Rosaceae family and its fruit is a small, spheric@hblack drupe with a yellow
greenish pulp and a characteristic astringent fiawbat determines consume after processing into
jams, jellies, juices, tea, and alcoholic beverages; recently studied as natural focahts[@3i 97].
In European tradition, blackthorn has been known as a medicinal plant for its diuretic, laxative, anti
spasmodic, atinicrobial, and antinflammatory properties. Blackthorn fruits were recommerniged
in the treatment of various inflammatioelated disrders within the gastrointestinal and urinary tracts,
respiratory system, and topically in oral and pharyngeal mucosa inflammation. Moreover, the fruit was
used to treat metabolic diseases (including diabetes and obesity), and circulatory system disorders
[93,96,98 102]. More recently, many studies found also beneficial effects on the wound healing
proces$102,103] cytotoxic activity on some cancer cell [ifé4,100,104,105]and selective growth
inhibition of some potentially pathogenic bacteria stré@@. All these properties can be attributed
to the high levels of phenolic acidsd flavonoids, including anthocyanins, flavonols, and flavones,

found inP. spinosaerries[94,96,100,106]
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1.3.3Ceratonia siliquaL.
Ceratonia siliquaL., carob, is an evergreen tree that belongs to the Leguminosae family, widely
cultivated in Mediterranean countrid®97]. Traditionally, carob has been used to produce animal feed.
Nowadays, agricultural and industrial sectors exploit carob fruit and its primary products (i.e., flour,
powder, and syrup) to develop a variety of foods and bevefaggls
The fruitis a brown pod with an elongated and compressed shape of varying dimensions and a wrinkled
surface that becomes leathery when ripe. The pods are mainly made up of sweet edible pulp with a
leathery outer layer (pericarphd a softer inner area (mesocarp), rich in hard $&66%
Card pulp contains a wide range of biologically active compo(ihtid]. Generally, carob pods have
a high sugar content (#60%, e.g. sucrose, glucose, maltose, and fructose), relatively low content of
lipids (0.4 0.8%) and protein (B4%), but some essential amino acidartelyaspartic, glutamic
acids) a3 aveedattyvaadsiamelyol ei c , | {linolenic adids). Mareaver, this
fruit contains a high amount of leealorie dietaryfibres (cellulose, hemicelluloses, and lignin),
minerals (calcium, phosphorwd potassium), and different kinds of phenolic compo{i@&111]
The phenolic content imainly represented lnyallic acid; the other phenolic compounds are myricetin
rhamnocyte, quercetin rhamnocyte, methyl gallate, cinnamic acid, and myricetin glycoside.
Furthermore, it is knownhat theC. siliguapod is one of the important sources of the bioactive
component pinito]109,112,113]
Carob pods show significant pharmacological activities {affimmatory antibacterial, anti
diabetic, anthypercholesterolemjc hepatoprotective, neuroprotective, and nephroprotective)
[107,110,114116]. Traditional medicine used carob pods widely for the treatment of human
gastrointestinal diseases. Several studies showed that carob pods could be useful for the attenuation of
processes that are related to various chronic diseases, such as type 2 diabetes, obesity, and metabolic
syndromg[117]. They exert beneficial effects on dyslipidemia and interfere with glusleserption

mechanism§118i 120].
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1.3.4 Amoracia rusticanal.
Armoracia rusticand.., also known as horseradish, is a perennial crop belonging to the Brassicaceae
family [121]. It originates from the temperate eastern parts of Europe but is cultivated nowadays in
many regions fathe world and is valued for its fleshy root. Horseradish shows a root system composed
of a long main root, cylindrical or tapered, and several lateral roots. The roots show a brown outer skin
and a fleshy white interior; they are inodorous but releat®elasting pungent and intensive ano
when cut[121,122] Due to their hot and piquant flawoand aromatic and penetrating smell,
horseradish roots are a traditional spice for many foods all over the[i@2ldMoreover, horseradish
represents a rich source of heglttomoting phytochemicals. Horseradish is rich in glucosinolates
(sinigrin, glucobrassicin, neoglucobrassicin, and gluconasturin) that provide the characteristic flavo
and aromd123,124]. The roots also contain ascorbic acid (vitamin C), a very strong antioxidant, and
a few amounts of flavonoids such as kaempferol and quercetin also known for antioxidant properties
[124].
Horseradish roots have been reported to supporsanad e n g t h e defenchskie th thedt igh s
natural vitamin C conterjii25]. For their antbacterial activities, horseradish rodisve beemused
for treating infections of the upper respiratory airway and uncomplicated urinary tract infections as
well as a remedy for headaches and pain associated with rheumatism due tootigeiargioxidant
and antinflammatory propertiegl 25 134].
Traditionally, this plant was used for crop protection and many reports confirm that the plant produces
a range of substances with poteniieecticidal effects as well as antifungal action, which allow its

use as a natural and preservative afe38 139].
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Figure 6. Plants used foextractpreparation.(A) Berries ofMyrtus communis L., (B)erries ofPrunus spinosa
L., (C) pods ofCeratonia siliqua L., (Dyoots ofArmoracia rusticana L.Adapted fronf140].
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2. Aims of the research

This research project aims to evaluateftrenulationof plant extracts in lipiebased nanocarriers as a

tool to overcome some drawbacks related either to the difficult permeation route that is the skin or to
the nature of plant compounds.

Topical drug delivery has gained increasing importance inea#rfield and different research teams
have introduced a variety of innovative systems to improve this process. Phospholipid vesicles are one
of the most successful vehiclésr active compoundsdue to their ability to load hydrophobic or
hydrophilic canpoundsimproving their aqueous solubility and protectiiigm degradationand to
interact with biological membranes improving the payload bioavailability.

These vehicles can improve the therapeutic efficacy of natural molecules or plant extracts, taking into
account that their promising health benefits are limited by instability and low bioavailability.

The gant extractstudied in this projedtave beenmgpared from common plants in the Mediterranean
area, using various plant partharacterized for quaftjuantitative compositiomnd antioxidant or
antibacterial activies, and incorporated in different kinds of phospholipid vesicles for topical
applicatons. The extracts preparation and their subsedqoemulationin phosphtipid vesicles were
realized without the utilization of hazardous solvents.

The phospholipid vesicles were characterized in terms of size, polssiigpedex, surface charge,
encapsulation efficiency, morphology, storage stability, and capacity to preserve the typical antioxidant
activity of each extract. The biocompatibility of these vesicles was asseshfidrent cellular models

to ensure theisafetyand asses their antioxidant effects
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3. Materials and methods

31.Pl ant extractsO preparation
The plants chosen for the study belong to four different families quite common in the Mediterranean
area. The extractioprocessvas performed through the conventional method of maceratiogreen
solvent that is ethanalr its mixture with waterand subsequent sonication (Sonorex Super RK 100/H
sonicator Bandelin electronic, Berlin, Germanyhe solvent was removeloly vacuum dkstillation

(Buchi Rotavapor RL.14, City, Switzerland)Specific details are reported below for each extract.

