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SOMMARIO

I polifenoli costituiscono una delle piu grandi famiglie di molecole organiche naturali,
largamente presenti nel regno vegetale, ma ottenibili anche per semisintesi. Dal punto di
vista chimico, essi sono caratterizzati dalla presenza di uno o piu gruppi fenolici che, in
funzione dei loro legami e dei sostituenti, conferiscono alle molecole una diversa attivita
biologica. Negli ultimi anni i ricercatori hanno dimostrato il loro contributo nel ridurre
diversi disturbi quali: ipertensione, asma, osteoporosi, aterosclerosi, disturbi neurologici
e oculari. Tuttavia, il loro utilizzo e limitato a causa della loro bassa stabilita
all’esposizione all’ambiente esterno, bassa solubilita e permeabilita ma, soprattutto,
rapido metabolismo. Una strategia per superare questi problemi ¢ data dall’utilizzo di
carriers che siano in grado di proteggere le molecole e veicolarle nei siti di interesse,
aumentandone cosi la loro biodisponibilita: tra essi, i sistemi lipidici nanoparticellari si
sono particolarmente distinti grazie alla loro elevata biocompatibilita e biodegradabilita,
inoltre le dimensioni modulabili li rendono adatti ad essere impiegati attraverso svariate
vie di somministrazione. L’obiettivo di questo lavoro di tesi ¢ stato quello di ottimizzare
Solid Lipid Nanoparticles (SLN) e Nanostructured Lipid Carriers (NLC) per incapsulare
diverse molecole appartenenti alla classe dei polifenoli; tali carrier lipidici sono stati
disegnati, preparati e caratterizzati da un punto di vista chimico-fisico, biologico e

termotropico.



ABSTRACT

Polyphenols are one of the largest families of natural organic molecules, widely present
in the plant kingdom, but also obtainable from semisynthetic ways. From a chemical
perspective, they are characterized by one or more phenolic moieties which, based on
their bonds and substituents, confer to the compounds a different biological activity.
Recently, most research have underlined the potential beneficial influence of polyphenols
on various disorders such as: hypertension, asthma, osteoporosis, atherosclerosis,
neurological diseases and eye disorders. However, their use is limited due to their low
stability to external environmental factors (namely light and oxidation), insufficient
aqueous solubility, scarce permeability and rapid metabolism. These problems are
overridden by the employment of carriers which protect the molecules and transport them
to the targeted site, thus increasing their bioavailability: among them, the lipid
nanocarriers have distinguished themselves thanks to their high biocompatibility and
biodegradability, furthermore the modular dimensions make them suitable for usage
through various routes of administration. The aim of this thesis is to optimize Solid Lipid
Nanoparticles (SLN) and Nanostructured Lipid Carriers (NLC) to encapsulate different
actives belonging to the polyphenol class; these lipid carriers have been designed,
prepared, through different techniques, and characterized by a chemical-physical,

biological and thermotropic standpoint.
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1. PROJECT SUMMARY

1.1. General introduction

1.1.1. Phenolic compounds

In the last decade, researchers have placed their attention on natural products due to their
safe toxicological profile, numerous biological applications, and their probable role in the
prevention of various diseases[1]. One of the most diverse groups of bioactive molecules
in nature are phenolic compounds (PC) widespread in vegetables, fruits and cereals. PC
are a class of secondary metabolites in plants, in which they are responsible for
pigmentation and protection against UV light, parasites and insects; they also represent a
panacea for human health. In recent years, numerous studies have reported the diverse
biological effects of PC and their contribution in reducing the risk of insurgence of several
conditions as atherosclerosis, hypertension, stroke, prostate cancer, asthma, osteoporosis,
eye and neurological diseases[2]. From the chemical point of view, these molecules are
characterized by one or more aromatic rings with one or more hydroxyl moieties which
allow to classify them in two main groups: flavonoids (e.g., anthocyanins, flavanols,
flavanones, flavonols, and isoflavones) and non-flavonoids (e.g., phenolic acids,
xanthones, stilbenes, lignans, and tannins)[3]. The structure of PC play an important role
for the biological activities because many of them can be attributed to the potent

properties as free radical scavengers (e.g. ROS/RNS) and metal-ion chelators[4].
Flavonoids

Flavonoids are the most abundant family of polyphenols present in human diet. Their
structure is constituted of two aromatic rings linked through three carbons, that frequently
form an oxygenated heterocycle. Different arrangements in the basic structure define the
different subgroups of flavonoids as shown in Fig.1. The characteristic structure is able
to support the scavenging of free radicals and the chelation of redox-active metals, so the
benefits of flavonoids are certainly to be attributed to this ability. It was reported that they
can be highly functional in pathological situation associated with high free radical

production such as hypertension and cardiovascular diseases[5].
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Figure 1: Structure of flavonoids

Phenolic acids

Phenolic acids (PAs) are a class of phenolic compounds characterized by a carboxylic
acid group. They are mainly divided into two sub-groups: hydroxybenzoic and
hydroxycinnamic acids. Ferulic, caffeic, p-coumaric and sinapic acids are the four most
common hydroxycinnamic acids widely present in food; p-hydroxybenzoic,
protocatechuic, vanillic, and syringic acids are the four commons hydroxybenzoic acids.
As compared to hydroxycinnamic acids, hydroxybenzoic acids are generally found in low
concentration in red fruits, onions and black radish[6]. PAs are the most widespread
bioactive molecules in the plant kingdom in which they have an important role in growth,
reproduction, and defence against environmental stress and microorganisms. Among the
biological activities, the most prevalent is certainly the antioxidant activity but numerous
studies have also reported anti-inflammatory, anticancer, hepatic and cardio protective
activities[7].

Xanthones, stilbenes, lignans, and tannins

Xanthones present a distinctive chemical structure composed of a tricyclic aromatic

system (C6-C3-C6) which, based on its tricyclic scaffold and the nature and/or position



of the substituents, shows different biological activities such as anticancer, anti-bacterial,

anti-inflammatory, and antidiabetic[8].

Stilbenes show a characteristic structure constituted of two benzene rings connected by
double bond, according to which, they are divided into the isomers Z and E. The most
important isomer is E and changing the isomerization type generally makes its biological

activity to decrease.

Lignans have a chemical structure composed of the combination of two phenylpropanoid
(C6-C3) units linked by the central carbons to the side chains, and belong to the group of
phytoestrogens[9]. They are widely distributed in beverages, vegetables and cereals and
a lot of studies have shown a large spectrum of health-promoting effects, such as
protective effects against cancer, osteoporosis, and coronary heart diseases due to their

antitumoral, antioxidant, and antiestrogenic properties[10].

Tannins are defined as water soluble phenolic compounds, due to the large number of
hydroxyl groups. They can be classified into two subclasses: hydrolysable and non-
hydrolysable or condensed tannins. The first group is composed of a mix of simple
phenols conjugated with carbohydrates, in fact after hydrolyzation they produce phenolic
acids and carbohydrate molecules. Condensed tannins are more complex molecules

composed of flavan-3-ol nuclei which form oligomers or polymers[11].

The beneficial properties of polyphenolic compounds above mentioned are usually
observed in vitro; when the experiments are extended in vivo, the use of PC is limited by
many factors such as low stability to external physical effects (light and oxidation), low
solubility, low permeability and rapid metabolism. In order to overcome these limitations,
polyphenols can be loaded into various carriers to enhance their bioavailability[12], [13].
In recent years, a lot of nano-drug-delivery systems (NDDS) have been developed for the
delivery of polyphenolic compounds, including liposomes, polymeric and lipid
nanoparticles. NDDS demonstrated impressive features in improving drug therapy due to
their ability to increase drug stability, to solubilize poorly soluble drugs and to achieve

the controlled delivery and targeting of different compounds[14].
1.1.2. Lipid based nanoparticles

Lipid based nanoparticles are safe carriers, made from natural or synthetic lipids, in the

range of 30 to 1000 nm. The most used lipids are fatty acids (i.e., palmitic, myristic, and



stearic acids), glycerides (i.e., glyceryl monostearate and caprate), complex glyceride
mixtures or even waxes which make vehicles to have excellent biodegradability and
biocompatibility; for these reasons they can be considered ideal candidates for drug
delivery systems in biomedical applications[15]. Lipid nanoparticles are suitable carriers
for both hydrophilic and lipophilic drugs and, based on the composition of lipid matrix,
they can be classified into two types: a first generation called Solid Lipid Nanoparticles
(SLNs) and a second one called Nanostructured Lipid Carriers (NLCs)[16] (Fig. 2).

1'generation 2" ganeration

SLN
solid lipid
nanoparticles

NLC
nanostructured
lipid carriers

lipid matrix

matrix consists
of one solld lipid

matrix consists of
a blend of solid & liquid lipid

nanostructures provide more
space to host the drug molecule

s solid lipid
W |iquid lipid (oil)

Figure 2: Representation of SLN and NLC

1.1.2.1. Solid Lipid Nanoparticles (SLN)

SLN were introduced in 1990 as alternative carrier systems to emulsions, liposomes, and
polymeric nanoparticles due to their ability to combine advantages of the traditional
carriers and avoid some of their major disadvantages. SLN are colloidal systems
consisting of a mixture of one or more solid lipids at room and body temperature, plus
surfactants and water. They are formulated using biodegradable lipids that are Generally
Recognized As Safe (GRAS), in fact one of their major benefits is the absence of toxicity;
they also possess excellent physical stability, chemical versatility, biocompatibility and
biodegradability, low cost and suitability for high scale production. The lipid
concentration employed is usually in a range 0.1 - 30% while the surfactants’ one is
between 0.5 and 5%. The most used surfactants are poloxamers, polysorbates, soybean
and egg lecithin[17]. SLN are able to encapsulate both hydrophilic and lipophilic
compounds, controlling their delivery and protecting them from degradation. According
to the data published by the group of Mehnert[18], SLN have a highly organized
crystalline structure defined as a "symmetric brick wall model” in which drugs can be

encapsulated in different ways, obtaining three different morphologies (Fig. 3):



- Homogeneous matrix model: the drug is dispersed in the solid solution;
- Drug-enriched shell model: the drug is bound to the shell of the nanoparticles;

- Drug-enriched core model: the drug is mainly localized in the lipid core.

Homogenous matrix Drug-enriched shell Drug-enriched core

Figure 3: Types of SLN: Homogeneous matrix model (a), drug-enriched shell model (b), drug-enriched core model

(©.

Although SLN represent innovative and excellent drug delivery systems, sometimes the
crystalline structure can lead to potential limitations that have been overcome with the

second generation of lipid nanoparticles, NLC[19].
1.1.2.2. Nanostructured lipid carriers (NLC)

NLC were developed to solve some problems associated with SLN such as minor drug
loading capacity and prominent drug expulsion during storage. They are produced from
a mixture of solid and liquid lipids, surfactants and water. Liquid oils typically used for
NLC are Mygliol, paraffin oil, 2-octyl dodecanol, propylene glycol dicaprylocaprate
(Labrafac®), isopropyl myristate and squalene. The addition of a liquid lipid to the solid
matrix leads to the formation of an amorphous structure defined as "welsh natural stone
wall model"”. This structure improves the solubility of the drugs because the solubility of
compounds is usually higher in liquid lipids, compared with solid lipid, and allow the
drug to have a better accommodation in the structure itself minimizing its expulsion.
Three kinds of NLC structures have been proposed: imperfect (type 1), amorphous (type
I1), and multiple (type 111) (Fig. 4). The first kind of structure is obtained mixing solid
lipids with small amounts of liquid lipids. The addition of liquid lipids creates a disorder
in the crystalline structure and generate imperfections which are able to increase the drug
loading. The second structure, called the amorphous model, is created mixing solid lipids
with special liquid lipids (i.e. hydroxyoctacosanyl hydroxystearate and isopropyl

myristate) which do not recrystallize after homogenization and cooling. The lack of a



crystalline structure can reduce the leakage of the loaded drug. The third kind, known as
multiple structure, contains a higher liquid lipid concentration than the other structures
and it has been developed to improve the loading capacity of several drugs, like the ones
whose solubility in liquid lipids is higher than in solid lipids. So, NLC type Il can achieve

a better drug loading and slower drug release[20].