3.1.1Myrtus communisL.
Purple myrtle iyrtus communik.) berries were randomly collected in Monte Arcosu (Sardinia, Italy)
in December 2020. The berries were gently cleaned before being ground in a mortar, macerated with
ethanol 96% (1:1, w/v), and incubated twice for 30 min under sonication at 15 + B€@upernatant
was separated, and the berries were manually pressed to recover more liquid. Atehsasdme
guantity of ethanol 96% was poured on the exhausted berries and the procedure was repeated. The
supernatants were joined, filtrated using aisgr, and then concentrated by vacuum distillation until
the alcohol was eliminated. The obtained extract was stor&@D &iC and later used for liposome

preparation.

3.1.2Prunus spinosd..
The fruits of Prunus spinosa.. were collected fully ripened in the Marmo Platano area (Basilicata,
Italy) in December 2021. The berries were gently cleaned and ground in a mortar with ethanol 70%
(2:2, wlv), sonicated for 30 min at room temperature, and macerated for 24 h. &#agofilthrough
paper filters, the same quantity of ethanol 70% was poured on the exhausted sample and the procedure
was repeated twice. The supernatants were joined, filtrated using a strainer, and then concentrated by
vacuum distillation. The obtained texct was stored a0 °C and later used fahe preparation of

phosphtipid vesicles.
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3.1.3Ceratonia siliquaL.
Carobs Ceratonia siliqualL.) were collected in the Arco lonico Metapontino area (Basilicata, Italy)
in 2019.The carobs were cut into small pieces and let dry for 72 h. Subsequently, the samples were
ground in a food processor to produce a fine powder and sieved through a sta@dbssesh. The
carob powder obtained from the whole ripe carobs was maceratecetanol 70% (1:2, wiv),
sonicated for 30 min at room temperature, and macerated for 24 h. After filtration through paper filters,
the same quantity of ethanol 70% was poured on the exhausted sample, and the procedure was repeatec
twice. The supernatantsere joined, filtrated using a strainer, and then concentrated by vacuum
distillation. The obtained extract was stored2dt °C and used fahe preparatiorof phospholipid

vesicles

3.1.4 Armoracia rusticanalL.
Horseradish rootsAtmoracia rusticana..) were ollected in Oliveto Lucano (Basilicata, Italy) in
2019. The plant samples were cleaned with distilled water and dried with paper towels. The roots were
cut into small pieces, fetodry for 72 h, ground into fine powder through a food processor, andlisieve
through a stainlessteel mesh. The obtained powder was macerated with ethanol 70% (1:2, w/v),
sonicated for 30 min at room temperature, and macerated for 24 h. After filtration through paper filters,
the same quantity of ethanol 70% was poured on thausted sample and the procedure was repeated
for twice. The supernatants were joined, filtrated using a strainer, and then concentrated by vacuum
distillation. The obtained extract was stored2dt °C and used fahe preparation of phosplymd

vesicles.

3.2. Extract characterization

3.2.1HPLC-PDA
A preliminary characterization of plant extracts through HFRIQA was performed to detect the most
abundant compounds. For the HRPODA analysis, stock standard solutions were prepared
solubilizing the plant extracts mMeOH:HO 80:20 (v/v) mixture (plaiisolvent ratio 1:50 w/v); the

working standard solutions were prepatedlilutethem 1:1 (v/v) with HPQ; 0.22 M.
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The analyses were performed using a modified HIPIDA method141]. A 1260 Infinity Il HPLC

system (Agilent Technologies, Cernusco sul Naviglio, Ml, Italy) fitted with a pump module G7111A,

an autosampler module G7129A, a thermbastaHPLC column compartment G7116A (30 £ 1 °C),

and a G4212B photodiode array detector was used. The separation was obtained with a Kinetex EVO
C18 column (15014.60 mm, 2.6 &©m, Phenomenex,
phosphoric acid (sobnt A) and acetonitrile (solvent B) as mobile phase, at a constant flow rate of 0.8
mL/min. The gradient (v/v) was generated decreasing from 100% solvent A to 80% in 20 min, to 70%
in 35 min, to 0% in 45 mirand then remaining stable up to 50 min; finathe gradient get to 100%
solvent A and stay stable 5 min befthef ol | owi ng i njection. The inje
chromatograms and spectra were elaborated with an OpenLab V. 2.51 data system (Agilent
Technologies, Cernusco sul Naviglio, Mtaly), and polyphenols were detected and quantified
according to the main classes: anthocyanins at 520 nm, flavonols at 360 nm, hydroxycinnamic acids
at 313 nm, and hydroxybenzoic acids at 280 nm, as well as tryptophan.

The individual components were idéigd by comparing the retention time and YAIS spectra of

pure commercial standards. After the identification, quantitative analyses of single compounds were
performed. The calibration curves for commercial standards were plotted with the method of the
external standard, correlating the peak area with the concentration by means of tiquiesest
method, with a coefficient of determinatiorf)(> 0.999 in the range of 10000 pg/L for all the

compounds.

3.2.2High-Resolution LC-ESI-QTOF-MS-MS Analysis
A gualitative investigation of the plant extracts was performed by an ion mobility QTOF LC/MS
system using a 1290 Infinity Il UPLC equipped with an autosampler (G7167B), a quat pump
(G7120A), a column comp (G7116B) and 6560QMOF (Agilent Technologies Inc., Palo AltGA,
USA). Overall instrument performances were tested before analysis using an Agilent tuning solution
mix (G196985000), and during the analysis, two reference masse& 412.9855 andn/z966.0007
were continuously infuseihto the system for constamass correction. The electrospianization
(ESI) source in negative ion mode was used to perform all the experiments and the optimized source

parameters were the foll ows: drying gas at 30(
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flowrateof 12 L/ min, nebulizer at withangzzldvoltage afplGoOl | ar
V. The aitomatic acquisition MS/MS experiments were carriecgatpplying a formula to determine

the collision energy by linear interpolation calculated adaogrtb the following equation: collision
energy = [slope (5) r/zof precursor mass]/100 + Offset (2). The mass spectra were acquired by full
range acquisition covering time/zrange of 461300.

Chromatographic separation was performed on a Kinetex EM&c@ilimn (150 x 2.1 mm, 1.7 um

100 A, Phenomenex, Castel Maggiore, BO, Italy) maintained at 55 + 1 °C. The mobile phase consisted
of a combination of solvent A (0.1% formic acid) and solvent B (acetonitrile + 0.1% formic acid) at a
flow rate of 0.3 mL/minThe gradient elution was as follows:2D min (99 80 % A), 20 35 min (80

70% A), 3540 min (701% A), 40 45 min (I 1% A), 45 46 min (1 99% A) and 4850 min (99

99% A). The injection volume was 4 L.