Fat

Holes

Oil nano-compartments

a) Imperfect type NLC b) Amorphous type NLC C) Multiple type NLC

Figure 4: Types of NLC - imperfect (type 1), amorphous (type 11), and multiple (type I11)

1.1.2.3. Preparation of lipid nanoparticles

Different approaches for the preparation of lipid nanoparticles have been reported since
these carriers were first described in 1990s[18]. These methods can be divided into two
groups: techniques which require a high energy approach such as high-pressure
homogenization, high sheer homogenization and/or ultrasonication and techniques which
undergo a low energy approach such as solvent-based techniques and phase inversion
temperature technique. The preparation method represents an important factor which
influences the performance and the characteristics of lipid nanoparticles; it is chosen
according to the physicochemical properties of the drug to be incorporated and to the

desired nanoparticle characteristics[21].
High pressure homogenization

High pressure homogenization (HPH) technology is an established and potent technique
for large-scale production of lipid nanoparticles. The operating mechanism of high-
pressure homogenizers is to firstly push a liquid with high pressure (100-2000 bar)
through a narrow gap (in the range of a few microns); then the fluid accelerates in a very
short distance at high velocity (over 1000 km/h) and the strong shear stress and cavitation
forces disrupt the particles down to the sub-micron dimensions. This technique has

several advantages including large-scale production, absence of organic solvents,



improved product stability and loading of drugs[22]. Two homogenization approaches
have been developed: the hot homogenization and the cold homogenization. In both cases,
the pharmaceutical compound is dissolved or dispersed in the melted lipid before the
HPH.

In the hot homogenization technique, a pre-emulsion is first prepared and then submitted
to HPH at temperatures above the melting point of lipids. In general, the quality of pre-
emulsion and the temperature have an influence on the final product. Usually, higher

temperatures give lower particle sizes[23].

In the cold homogenization, more suitable for thermolabile compounds, the melted lipid
containing drug is rapidly cooled with dry ice or liquid nitrogen and milled in
microparticles in the range of 50-100 microns. The solid lipid microparticles are then
dispersed in a cold emulsifier solution and subjected to high pressure homogenization at
temperatures below the melting point of the lipid. In general, cold homogenization gives

larger particle sizes and a broader size distribution compared to hot homogenization[24].
High Shear Homogenization and/or Ultrasound

High shear homogenization and ultrasonication are dispersing techniques in which the
solid lipid is primarily heated to approximately 5-10 °C above its melting point and then
dispersed in an aqueous surfactant solution at the same temperature under high-speed
stirring to form an emulsion. The latter is subsequently submitted to sonication to reduce
the size of the particles. Afterwards, the samples are cooled to room temperature or lower
temperatures to form the lipid nanoparticles by lipid crystallization. However, there are
some disadvantages of these methods, such as a low dispersion of nanoparticles due to
the presence of microparticles in the HSH technique or the metal contamination from

probe erosion during sonication which can affect the physical stability of the SLN[25].
Solvent based methods

Solvent based methods, thanks to the mild operating temperatures, are often used for the
encapsulation of thermosensitive drugs which have problems of stability and

bioavailability; although one of the limiting aspects is the toxicity of the solvents[26].
They can be divided in:

* Solvent injection;



« Solvent evaporation/diffusion from emulsions;

In the first method, the lipid and the drug are dissolved in a water-miscible organic solvent
(ethanol, acetone, isopropanol) and the final solution is injected through a syringe needle
in water under stirring. Nanoparticles will be formed by precipitation of the lipid in
water[27].

In the second one, the lipid is initially dissolved in an organic solvent (cyclohexane,
chloroform, ethyl acetate) and emulsified in an aqueous solution of surfactant to yield an
organic solvent-in-water emulsion. A lipid nanoparticle dispersion is then formed after
the removing of the solvent either by evaporation (solvent evaporation technique for
volatile solvents) or by water dilution (solvent diffusion technique for partially water
miscible solvents)[28],[29].

Phase Inversion Temperature (PIT) method

The PIT is one of the most common methods for the preparation of nano emulsions based
on the ability of some polyethoxylated surfactants to modify their affinities for water and
oil as a function of the temperature. This leads to the switch from O/W macroemulsion to
a W/O emulsion when temperature is above the PIT, and to the formation of a O/W nano
emulsion when the temperature is below the PIT[30].

The lipid and the aqueous phase are separately heated at temperature above the melting
point of the main lipid; then the aqueous phase is added dropwise, at constant temperature
and under agitation, to the lipid phase, in order to obtain a W/O emulsion. At the PIT, the
turbid mixture becomes clear, then below the PIT an O/W nano emulsion is formed. The
mixture is then cooled to room temperature under slow and continuous stirring. The main

advantage of this technique is certainly the absence of the use of any kind of solvent[31].
1.1.2.4. Characterization of lipid nanoparticles

The lipid nanoparticles can be characterized in terms of size, distribution, surface charge
and stability. An appropriate characterization of these formulations is required to allow
the development of dispersions with the desired properties for an intended

application[25].

Dynamic light scattering (DLS), also referred to as Photon Correlation Spectroscopy
(PCS), is one of the most popular methods used to determine the particle size in a colloidal



suspension and to detect the possible presence of agglomerates, by measuring the random
changes in the intensity of light scattered from a sample as function of time[32]. In this
technique, a monocromatic beam of light passes through the suspension in which small
particles undergo random thermal motions known as Brownian motions; in general, large
particles have slow speed while small particles are faster. Brownian motions of particles
are analysed by a correlator and converted into particles size using the Stokes-Einstein

equation (eq.l):

D= kT
~ 6mnRh

1)

in which D is diffusion coefficient, k is Boltzmann’s constant, T is temperature, # is

solvent viscosity, and Rh is the rheodynamic radius of particle solution[33].

For this analysis, a disposable polystyrene cuvette filled with an appropriate dilution of
formulation is placed in a Zetasizer Nano-ZS (Malvern Panalytical Ltd.) or in an
equivalent instrument. Particle size is a critical parameter of lipid nanoparticles, which
affects stability, encapsulation efficiency, bio-distribution, mucoadhesion and cellular
uptake.

The polydispersity index (PDI) is another key parameter that describes the distribution of
size populations of particles into a sample. It is defined as the standard deviation of the
particle diameter distribution divided by the mean particle diameter (eq.2) and it is used
to evaluate the uniformity of a nanoparticle suspension[34].

Pdl = (%)

2
)

The numerical value of PDI ranges from 0.0 to 1.0. The lowest extreme indicates a
perfectly uniform sample with respect to the particle size while the highest one indicates
a very polydispersed sample with different particle size populations. Values around 0.5
are acceptable for lipid vesicles, while 0.3 and below are considered the optimum([35].

Zeta potential is a measure of nanoparticles’ surface charge. It is determined by the

technique of Electrophoretic Light Scattering (ELS), also referred as Laser Doppler



Microelectrophoresis, which measures the electrophoretic mobility of particles in an
aqueous medium. When nanoparticles are immersed in a solvent, an electric double layer
(EDL) develops instantly. The EDL is composed of a double coating; the inner one, also
called the Stern layer, consists of opposite charged ions strongly bound to the core of the
central particle, while the outermost layer comprises both opposite and equally charged
ions. Zeta potential reflects the difference between the EDL and external aqueous
environment[36]. It is measured by filling with the sample a cuvette that contains two
gold electrodes. When a voltage is applied to the electrode, the charged particles will
move towards the electrode with the opposite charge and their velocity is measured and
expressed in unit field strength as their electrophoretic mobility, which is then converted

into zeta potential (2) through Henry’s equation (eg. 3):

_ 2e3(ka)
=3

E

(3)

where ¢ is the dielectric constant of the dispersant, 2 (ka) is the Henry function and 7 is
the viscosity[37]. The zeta potential is usually used to predict the long-term stability of a

colloidal system and the interaction of the system with a surface.
1.1.2.5. Applications of lipid nanoparticles
Oral administration

Oral route is one of the most preferred ways of administration due to significant
convenience, less pain and patient’s high compliance. However, sometimes the
bioavailability of orally administered drugs is limited by different factors such as low
drug solubility, poor gastrointestinal absorption, rapid metabolism, high fluctuation of
drug plasma levels, and drug-drug and/or drug-food interactions[24]. To overcome these
problems, researchers have introduced lipid nanoparticles as potential carriers for oral
drug delivery, since they are able to increase the bioavailability and reduce the erratic
absorption and the intestinal degradation of the encapsulated drug. Some of the
advantages associated with the use of lipid nanoparticles are the delivery of poorly water-

soluble drugs and the targeting to a specific site of gastrointestinal tract[38].
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Parenteral administration

Lipid nanoparticles have been introduced as carriers for systemic delivery because of the
biocompatible and biodegradable nature of the formulation’s constituents. They can be
injected intramuscularly, subcutaneously, intravenously, directly adjacent to the target
organs and are able to maintain constant the serum levels of the drugs[39].

Ocular administration

The topical administration of drugs into the eye is the most common route for the
ophthalmic molecules; however, it must overcome different challenges such as ocular
blood barrier, corneal epithelium and tear drainage. Usually, the bioavailability of the
drugs is less than 3-5% of the administered dose. Lipid nanoparticles have the ability to
increase the bioavailability of the encapsulated drug because the lipidic components

improve the interaction with the lipid layer of the tear film[40].
Pulmonary administration

Pulmonary delivery is a non-invasive administration route for the treatment of local and
systemic disorders; it benefits from the large epithelial surface area, the high organ
vascularization, the thin nature of the alveolar epithelium and the immense capacity for
solute exchange. However, one of the main challenges is to develop drugs with sufficient
stability, appropriate size and ideal blood/air partition coefficient. Lipid nanoparticles
have been considered attractive and efficient carriers for the pulmonary delivery of drugs
for their small size, biocompatible composition and deep-lung deposition ability. The
major goal of these systems is to allow a more specific targeting of the drug and/or a
controlled drug release, leading to improved therapeutic efficacy with reduced drug
dosage and dosing frequency. They can also limit side effects and ameliorate patient
compliance[41].

Brain administration

Drug delivery to the brain is one of the most important challenges in pharmaceutical
sciences because of the presence of a semi-impermeable blood brain barrier (BBB) and
efflux of transported drugs from brain to blood circulation. Lipid nanoparticles, through
their lipophilicity and their small particle size, have been considered good carriers for

specific targeting of brain tissues. They have the advantage of increasing drug retention
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time in blood of brain capillaries and inducing a drug gradient from blood to brain tissues,
the latter opening tight junctions to facilitate passage from BBB and transcytosis of drug-

loaded lipid nanoparticles through the endothelium layer[42].
Topical administration

Among the different routes of administration for lipid nanoparticles, the topical one seems
to be one of the most promising for therapeutic and cosmetic use. The cutaneous use of
lipid nanoparticles has several advantages: chemical protection of the incorporated
substances, allowing the skin application of labile molecules that are difficult to transport
in other formulations; the possibility to improve and modulate the drug bioavailability
and release, respectively. The strategic mechanism behind the topical application of lipid
nanoparticles is the formation of an occlusive film at stratum corneum (SC) surface that
prevents water loss and improves the skin lipid film barrier by nanoparticles adhesion to
the SC[43]. Topical drug delivery systems are an attractive approach for the treatment of

many diseases such as inflammatory disorders and cutaneous infections.
1.1.2.6. Liposomes

Liposomes are spherical vesicular systems consisting of phospholipids, suspended in
aqueous solutions, arranged to form one or more lipid bilayers which entrap water in their
compartments; the polar heads of the phospholipids are oriented towards both the exterior
and interior aqueous phases, while the acyl chains are dispose in a more-or-less ordinated
bilayer depending on the chemical traits of the lipids: these two components are hold
together by glyceryl esterification[44].