Data acquisition and processing were done using a MassiHWorkstation Acquisition software v.
B.09.00. (Agilent Technologies, Santa Clara, CA, USA). ESI/QTOF MS data were then analyzed using
the molecular feature extraction algorithm of the MassHunter Workstation Qualitative Analysis
software v. 10.0 (AgilenTechnologies, Santa Clara, CA, USA). The tentative identification and
analysis of LEMS/MS of the metabolites were carried out using the MassHunter METLIN metabolite
PCDL database B.08.00 (Agilent Technologies) and Sirius® software version 4.7.4 tct predi

fragmentation and molecular formuldel2,143]

3.3.Vesicle preparation
Initially, investigational experiments of pfermulation were performed. For each extract, the aim was
to formulate lipid vesicles of small size (with a mean diamet@0<nm), with a high homogeneity level
(PDI <0.3), and without extract precipitation.
Different kinds of phospholipids (Lipoid S75, Phospholipon90G, lecithin in granules) have been used,
at different concentrations (120, 150, and 180 mg/mL with 20 mgktriac), in various dispersant
media (deionized water or phosphate buffered saline (PBS) pH 7.4), in the presence or absence of
penetration enhancer (ethanol and propylene glycol at 10% and 20%).
The best conditions found for the preparation of convenitibpasomes (Lip) and/or penetration

enhancers containing vesicles (PEVs) will be indicated for each exkactthe preparation of
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conventional liposomes, the phospholipids and the plant extracts were weighed in a glass vial and
sonicated in a dispersamtediumwith a Soniprep 150 (MSE Crowley, London, UK). For the PEVs
preparation, genetration enhancéike propylene glycol (PG) or ethanol (Et) was addéahg with
phospholipid and the extrai the dispersanhedium For a proper comparison, emptysi@es were
prepared according to the same procedurth@sxtracioadedliposomes or PEV,sbut without the

extract.

3.3.1Myrtus communisL. vesicles
The myrtle extract was encapsulated in conventional liposomes prepared with Lipoid Sike (fat
soybearmphospholipids with 70% phosphatidylcholine; S75, Lipoid GmbH, Ludwigshafen, Germany).
180 mg of S75 and 20 mg of myrtle extract were sonicated in 1 mL qfg#B%.4 (10 cycles of 5 sec

on/2 seff + 5 cycles Zec on/2 seoff; 13 um of probe amplitude).

Phospholipid Extract Dispersantmedium
Lip ‘ S75 180 mg 20 mg ‘ PBS 1 mL
Empty lip ‘ S75 180 mg ‘ PBS 1 mL

Table2. Composition of th&l. communid.. extractformulations.

3.3.2Prunus spinosd.. vesicles
For the blackthorn extraotpnventional liposomes and FREVs were prepared with soy lecithin in
granules (a mixture of polar phospholipids and glycolipids; GalenoCsriyeana, Pratdtaly).
Liposomes were prepared with 180 mg of soy lecithin and 20 mg of extract in 1 mL okzddiwiter
(obtained with a MilliQ RG system, Millipore, Bedford, MA, USA) arah&ated (10 cycles of 5 sec
on/2 sec off + 5 cycles 2 sec on/2 sdf; 13 um of probe amplitude). PBEVs were prepared

according tdhe same protocals for liposomes, but i the addition of 10% v/v PG.

Phospholipid Extract Penetration enhancer Dispersantmedium
Lip Lecithin 180 mg 20 mg water 1 mL
Empty lip Lecithin 180 mg water 1 mL
PEVs Lecithin 180 mg 20 mg 100 pL PG water 1 mL
Empty PEVs Lecithin 180 mg 100 uLPG water 1 mL

Table3. Composition of th®. spinosa L. extradbrmulations.
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3.3.3Ceratonia siliqualL. vesicles
The carob extract wdsrmulatedin conventional liposomes prepared with Phospholipon9@8%>
phosphatidylcholine; P90G; Lipoid GmbH, Ludwigshafen, Germany). 150 mg of P90G and 20 mg of
carob extract were sonicated in 1 mL of deionized water (13 cycles of 5 secondsaom@s off + 5

cycles 2 sec on/2 sedf; 13 um of probe amplitude).

Phogholipid Extract Dispersantmedium
Liposomes ‘ P90G 150 mg 20 mg ‘ water 1 mL
Empty liposomes ‘ P90G 150 mg ‘ water 1 mL

Table4. Composition ofC. siliqua L. extracformulations

3.3.4 Armoracia rusticanaL. vesicles
Conventional liposomesand EtPEVs were prepared with tseradish extract. For liposome
preparation, 180 mg of S75 and 20 mg of horseradish extract were sonicated in 1 mL o&deioniz
water (10 cycles of 5 sec on/2 sec off + 6 cycles Ddséts off; B um of probe amplitudekt-PEVs

were preparedccording to theame protocahs for liposomes, but witthe addition of 10% v/v Et.

Phospholipid Extract Penetration enhancer Dispersantmedium
Lip S75 180 mg 20 mg water 1 mL
Empty lip S75 180 mg water 1 mL
PEVs S75 180 mg 20 mg 100 pL Et water 1 mL
Empty PEVs S75 180 mg 100 pL Et water 1 mL

Table5. Composition of A. rusticana kextractformulations

3.4.Vesicle haracterization
Thevesicledimensions, size distributiaof particles, surface chargentrapmenefficiency, and long
term stabilityare the main parameters arelgt to assesshetherthe prepared vesicles are good vehicles

for thetopical deliveryof plant extractsThe specific methodology was described below

3.4.1Size, zeta potential, andtability

The average diameter, polydispersity index, and zeta potential of the phospholipid vesicles were

28



Materials and methods

measured by DLS and ELS techniques, described in section 1.1.2. The samples were properly diluted
(1:200) with their respective dispersant medium amalyzed by using a Zetasizer na£® (Malvern
Panalytical, Worcestershire, UK) that uses Niovasive BackScatter (NIBS) technology. The
speckle pattern produced by illuminating the particles with a laser working at 633 nm and 10mW is
observed. The sdating intensity at a specific angle fluctuating with time is detected using a sensitive
avalanche photodiode detector (APD). Measurement angles were 13° andrdr738ta potential
measurements, the instrument uses the technology M3 for signal procesing, based on a multi
frequency measurement of phase analysis light scattéihgnalyses were done in triplicate at 25

°C. The stability assessment was realized by evaluating over time the size, polydispersity index, and

zeta potential of the samples kept at 4°C, as described in the litddatdyb45]