Based on the number of bilayers and size, they can be divided into three classes[45]
(Fig.5):

e Small Unilamellar Vesicles (SUV) consisting of a single lipid bilayer of 20-100
nm in diameter;

e Large Unilamellar Vesicles (LUV), which display a 100nm -1um diameter
ranges, or Giant Unilamellar Vesicles (GUV), if the diameter exceeds 1um;

e Multi Lamellar Vesicles (MLV), consisting of several lipid bilayers interspersed

with aqueous phases, that show a mean diameter around 0,5um-10um.
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Figure 5: Representation of MLV, LUV and SUV

Lipophilic bilayer components determine the degree of rigidity; phospholipids with long
acyl chains such as distearoyl phosphatidylcholine (DSPC) establish more rigid, rather
impermeable bilayer structures than shorter chains, whereas unsaturated fatty acids of the
same length, like dioleoyl phosphatidylcholine (DOPC), which cannot achieve the all-
trans packed disposition due to the presence of said insaturations, give out much more
permeable and less stable bilayers. The polar phospholipidic heads instead influence the
net charge of liposomes and their interaction with the target: positively charged groups
like phosphatidylcholine (PC) augments affinity for more electronegative substrates (i.e.
bacteria and  tumoral cells), while neutral, ionizable groups like
phosphatidylethanolamine (PE) can modify the liposomal bilayer, depending on the target
pH, by an additional inverted hexagonal conformation happening after the lamellar
distribution[46]. Phospholipidic composition influences which preparation method is
better to employ for a specific mixture; traditional preparation methods (e.g. Thin-Film
Hydration) are suitable for most phospholipids but, since its first passages are based on
the dissolution of lipids in organic solvents followed by their evaporation, even minimal
organic solvent residues inside the liposome’s structure could result in toxicity and
hindered vesicular stability — moreover these methods usually produce MLV, which have
then to wundergo extrusion to obtain LUV or SUV or high pressure
homogenization/ultrasound sonication to obtain SUV[47]. Most modern methods, such
as Mozafari’s, skip these first steps and, instead of resuspending the dried phospholipids
in water, directly disperse the lipidic mixture in an appropriate aqueous phase along with
surfactants to obtain unilamellar nanoliposomes; however, formulative obstacles can

show up when working with highly lipophilic phospholipids and active compounds[48].
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Liposomes are extensively used as carriers for numerous molecules in cosmetic and
pharmaceutical applications thanks to their biocompatibility, biodegradability, low
toxicity, and capacity of encapsulate both lipophilic and hydrophilic compounds[49].
Hydrophilic compounds can be entrapped in the aqueous compartments while the
hydrophobic ones can be associated with the bilayers. Compounds with intermediate logP
effortlessly partition between the lipid and aqueous phases, both in the bilayer and in the

agueous core.

In addition to be efficient carriers, during the last few decades liposomes have attracted
great interest as ideal models for biological membranes[31]. The interaction between
drugs and biomembrane is a complex mechanism which have a great influence on the
pharmacokinetic and pharmacodynamic of drugs. A lot of molecules have to cross or bind
to the lipid membrane to exert their therapeutic effect. So, one of the factors which
determines the interaction with cell membrane is the hydrophilic/lipophilic character of
the molecules. The most accepted theory to describe the structure of plasma membranes
is the fluid mosaic model, developed in 1972. Based on this theory, a cell membrane
consists of a fluid double layer of phospholipids containing other components like
proteins, carbohydrates and cholesterol (CHOL)[50]. The fluid liquid crystal-state is
achieved when the aqueous medium’s temperature is above the melting temperature (Tm)
of the main phospholipidic component (Fig.6), while the solid gel-phase is predominant
when the temperature is lower than the Tm — all depending from the disposition and
additional chemical properties (like insaturations) of the acyl chains; other key factors are
the percentage of cholesterol, the degree of hydration, the phospholipid polar head groups
and the pH[51].
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Figure 6: Main phospholipidic transitions

This model can be evaluated with differential scanning calorimetry (DSC).
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1.1.3. Differential scanning calorimetry

Differential scanning calorimetry (DSC) is the most common thermoanalytical technique,
introduced in the 1960s, which measures the changes in peak temperatures and in heat
flow which occur during thermal transitions in a material. The procedure is based on the
application of a linear heating or cooling to a sample and the subsequent measurement of
the temperature and energy associated with different events such as melting,

crystallization, glass transitions and decomposition reactions[52].

DSC can be based on one of these two different approaches: heat flux and power

compensation[53].

Heat flux DSC (Fig.7) is the simpler mechanism between the two ones. Generally, two
crucibles (one containing the sample and the other as reference) are placed symmetrically
on a thermocouple within a furnace, placed in close contact with each other. The
differential in heat capacity (Cp) between the sample and reference pans, in function of
the difference in temperature is measured by area thermocouples, and the resultant heat

flow is calculated by the equation (eq.4):

dQ AT
dT R
(4)
where Q = heat, t = time, AT = temperature difference between the sample and the
reference, and R = thermal resistance of the heat path between the furnace and the
crucible. From the equation is possible to deduce that the differential heat flow is a direct
measure of the properties of the sample, since the contribution from the reference is
subtracted.

Reference

Furnace

Tem perature sensors

Figure 7: Heat Flux DSC
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In the power compensation method (Fig.8), the sample and the reference are completely
isolated from each other, and both their crucibles have their own heating and temperature
sensing elements. Sample and reference are set to go through the same temperature
program. When thermotropic changes occur, more or less (for an endothermic or an
exothermic event, respectively) heat will be needed to maintain the set temperature and
thus no difference between sample and reference. This power difference is recorded by
the instrument and transformed in a thermogram. Power compensated DSC has lower

sensitivity than heat flux DSC, but its response time is more rapid.