3.4.2Morphology
The direct observation of the samples by €ffgM allowed confirming lipid vesicle formation and
knowing their morphologyf-or M. communidiposomesvesicle dispersion (bL) was placed on a
glow-discharged holey carbon grid and then blotted against filter paper. The obtained thin film was
vitrified by plunging the grid (100% humidity, room temperature) into ethane kept at its melting point
with liquid nitrogen, using a Mibbot (FEI Company, Eindhoven, The Netherlands). The vitrified film
was transferred to a Tecnai F20 TEM (FEI Company) by using at@gsfer (Gatan, Pleasanton,
CA, USA) for sample observation. Images were acquired at 200 kV add@k 175 °C, using la-
dose imaging conditions not exceeding 2h& with a 4096 x 4096 pixel CCD Eagle camera (FEI
Company).
The P. spinosaPEVs,C. siliqualiposomes, and\. rusticanaPEVs, were observed with cryo TEM
(model JEOL2011 TEM; JEOL, USA) with a similarproced e: a dropl et of the
applied on a holey carbon grid, which was then blotted and pfinogen into the precooled liquid
ethane {180 °C) with Leica EM GP cryo preparation chamber (Leica, USA). The sample was then
embedded in a thin lay of vitreous ice to protect it from radiation damages and to preserve the

structure of the vesicles. Experiments were carried out under 200 kV acceleration voltage energy.
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3.4.3Entrapment efficiency
The entrapmenefficiency (EE),a measure of the amount of extract incorporated into the vesicles
during formulation was calculated with the direct measurement of the target compounds of each
extract through HPLCParticularly, the EE was calculated as the percentage of the compounds

detected in dialyzeds nondialyzed vesicles, according to the following formula (1):

% % @p T (2)

The nonincorporated extracomponents were removed from the vesicle dispersions through dialysis.
Each sample (1 mL) was loaded into Spectra/Por® tubing (121@0@00 Da MWCO; Spectrum, DG
Breda, The Netherlands) previously rinsed in water, and dialyzed in water (2 L), undieistieimg,

for 2 h. Non-dialyzed and dialyzed vesicles were disrupted by diluting (1:100) with methanol and

analyzed by HPLOPDA, according to the same procedure described in the 3.2.1 section.

3.4.4Small-Angle X-ray Scattering
Small Angle Xray ScatteringSAXS) measurements were carried out using aMERO (Hecus X
ray systems GMBH Graz, Austria) coupled to a GEN& 3D Xray source (Xenocs, Grenoble)
working at 50 kV and 1 mA. This source provides a detdomused Xr ay beam wi t h &a=_C
Cu Kyline with more than 97% purity and less than 0.386TKansmitted scattering was detected by
using a PSD 50 Hecus. The temperature was controlled by means of a PeltieB He€$% and the
diffraction patterns were recorded at 25°C. The vesicular dispergiere loaded in a floshrough
glass capillary of 1 mm diameter and 10 em wal
a function of the scattering vector modu(@%

i — 2OE} @

where d is the scatt e rThemgaluaswighlthis sedup nged fronhOeDl tova v e
0.6 A, The scattering vector was calibrated by measuring a standard silver behenate sample. All the
scattering curv& were recorded every 20 min up to,2nlith subsequent calculation of the electron
distance distribution. SAXS patterns were analyzed using a froade fitting procedure based on a
Gaussian description of the bilayers and using a Leverarguardt minimization schenj@46i

150].
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For the figures, the sum of all curves was used, plotting the scattering intessigyfunction of the
scattering vector. A raw electron density profile was calculated and then fitted with an electron
density model (Gaussian profile), taking the Hesas input parameters for further calculations. The
electron density profile J(z) was model ed as
given by a summation of two Gaussians, each representing the polar head group and the methyl

terminus, respectively (fig7).

P z)
.
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.
e
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Figure 7. Electron density profile modgl ( &s ha function of distance z from the center of the bilayer, given by a summation
of two Gaussians. Adapted from Pabst ef7].

The main parameters obtained were:

- d that is the repetition distanbetweerlamellae;

- d or Caillé parameter that is related to the bilayer flexibility;

- N that is the number of correlated lamellae;

- Zy that is the polar head distance to the center of the bilayer;
- On that is the polar head amplitude;

- Uc that is themethyl groups segregation

3.5. Evaluation of biological activity
The biological activities tested are related to the antioxidant and antimicpalteaicyof the plant
extracts Furthermorethe safety of théormulations (biocompatibility) was assayiedvitro in different

cell lines along with the free extract (20 mg/mL in ethanol:water 70:30 v/v) and empty vesicles
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3.5.1Biocompatibility evaluation
The biocompatibility of the extracts and their nanoformulati¢fes blackthorn, carob, and
horseradishyvas preliminarily tested throudhe evaluation ohemolytic activity on erythrocytes, one
of the most widely cell membranaodel systemg[151]. Then, their safety waassayed through
representative skiocellswith some differences among the four plant samples
Myrtle samples were testedn 3T3-L1 fibroblasts (ATCC CL-173™). For the other plant
formulations, three different cell lines were selected and obtained from Celltec UB (University of
Barcelona), two representatives of keratinocytes and onerefresentative oflfroblasts:
- immortal human keratinocys€¢HaCaT);
- squamous carcinonieratinocytegA431);
- murine Swiss albino fibroblas(3T3).
Cells were grown in Dulbeccobds Modi fied Eagl ed
with 10% (v/v) FBS, 1%v/v) L-glutamine solution (200 mM), and 1% (v/v) peniciBireptomycin
solution (10,000 U/mL penicillin and 10 mg/mL streptomycin) at 37 °C and 5% Céls were
cultured in 75 crh culture flasks and were routinely split using trypBIDTA
(ethylenedianinetetraacetate) solution (170,000 U/L trypsin and 0.2 g/L EDTA) when cells are
approximately 80% confluent. The cells were seeded itwébplates and the biocompatibility of
samples was tested under different experimental conditions:
- for myrtle samples, 3T3L1 cells were exposed to myrtle agueous solution or myrtle liposomes,
previously diluted to reach the required doses of myrtle (0.1, 1.0 and 10 pg/well), for 5 and 24 h; cells
viability was tested through MTT;
- for all other samples, HaCaT, A43nd 3T3 cells were exposed to free extract solution or their lipid
formulations, previously diluted to reach the required gl@8€l, 5, 10, 15, and 20 pg/welior 24 h;
MTT was performed tdetermine the concentratiatependentell viability response
For comparative purposes, empty vesicles were tested at the same dilutions as the free extract solutions

or vesicledispersios.
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3.5.1.1Hemolytic activity
The erythrocytes werisolatedfrom rabbit blood samples, washed three times in PBS at pH 7.4, and
resuspended in the same buffer solution at a cell density of approximatebil&0nL.
The hemolytic activity evaluation was carried out using the procedure described in the literature
[152. The sampl es were resuspended in a total vol
prepared erythrocyte suspension. The test was performed for different concentrations of all samples,
extract solutions and nanoformulatipasd for the controls, 100%molysis (erythrocytes in MiHi
Q water) and 0% hemolysis (erythrocytes in PBS buffer). The samples were incubated at room
temperatureunder stirringfor 10 min, and then centrifuged (5 min at 10,000 rpm). The hemolysis
(%) was calculated by comparing thiesorbance at 575 nm of the supernatant with that of controls.
Unfortunately, thevesicleformulationsdispersedn PBS buffer solution showed turbidjtwhich
increased absorbance values regardless of cell disruption. For a more accurate evallgdidhe
absorbance at 575 nm was measured for each sample solubilized in PBS buffer beifddéitme
of erythrocytes. The difference in absorbance values with and without erythrocytes was used for the

evaluation of the hemolytic activity.