Reference .

< Furnace
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thermometer

Heating wire
S Cooling block

Figure 8: Power compensation DSC

The result of a DSC experiment is a curve of heat flux versus temperature or versus time
which can be used to extrapolate the enthalpy, calculated by integrating the peak
corresponding to a given transition: in mathematical terms, these results are obtained from

the following equation (eq.5):

dQ dT

ac P
(%)

where dQ/dt is the heat flow, dT/dt is the heating rate and Cp is the heat capacity that, for
traditional DSC measurement and enthalpy extraction, is relying on the relationship

(eq.6):

(6)

where K is the calorimetric sensitivity, AY is the difference between the sample’s and

reference’s baselines and b is the heating rate.
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Calorimetric sensitivity (K) is a property unique to the instrument and it is determined by
calibration with a pure standard reference which can properly regain its crystalline
structure after undergoing ample temperature-shifting programs, such as Indium. Heating
rate (b) is chosen by the operator and mostly influences sensitivity and accuracy of the
instrument, the two key parameters which should be balanced to obtain precise and well-
resolved peaks.

The principal values that should be read and then commented when analysing a
thermogram (Fig.9) are the extrapolated onset temperature (Tonset), the peak temperature
(Tpeak) and the calorimetric enthalpy (4H) extracted by integrating the area under the peak.
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Figure 9: Example of thermogram with key values reported

The thermograms can be influenced by different factors depending on the instrument
(furnace heating rate and atmosphere; recording speed; sensitivity of the recording
system; composition of sample containers) or the characteristics of the sample (nature

and amount of the sample; heat reactions; thermal conductivity)[54].

In the last decades the interest in DSC employment to study the thermotropic behaviour
of phospholipid bilayers, which act as a model of biological membranes, is exponentially

increased[55].

Phospholipid, when suspended in aqueous medium, form bilayer structures which have a
specific lyotropic behaviour based on the lipid mixture used. The main transition of
phospholipid bilayers, when thermal energy is gradually added, occurs between the gel
(ordered) and fluid (disordered) state due to the diminished effect of the van der Waals
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interactions between hydrocarburic chains, consequently increasing their mobility; other
smaller transitions, like the gauche pre-transition from the all-trans (ordered) state, can
be observed and quantified. The amount of energy provided is directly proportional to the
reversible phase transitions of phospholipids occurring at different peak temperatures,
and intrinsically to the conformation properties of the phospholipid mix, which chemical
nature affects the stability of the system. The enthalpy of these transition is calculated
using calorimetric techniques such as DSC and then normalized as enthalpy per mg of
lipid. The polymorphic behaviour (Fig.10) is related to the numerous, minor transitions

occurring between the gel and the liquid crystalline phase[56].
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Figure 10: Phospholipidic polymorphism
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1.2.  Aims of my PhD project and general conclusions

The aim of this thesis was to design, prepare and characterize lipid nanoparticles in order
to find the ideal formulation for encapsulating active molecules belonging to polyphenols,
thus increasing their bioavailability and amplifying their actions. Employed molecules

were benzo[k.I1xanthene lighans and mangiferin.

Benzo[k,I]xanthene lignans are a subgroup of polyphenols, found in plant kingdom,
which show a large range of biological activities such as antioxidant, anti-inflammatory,
antifungal, antibacterial and antiproliferative. Their low availability in nature has led
researchers to develop a simple and biomimetic methodology for their synthesis, in order
to better investigate their actions. Two semisynthetic molecules of benzo[k,l]xanthene
lignans (BXL and BXL-A2) were encapsulated into Solid Lipid Nanoparticles (SLN) and
Nanostructured Lipid Carriers (NLC).

- SLN containing BXL were prepared by PIT method and characterized in terms of
size, PDI, ZP, encapsulation efficiency and thermotropic behaviour. The final
formulation showed appreciable chemical-physical characteristics, but
unpromising biological activity on the in vitro model; so, the same molecule
(BXL) was then encapsulated within another formulation, sporting a different
composition and prepared by a combination of PIT and ultrasonication methods,
which demonstrated excellent chemical-physical characteristics and biological
activity, too. This last formulation is undergoing further studies to be incorporated
in a Carbopol-based hydrogel for the treatment of topical affections.

- BXL-A2 has been subjected to preliminary studies; SLN and NLC, both empty
and with BXL-A2, were prepared with the employment of the high pressure — hot
homogenization method and characterized in terms of size, PDI, ZP, thermotropic
behaviour, encapsulation efficiency and IR spectrum. An excellent encapsulation
efficiency was obtained for both SLN-BXL-A2 and NLC-BXL-A2, probably due
to the prominent lipophilicity of the active compound, and the successful
incorporation was additionally proved by the means of FT-IR. Other studies will

be performed to confirm these data and evaluate the possible biological activities.

Mangiferin (MGN) is a natural compound with anti-inflammatory and antioxidant

activities, assessed for a potential treatment of various eye diseases. The poor
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physicochemical features of MGN (low solubility and high instability) justify its
encapsulation into nanostructured lipid carriers (NLC) to improve its ocular
bioavailability. MGN-NLC were prepared by high shear homogenization coupled with
ultrasonication method (HSH—US): good technological parameters suitable for ocular
administration were obtained. Moreover, the ORAC assay demonstrated the higher
antioxidant activity of MGN-NLC compared to the free compound and in ovo studies

(HET-CAM) revealed that the formulation can be considered non-irritant.
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2.1. Introduction

Benzo[k,I]xanthene lignans (BXLs) are a group of rare natural products belonging to
the class of polyphenols. To date, only six naturally occurring BXLs have been
discovered: rufescidride [1], mongolicumin A [2] and its dimethyl ester [3], yunnaneic
acid H [4], chiliantin D [5], and dodegranoside [6]. Because of their limited availability
in nature, the biological activities of natural BXLs have been almost unexplored for
years. In 2009, a simple and biomimetic methodology for the synthesis of BXLs was
published [7], and a variety of synthetic benzoxanthenes have since been obtained and
evaluated as antioxidant [8], anti-inflammatory [9], selective copper-chelators [10],
antifungal [11], antibacterial [12], antiproliferative agents [13,14]. Additionally, BXLs
are reported to induce autophagy towards tumour cells [15] and act as antiangiogenic
[16], pro-apoptotic agents [17], DNA-binders [12,17], proteasome inhibitors [18], all
targets involved in tumorigenesis, and which are useful for the development of
anticancer drugs. These studies highlighted the promising biological activities of this
class of lignans as potential chemotherapeutic agents. Nevertheless, the lipophilic
character of the xanthene core [14] makes these molecules difficult to use in an aqueous
medium, limiting their employment in in vivo studies for pharmaceutical applications.
One of the approaches to overcome this problem is the employment of a drug-delivery
system able to improve the stability and bioavailability of the candidate drug. In recent
years, solid lipid nanoparticles (SLN) have attracted the attention of numerous
researchers as carriers for lipophilic molecules such as BXLs. SLN are colloidal systems
composed of solid lipids at room and body temperature and are stabilized by surfactants.
They represent an alternative option to the traditional colloidal drug-delivery systems,
such as emulsions, liposomes, polymeric micro- and nanoparticles, because of the
reduced problems related to industrial production scale-up and mid-term storage. Some
of their main advantages are related to their nanometric size, between 50 and 1000 nm,
which allows them to be used for different routes of administration and in the presence
of biocompatible lipids that make them safe and efficient delivery vehicles. As described
in the literature, SLN can be produced by different methods and using various lipid
compositions that strongly affect their drug-loading capacity and drug release profile
[19,20]. In this preliminary study, a bioactive benzoxanthene (BXL) has been included
in SLN. Unloaded and BXL-loaded SLN have been prepared using the Phase Inversion

Temperature (P1T) method and characterized in terms of size, zeta potential, entrapment
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efficiency and stability. Their thermotropic behaviour and interaction with
biomembrane models, made of dimyristoylphosphatidylcholine multilamellar vesicles
(MLV), was evaluated using differential scanning calorimetry. The release profile of
bioactive compound from BXL-loaded SLN was evaluated with an in vitro model.
Finally, two spectroscopic assays were performed to evaluate the effect of drug

encapsulation on BXL’s antioxidant activity.
2.2. Materials and methods
2.2.1. Materials

Precirol® ATO 5 (Glyceryl distearate) was kindly donated by Gattefossé (Saint-Pries,
France). TEGIN® O (Glyceryl oleate) and Oleth-20 were obtained from A.C.E.F. S.p.a
(Piacenza, Italy). Dimyristoylphosphatidylcholine (DMPC) was obtained from Genzyme
(Liestal, Switzerland). Caffeic acid and Mn(OAc)3* 2 H20 were purchased from Sigma
Aldrich (Milan, Italy). Purified water from Millipore-Q® Gradient A10TMultra-pure
water system (Millipore, Guyancourt, France) was used throughout the study.

2.2.2. Synthesis of BXL

The  benzoxanthene lignan  diethyl  6,9,10-trihydroxybenzo[k,|]xanthene-1,2-
dicarboxylate (to the follow simply BXL) was synthesized according to the methodology
previously reported [14]. Briefly, caffeic acid (400 mg, 2.2 mmol) was refluxed with an
excess of EtOH (70 mL) and a catalytic amount of concentrated H2SO4 (0.2 mL) for 24
h. The mixture was concentrated, diluted with 50 mL of EtOAc and partitioned with a
saturated NaHCOs solution (50 mL). The aqueous phase was partitioned with EtOAc (3
x 50 mL), and the combined organic layers were dried over anhydrous Na>SOg, filtered
and taken until dry. The caffeic acid ethyl ester was recovered from the organic phase
with 92% yield without further purification. The ester (475 mg, 2.0 mmol) was solubilized
in CHCl3 (50 mL) and a suspension of Mn(OAc)z (2.170 gr, 8.0 mmol; 50 mL of CHCl3)
was added. The mixture was stirred for 12 h and then a saturated ascorbic solution (40
mL) was added to quench the reaction. The two phases were partitioned, and the aqueous
layer was partitioned again with CH2Cl, (3 x 40 mL). The recovered organic layer was
subjected to column chromatography on diol silica gel eluting with CH2Cl2:MeOH (100:0
— 95:5), thus affording BXL with 58% yield (Scheme 1). NMR data were in perfect

agreement with those previously reported [14].
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Scheme 1. Synthesis of BXL (a) H2SO4, ethanol, reflux, 12 h; (b) Mn(OAc)s, CHCIs, rt, 3 h
2.2.3. Preparation of SLN

Unloaded and BXL-loaded SLN, whose composition is reported in Table 1, were
prepared using the PIT method. Briefly, the lipid phase containing Precirol ATO 5, the
emulsifiers (Oleth-20 and Tegin-O) and the aqueous phase were separately heated on a
magneto—thermal plate at 75-80 °C. When the two phases reached the same temperature,
the aqueous phase was added drop by drop, at constant temperature and under agitation,
to the oil phase. The opaque formulation became transparent, realizing the phase reversal
from an A/O system to an O/A system. After that, the formulation was taken to room

temperature under stirring. BXL was added to the oil phase.

Table 1 Composition of unloaded and BXL-loaded SLN.

SLN SLN 4 SLN 8
BXL (mg) - 4 8
PrecirolATO 5 (mg) 200 200 200
Tegin-O (mg) 126 126 126
Oleth-20 (mg) 246 246 246
H.0 up to 20 ml up to 20 ml up to 20 ml

2.2.4. SLN physicochemical characterization

The average size (Z-Ave) and polydispersity index (PDI) of SLN were measured by
Dynamic Lights Scattering (DLS) method, using a Zeta Sizer Nano-ZS90 (Malvern
Instrument Ltd., Worcs, England). The instrument was equipped with a laser whose
nominal power was 4.5 mW with a maximum power of 5 mW at 670 nm. The analysis

was performed using a 90° scattering angle at 25 + 0.2 °C. Before the measurements, 40
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pL of each sample suspension was diluted in 1 mL of deionized water. Measurements
were performed in triplicate and the calculated mean values were used. The zeta potential
(ZP, &) was measured by Electrophoretic Light Scattering (ELS) using a Zeta Sizer Nano-
ZS90 (Malvern Instrument Ltd., Worcs, England). Each measurement was recorded at
25°C.