3.5.1.2MTT
The MTT asay relies on the mitochondrial activity of live cells to convert yellow tetrazolium salt
(2,5Diphenyt3,-(4,5dimethyt2-thiazolyl) tetrazolium bromide MTT), into insoluble purple
formazan, detectable via spectrophotometry.
Cells (3T3 and HaCaT csliat 1x18cells/mL, A431 cells at 5x*@ells/mL) were incubated for 24
h under 5% C@at 37°C into a 98vell plate. Then, the spent medium was removed, and cells were
incubated for 24 h with the samples to be tested, previously diluted in DMEM medium supplemented
with5% FBSThe medi um was r e mo v(®rg/miin BB91diuded 11D in o f MT
culture medium without phenol red and absence of FBS, were added to the cells. The plates were
i ncubated for 3 h, after which the medi um was
(DMSO) was added to each well to dissolve the purpladaan crystals. Plates were then placed in

a microtiterplate shaker for 5 min at room temperature to help the total dissolution. Then, the
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absorbance of the resulting solutions was measured at 550 nm usinBad3&0 microplate reader
(Hercules, Califonia, USA). The effect of each treatment was calculated as the percentage of
tetrazolium salt reduction by viable cells against the untreated cell control (cells with medium only).
For myrtle samples, the fibroblasts 3T3 (5 * d@ls/well) were incubated with MTT (0.5 mg/mL)

for 3 h at 37 °C. The medium was removed, and a DMSOQ:isopropanol (10:90, v/v) mixture was
added to the cells to dissolve the purple formazan crystals. The dye released from the cells was
guantified by readig the absorbance at 540 nm with altidkan EX multiplate readerThe assay

was performed with a few differences between the samples following standardized protocols of the

two laboratories where the tests were performed.

3.5.2 Antioxidant assays
The antioxidant power of the plant extracts was examined using the spectrophotometric tests DPPH
and FRAP. Oncesdtled the volume of free extract ablesitavengehe DPPHradicalor to reduce
ferric ions to ferrous ionsthe analyses were carried out tbdor the free extracts and the
nanoformulatedorms to evaluate if the antioxidant property of each extract was presateedhe
encapsulatioprocess The tests were performed also for empty vesicles for a more accurate results
interpretationMoreove, antioxidant activity was evaluated by monitoring Reactive Oxygen Species
(ROS) levels in cells treated with myrtles samples and exposed to a radical ge@e2tardbis(2
methylpropionamidine) dihydrochlorid&APH); for the other planhandormulations, antioxidant
properties were assayed as the capacity to protect cells from hydrogen perofdeiriHuced

oxidative stress.

3.5.2.1. DPPH
The DPPH analysis allows the determination of the antioxidant power of the samples by monitoring
the reduction reaction of the DPPH free radical -lighenyt2-picrylhydrazyl). The unpaired
electron of the DPPH radical absorbs strongly at 517 nm anditsxébintense deep purple color
in the solution. In assays, the radical is neutralized by accepting either a hydrogen atom or an
electron from an antioxidant species (or reducing agents) during which, it is converted into a

reduced form (DPPH or DPRH) a the end of the process, and the initial color gradually
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decolorizes into pale yellow. The decrease in absorbance is proportional to the antioxidant charge
of the sample.

Each sample was added to a DPPH methanolic solution of 25 uM and incubated at room

temperature in the dark for 30 min. The color change of the solutions is monitored through light

adsorbed to 517 nm. The antioxidant activity (AA) of the samples was calculated according to

Equation (3
It p — Op T 3)

The results were expressed also as Trolox Equivalents (TEs). The TE values (ug TE/mL solution)

were calculated by using a calibration curve (Trolox concentration rasfig®®ug/mL).

FRAP

The ferric ion reducing antioxidant power or FRAP isdzhon the reduction of the ¥dPTZ
chemical (iror2,4,6tripyridyl-S-triazine complex), under acidic conditions, to the intense-blue
colored ferrous complex FETPTZ, that causes an increase in absorbance. FRAP reagent is
prepared by mixing 0.3 mM TPTand 20 mM FeGI6H;O in 0.2 M acetate buffer (pH 3.6).

The sample is added to a 2 mL FRAP reagent and incubated at room temperature for 4 min in the
dark; the absorbance was read at 593 nm. The results, expressedgggivaents/mL solution,

were @lculated by using a calibration curve (Fe8o ncent rati on range: 13.

Assessment of ROS and cell morphology

For myrtle formulations, antioxidant activity was evaluated by monitoring ROS levels production
in cells treated with myrtles samples and exposed to AAPH. Thd. BT8lls were incubated with

the samples alone or the samples and 500 uM AAPH, and the exodisgar chemically induced
cellular ROS were detected. Particularly, the fibroblasts were seeded intwell 38ackened
fluorescence plate (5¢ 10* cells/well) and incubated with -@nd6)-chloromethy420,70-
dichlorodihydrofluorescein diacetate, acetgter (CMH.DCF-DA;) (5 uM/well) for 60 min, at 37

°C, in the dark. The cells were rinsed withRBS to remove CMH,DCFDA and treated according

to the following experimental conditions:
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- cells unexposed (negative control) or exposed to 5S0@{WAPH, the peroxyl radical generator

used as a positive control, for 4 and 23 h;

- cells exposed to myrtle agueous solution or myrtle liposomes, previously diluted to reach the
required dose of myrtle (10 pg/well), for 1 h andicoubated with 500 uM AAPH for aufther 4

h.

ROS production was detected by measuring the increase in fluorescence with a microplate reader.
Fluorescence was measured by excitation at 495 nm and emission at 527 nm, using a Varian Cary
Eclipse Spectrophotometer (Variant/Agilefltechnologies, Santa Clara, CA, USA). The
experiment was repeated at least three times independently, each time in quadruplicate.
To assess cell morphology, 3L2 cells, untreated or incubated with 500 uM AAPH, of co
incubated with 500 uM AAPH and myrtlegaeous solution, empty or myrtle liposomes for 5 h
were examined under a Primo Vert inverted microscope (Carl Zeiss Microscopy GmbH, Jena,

Germany).

Protection from H202-induced oxidative stress

For blackthorn, carob, and horseradish formulations, théimxagant properties were assayed as
the capacity to protect cells from hydrogen peroxidgdgHinduced oxidative stress. The HaCaT,
A431, and 3T3 cells were pteeated with the samples and then treated with 2 m®b.H hen, the
cell viability was measured by MTT. Patrticularly, the cells were seeded inteBplates(3T3
and HaCaT cells at 1x16ells/mL, A431 cells at 5x*@ells/mL)and incubated with samplék0
pg/well) for 19 h. After their removal mM HO,, a relativelystable ROS, waadded to the pre
treated cells and control cellgositive control) for a furtheB h. Cells unexposed to samples and
H.O, were used as a negative contfekll viability was assayed by MTT as described in section
3.5.1.2 The protectivecapacity(PC %) of each tested sample was calculaedording tothe

following formula(4):

0#b prtmm (4)
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3.5.3 Antibacterial activity
Antibacterial activity was assayed by using eight bacterial strains typical of surfaces and skin.
Microorganisms wereBacillus subtilis ATCC6633, Staphylococcus epidermidiaTCC12228,
Staphylococcus aureu8TCC6538, Listeria monocytogeneATCC15313, Enterccoccus faecalis
ATCC29212,Escherichia coliIATCC25922,Acinetobacter baumannATCC19606, ancKlebsiella
aerogeneATCC13048. Antimicrobial activity was assessadritro using the determination of the
minimum inhibitory concentratio(MIC) values by the tmth microdilution methofiL53,154] Muller
Hinton broth, prepared according to the manuf a
L of distilled water with a final pH of 7.3, was used as bacterial growth and dilution medium.
Initially, the free extract solutions were testBufferent dilutions of these samples in Muller Hinton
broth were prepared to achieve a concentration
40 eL of the nutrient Dbroth culture of emch ba
density of ca. 10colony forming units/mL. Medium with and without bacterial inoculum was used as
growth and sterility controls, respectively. The MIC value was determined as the lowest concentration
of extract solution that inhibits visible growth tife microorganism in dilution wells after 24 h of
incubation at 37 °C. The bacteria growth in the wells was confirmed also with resazurin, a deep blue
colored solution used as an indicator of cellular metabolic ability: resazurin solution (20 pL of 0.1
mg/mL) diffuses through cell membranes and it is metabolically reduced by viable cells to the pink
colored product, resorufid55]. The MIC value and a higher concentration were plated on agar Muller
Hinton plates. The plates were incubated for 24 h at 37 °C for the determination of theimminim

bactericidal concentration (MBC) which is the lowest concentratiainkiis 99.9% of the inoculum.
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4. Results

4.1. Myrtus communisL.

4.1.1 Quali-quantitative determination of phenolic compounds irthe extract
The HPLQ DAD quallitative evaluation of the major phenolic compounds in the myrtle extract showed
the purple myrtl e b[&rl56] Thesniost abynaantcpalyphecobcrogmpainds i o n
were anthocyanins (delphinidin, cyanidin, malvidifO-glucosides, petunidi3-O-glucoside, and
peonidin3-O-glucoside: 122.41 £+ 001 81.81 + 1.6, 139.41 + 1.0, 115.01 £ 1.6, and 84.61 + 0@
eg/ L, respectivel y) and t wo f | a3\Oaalastosiles and my r i
myricetin3-O-rhamnoside: 208®+ 2.10 and 207.0+ 3.30¢ g/ L, riyg @igueed)t Ellagie
acid was also detected in the chromatogram at 280 nm0@2®e g/ L) , al ong wi t h

derivatives, including gallic acid (8703 6.80¢ g/ L) .

38



M. communis L= Results

B2

6.279

12751

13.071

14.753

e 15.667

15.448

16.764

17.437

16,538

18.257

18.134

10

21183

23585

Figure8. HPLOGD AD

5

chromatogram of

myrtle

berry

extract

at

T T T T T T

= i

o Peak2 gldntification is dverriroTatdet7o g r ¢

39



M. communis L: Results

4.1.2 Vesicles characterization
Myrtle formulations were characterized in terms of mean diameter, polydispersity, and zeta potential
throughDLS and ELS measurementhape and lamellarity through c¥§y&M observationand

efficiency encapsulation wittirect measurements of many compasithough HPLTDAD.

4.1.2.1. Size, zeta potential, and storage stability
The lightscattering results showed that the empty liposomes were 95 nm in diameter,
monodispersed (M 0.20), and negatively chargedd(0 mV) . The extractds |
increased he vesiclesd6 mean diameter, although the
polydispersity index and zeta potential values were unaltered. The stability of the liposomal
formulations was evaluated by monitoring tBgtract precipitation, thenean diameter, the
polydispersity index, and the zeta potential during storagéGtMo signs of significant alterations

were detected (Tab.

Liposomes Empty Liposomes

Day 0 Day 21 Day 0 Day 21

Mean diameter (nm * SD) “10200+ 5.6 | 10300+ 1.00 | 95.00 + 4.60 97.00+ 3.9

Polidispersity index (x SD) 0.22 £0.02 0.21+0.01 0.20+£0.03 0.22 +0.02

Zeta potential (mV * SD) -1000+0.80 -1100+0.70 | -10.00+1.10 | -11.00+1.20

Table6. Characteristics of myrtle formulations. Each value represents the mean + SD (n>Mdjes statistically
different (p< 0.01) from empty liposomes at day 0.

4.1.2.2. Morphology
The formation of vesicular structures characterized by their small size was confirmed-bdAyo
observation. Figur® shows spherical, oligolamellar vesicles at around 100 nm in diameter, which

aligns with the light scattering data.
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] 200 nm

Figure 9. Myrtle liposoms through cryeT EM observation.

4.1.2.3. Entrapment efficiency
The entrapment efficiency of the liposomes was calculated based on the amount of ten targeted
phenolic compounds identified in the myrtle extract and detected @tidglyzed and nodwlialyzed
dispersions. The liposomes entrapped high amounts of extract; the entrapment efficiency was at

least 71.4% (for myriceti3-O-galactoside) and over 95% for most of the anthocyanins (Vable

Peaks Compounds EE %
1 Gallic acid 90.4+0.7
2 Gallic acid derivativé 89.7+1.2
3 Delphidin-3-O-glucoside 95.4+0.6
4 Cyanidin3-O-glucoside 96.2+0.1
5 Petunidin3-O-glucoside 96.8+1.4
6 Peonidin3-O-glucoside 969+1.1
7 Malvidin-3-O-glucoside 85.5+4.3
8 Myricetin-3-O-galactoside 71.4+23
9 Myricetin-3-O-rhamnoside 84.0x+44
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10 Ellagic acid 78.7+5.3

Table7. Entrapment efficiencies (EE%) of the main phenolic compoundsifidérin myrtle extract’ Dosed with the
calibration curve for gallic acid. Data are given as the mean + SD (n= 4).
4.1.3 Evaluation of biological activity
The safety of myrtle samples and their antioxidant power were tested. The colorimetric tests DPPH
and FRAP showed that the promihemtioxidant activity of myrtle extract was retained after the
nanoformulationln vitro analyses of fibroblasts demonstrated the safety of myrtle liposomes at the

tested doses and R@&/els measurements confirmed the high antioxidant activity.

4.1.3.1. Biocompatbility 7 MTT
The absence of cytotoxic effects of the liposome formulations was evaluated usid 3T3
fibroblasts for viability after 5 and 24 h of exposure to increasing doses of myrtle extract (Figure
10). After 5 h, slight cytotoxicity (~120% mortality) was induced with all doses of the myrtle
solution, even though it was not statistically significant compared with the untreated control cells.
In contrast, this effect was not detected in the cells treated with myrtle liposomes, which appeared
to prevent the inner toxicity of the myrtle extrathe same trend was observed after 24 h of

treatments, confirming the positive impact of the nanoformulation.
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Figure 10. Viability of 3T3L1 cells upon exposure to empty liposomes, myrtle solution, and myrtle liposomes for 5 h and

24 h. Data are expressed as means N stagpdasdpe®rob (SE

solution 10cg. AAPH was tgted for subsequent antioxidant tests.
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4.1.3.2. Biocompatibility i endogenous ROS production
The safety of the myrtle liposomes was also assessed as the absence of endogenous ROS
production. As shown in Figur, after 5 h of exposure to the formulationgibfoblasts, none of
them induced the formation of free radicals. The values were statistically sip#@0$) to
untreated control cells and statistically differgot@.050.005) from cells treated with AAPH, a
known radical generator. It mustbepeid out that 500 €M AAPH i ndu
in ROS levels without affecting the viability of the cells compared to the control (FigjQrsd
11). After 24 h of exposure, the myrtle solution triggered ROS production to a slight extent, yet
statstically different from control levels p&0.05), and this effect was mitigated by the

incorporation in liposomes (Figudd).
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Figure 11. Effects of 500 pM AAPH, empty liposomes, myrtle solution, and myrtle liposomes proR@$ion in 3T3

L1 cells after 5 and 24 h of incubation. Data are expressed as means + SD; n=3. # p<0.05 vs. 500 uM AAPH; ## p<0.01
vs. 500 uM AAPH; ### p<0.005 vs. 500 uM AAPH; § p<0.05 vs. control (i.e., cells without AAPH); 88 p<0.01 vs.
control; §88p<0.005 vs. control.

43



M. communis L: Results

4.1.3.3. Antioxidant activity 1T DPPH, FRAP
The antioxidant activity of the myrtle formulations was estimated as a function of their radical
scavenging and ferric reducing abilities (Ta®)lel0 pL of the myrtle solution scavenged the DPPH
radical completely (AA 96%), corresponding to 344 pug/mL of Trolox equivalents. Given the
presence of phosphatidylcholine, empty vesicles possess a slight antioxidant activity (AA 39%).
The level of antioxdant activity for the myrtle liposomes was slightly lower than the myrtle
solution, with a statistically significant difference. Nevertheless, the antioxidant activity was
greater than 90%, corresponding to 326 pug/mL of Trolox equivalents (8able
The results of the FRAP assay showed that the myrtle solution had a reducing power corresponding
of 1867 pg/mL of ferrous equivalents; myrtle liposomes displayed similar values, with no
statistically significant differences. In addition, the empty liposomes aticvslight reducing

power {Table §.

DPPH assay FRAP assay
TE (ug Trolox . .
0,
AA (%) equivalents/mL) FE (ug Fe**equivalents/mL)
Free extract solution 96.0+14 3440+ 220 18670+ 320
Lip "91.0+ 0.8 3260+ 170 18310+ 700
Empty lip 39.0+74 137.0+ 190 6020+ 46.0

Table8. In vitro antioxidant activity of myrtle formulations. For the DPPH assay, results are expressed as AA (%) and
TE €g Trolox equivalents/mL solution); for the FRAP assay, results are expresdel @gy Fe€ equivalents/mL
solution) and reported as the mean + SD of at least three separate experiments, each performed intefdicstteally
different values (p<0.01) from the myrtle solution.

4.1.3.4. Antioxidant activity i reduction of chemicalinduced-ROS levels
The antioxidant activity of the myrtle formulations was analyzed in A&REssed fibroblasts as
a function of their ability to reduce ROS levels using DEPA, a cellpermeable dye sensitive to
the cellular redox state. In light of thesults reported above on cell viability and endogenous ROS
production, the higher dose of myrtle was evaluated (Figdre
After 5 h of treatment with the myrtle solution, a marked decrease in AA8kted ROS levels

was detectedpk0.05 vs. 500 uMAAPH). When the myrtle extract was delivered using liposomes,

a further reduction was apparepk(.01 vs. 500 uM AAPH), and the basal ROS levels were
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restored [f=ns vs. control). Furthermore, the results displayed the contribution provided by the
nanosystm to the antioxidant activity of the myrtle formulation. Given their phospholipid content,
empty liposomes exerted a minimum aROS effect (Figurel2), and their carrier capabilities
facilitated the transport of the myrtle bioactive compounds throughcéii membrane. This

resulted in a superior efficacy of the liposomal formulation.
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Figure12 Anti-ROS effect of empty liposomes, myrtle solution, and myrtle liposomes-tt 8&l8s stressed with AAPH
(500eM). Data are expressed as means + SD; n=3. §88 p<0.005 vs. control (i.e., cells without AAPH); # p<0.05 vs. 500
€M AAPH; ## p<0.01 vs. 506M AAPH.

The evaluation of cell morphology confirmed these results. FigBishows a slight reduction in
the numbeof cells in cells treated with the myrtle solution, similar to what was observed in AAPH
stressed cells. In contrast, the AARBHessed cells treated with myrtle liposomes displayed features

similar to nonstressed control cells.
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Figure 13. Representative microscope images of untreatedL3T&lls in comparison with cells stressed with 500 uM
AAPH or stressed with AAPH and treated with empty liposomes, myrtle solution, and myrtle liposomes for 5 h.
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4.2.Prunus spinosa..

4.2.1 Quali-quantitative determination of phenolic compoundsn the extract
The extract obtained froR. spinosdruits was qualitatively analysed by (HRE-ESFQTOF MS/MS
in negative ion mode, and targeted phenolic compounds were quantified byP#HD@nalysis.
The negative LEMS profile highlighted the presence of a large group of compounds corresponding
to the deprotonated molecular ions of different phenolic derivagtivainly hydroxycinnamic acid and
flavonoid derivativesKigure ). Individual components were identified by comparison of timéir
values in the total compound chromatogram (TCC) profile with those described in the litdrahlee (
9). Moreover, bycomparing experimental MS/MS spectra with fragmentation patterns reported in the
literature for the same analytes or with the fragmentation patterns and spectra reported in a public
repository of mass spectral d4gtk43,157] 24 compounds were identified.able 9 reports the
identified compounds, listed according to their retention times, the chemical formula derived by
accurate mass measurement, MS/MS results, the references used for identification and the
identification confidence leve[458].
Compounds2-5 and 9-12 were identified as hydroxycinnamic derivatives. Pedkand 5 were
identified as caffeoylquinic acid isomers d u e t o' atmiiz853.08861 ahtl] a fragment @'z
191.0532 (loss of a quinic acid unjf)59,160] By comparison with puretandards, the two peaks
were attributed to -®-caffeoylquinic acid (neochlorogenic acid) andOkaffeoylquinic acid
(chlorogenic acid), respectively. Peegkand9 were tentatively attributed to coumaroylquinic acids
due t o tdtm/z3B7N94B,]Jandnore precisely peak to 3-p-coumaroylquinic acid for the
characterizing fragment at/z 163.0403[159,160] and peal® to 4-p-coumaroylquinic acid for the
characterizing fragment at/z173.0461[159,160] Peak4, wi t H m/g3BM.164B3and a fragment
atm/z193.0516, was tentatively attributed t&@Feruloylquinic acid[159,160] Compound4.0 and
11, wi t H m/g385.0A73 corresponding tadB160s, and MS/MS product ions at/z179.0352,
135.0448, and 161.0247, were tentatively attributed to caffeoylshikimate iddd&fsPeakl 2, with
[ MT Hip/z 381.1186 ad a fragment atm/z 161.0246,was tentatively attributed to ethyl
caffeoylquinate (ethyl chlorogenatfd)s2]. These last three compounds weot previously detected

in P. spinosdruits.
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Table10reports the quantitative data of targepdmbnolic compounds detectedRnspinosaextract.
3-O-caffeoylquinic (neochlorogenic) acigas the most represented hydroxycinnamic derivative and
phenolic compound as well (2.38 + 0.02 mg/qg), followed by afl@ric acid derivatives, such as 3
p-coumaroylquinic acig0.13 + 0.00 mg/g)5-O-caffeoylquinic (chlorogenic) aci@®.13 + 0.00 mg/qg),

and 30-feruoilquinic acid(0.07 = 0.00 mg/q)

Other two compoundd @nd6), not previously detected i spinosdruits, were tentatively attributed

to benzyl and benzoic derivatives. Compoudnd wi t b mfz329.0877and a fragment an/z
167.0349was tentatively attributed to vanillic ae@glucopyranosid§l63]. This compound was the

only hydroxybenzoic acid dosed by HPIIAD, and its amount was 0.12 + 0.00 mgi@aple 10).
Compounds, wi t H mfz441.13Q2and a fragment ah/z121.0295was tentatively attributed

to a hydroxybenzoyhexosythexoside compoun{ll64]. Compounds/ and 8, wi t h m[zMT H]
447.1508 corresponding tadEl,s012 and two characterizing fragmentratz71.0141 and 101.0242,

were tentatively attributed tisomeric forms of barlerin (®-acetylshanzhiside methyl est¢tp5],

an iridoid already detected i spinosdeaveq166].

Compounds13-24 were identified as flavonoid derivatives, namely glycosides derivatives of
guercetin, by the diagnostic fM]  ions shown in (HR) ESMS and MS/MS analysis in negative ion
mode, compared with literature data. By comparison with pure standards, compéubsiand22

were attributed to quercetBrO-rutinoside (rutin), quercetii-O-glucoside and quercetBrO-
rhamnoside (quercitrin), respectively. These compounds were previously repdtegpinosdruits
[159,160] Interestingly, other two compoundk3@nd21) s howed t hatmgaI&58] M1 H]
corresponding to £H30016 and the two characterizing fragmentsrdz 300 and 301 of quercetist
O-rutinoside. Thus, compounds3 and 21 were tentatively attributed to quercetin disaccharides
derivatives containing rhamnose and a hexd&9,160] Compoundl?7 showed a fragmentation
pattern very similar to that of querceBrO-glucoside: comparison with querce8rO-galactoside
retention time excluded the hypothesis that it could be this compound, and it was attributed to a
guercetin hexoside. Compouttd, wi t H mfz385%.183Q3and a fragment ah/z121.0295was
tentatively attributed to a quercetin disaccharidiesvative containing a pentoxide (probably xylose

or arabinose) and a hexose (probably glucose or galactose), as previously repGuigddrges et
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al. [160] and Mikulic-Petkovself159]. Compoundsl8, 19 and 20, with theatmame
433.0773 corresponding te# 15011, were attributed to different quercetin pentosides, and quercetin
3-O-arabinoside (guaijaverin aeinutrin) was previously detected i spinosafruits [159,160]
Finally, compounds23 and 24, wi t h T a1mM& p05.0992a nd [’ Mi 2 651.1561
corresponding to £H»:013 and GgHs2047, respectively, were attributed to acetyl derivatives of
quercetin hexoside28) and quercetin hexosyhamnosided4). These two compounds were already
identified by Guimaraes et HI60].

Quercetin3-O-rutinoside {4) was the most abundant flavonol (0.74 + 0.00, mg/g), followed by
guercetin3-O-rhamnoside and quercetiiO-glucoside Table10). The sum of quercetin pentosides
(0.49 £ 0.03 mg/g) accounted for 37% of total flavanwith compound20 contributing for 60% of
this amountThese findings were in accordance with literature data, where high amogneroétin
3-O-rutinoside and quercetin pentosidesre detected iR. spinosaxtractg160].

HPLC-DAD analysis showed the presence of four anthocyanins that were not detected hy(HR)
ESIFQTOF MS/MSin negative modé¢Figure15). The four anthocyanin®\l, A2, A3 andA4) were
identified by comparison with literature df1®9,160]Jand pure standards, and resulted to be cyanidin
3-O-rutinoside, cyanidifrB-O-glucoside, peonidi3-O-rutinoside, and peonidiB-O-glucoside,
respectively. The most abundant anthocyanin was cya8i@utinoside (0.74 £ 0.03 mg/g),
followed by peonidif3-O-rutinoside and cyanidii-O-glucoside with very similar amounts (0.44 +
0.01 and 0.43 £ 0.01 mg/g, respectively), and finally peof8dirglucoside (0.11 £ 0.00 mg/gyéble

10).
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Figure 14. (HR) LGESHOrbitrap MS Total Compound Chromatogram of P. spinosa fruit extract acquired in negative ion mode. Chromatographic cargliiessribed in the text.
Peaks identification is given in Talfle
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A2

Al A4

A3

Figurel5. HPFLGCDAD chromatogram of P. spinosa fruit extract at o = fisalidhisgiveninTablel®.mat ogr aphi c co
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