2.2.5. Determination of the entrapment efficiency

Two different procedures were used for the entrapment efficiency determination: (1) SLN
preparation (0.4 mL) was purified by size-exclusion liquid chromatography. Sephadex-
LH20 (1.0 x 10 cm) was employed as a stationary phase, eluted in sequence with water
(15 mL), water:EtOH (50:50; 10 mL), EtOH (10 mL) and acetone (10 mL). This latter
eluate allowed for the recovery of unentrapped (free) BXL, while the aqueous eluate
contained the entrapped BXL. The fraction eluted with water was treated with acetone in
order to destroy the SLN and release the BXL [21]. (2) The SLN preparation (3 mL) was
centrifuged at 105,000xg at 4 °C for 90 min using an Ultima TL Ultracentrifuge
(Beckman, Milan, Italy). The amount of the free BXL present in the suspension was
determined from the supernatant properly diluted with acetone (1:3). The entrapped BXL
was determined from the pellet, employing acetone (2 mL) to destroy the nanoparticles.
Both trapped and free BXL recovered with the two above-described approaches
(performed in triplicate) was detected by HPLC-UV (Agilent, Series 1100, Milan, Italy)
equipped with a diode array detector set at 280 and 390 nm; a Luna C-18 (Phenomenex;
5 um, 250 mm x 4.60 mm) was employed as column. The mobile phase consisted of a
gradient of CH3CN (solvent A) in water (solvent B) with a flow rate of 1.0 mL/min: tOA
= 10%, t13A = 100%, t15A = 100%, t25A = 10%. In these conditions, BXL eluted at
about tR = 11.99 min. The concentration of BXL was calculated by external standard
calibration, comparing the area of the peak of BXL in selected samples with BXL
standard solutions of known concentrations. The entrapment efficiency % (EE%) was

calculated indirectly and directly according to Equations (1) and (2), respectively [22]:
EE% = [(MQyBxLtot — MEBXLfree) + MYBXLtot] X 100 (@8]

EE% = (MgaxLentrapped = MPBxLtot) X 100 (2)
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2.2.6. Invitro release study of BXL from SLN

The in vitro release study of BXL was carried out for one week. Briefly, 1 mL of SLN
formulation containing BXL equivalent to 0.4 mg/mL was placed into a dialysis tube with
a molecular weight cut-off of 3.5 kDa (Spectra/Pro, Spectrum Lab., Rancho Dominguez,
Ca, USA) and dispersed in a beaker containing 30 mL of H,O/EtOH 80:20 mixture. The
solution was stirred at 200 rpm at 37 + 0.5 °C. At pre-determined intervals, 1 mL of the
release medium was withdrawn and replaced with an equal volume of fresh release

medium. The concentration of BXL was determined by HPLC.
2.2.7. Antioxidant activity determination
2.2.7.1. DPPHe scavenging assay

The 2,2-diphenyl-1-picrylhydrazyl radical scavenging activity (DPPHe ) of BXL and
BXL-loaded SLN (SLN 8) samples was determined with the procedure previously
reported [23]. A 150 mM DPPHe solution (in MeOH) was freshly prepared and added
(200 pL) to 96-well plate, then, aliquots (10, 20, and 30 pL) of samples (1.2 mM) were
added to the 96-well plate. The mixtures were stored in the dark at 25 °C, and the OD was
acquired with Synergy H1 microplate reader (Agilent, Milan, Italy) at 517 nm after 30
min. Quercetin was employed as reference compound, and all the experiments were
performed in triplicate. Aliquots (10, 20, and 30 pL) of MeOH were added to DPPHe
solution and these samples were employed as negative control. The percentage of DPPHe

quenched was calculated according to equation (3):

quenched DPPH: % = 22cr™ OPsemple) 1 3)

ODcrt1

where ODctr and ODsampie are the optical density of the DPPHe solution without and in
presence of the samples, respectively. ECsg is the effective concentration (UM) required
to quench the 50% of DPPHe present in solution, and it was calculated by regression

analysis of quenched DPPHe %.
2.2.7.2. Oxygen Radical Absorption Capacity (ORAC) assay

The ORAC assay was performed as previously reported [23]. All the regents used were
freshly prepared. Trolox (used as the standard in the range 5-50 uM), quercetin (used as

positive reference; 2.4 mM) or samples (diluted to gain several concentrations: 1.2, 0.6
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and 0.1 mM) were added (25 pL) to a black walled 96-well plate. Then, fluorescein (8.16
X 10—5 mM in 75 mM phosphate buffer, pH = 7.4; 150 pL) was added to the multi-well
plate and this was shaken at 37 °C for 10 min. The reaction started with the addition of a
153 mM 2,2’-azobis(2-methylpropionamidine) dihydrochloride solution (25 pL).
Fluorescence intensity was measured every 1 min for 31 cycles at AEx = 485 nm, AEm =
528 nm, GAIN 50. Tris-HCI buffer solutions (10-80 puM) were used for the negative
control. The data acquired in triplicate for each sample were elaborated as the area under
the curve (AUC), and Trolox was used as the standard to obtain a calibration curve (R2
= 0.9971), in order to determine the ORAC value of the samples as Trolox equivalents
(TE) with Equation (4):

(AUCsqmple— AUCpiank) 1
(slope AUCTro10x) (molarity sample)

ORAC =

(4)
2.2.8. Stability studies

To investigate the stability, SLN were stored in hermetically sealed bottle at room
temperature for three months. Technological parameters (particle sizes, PDI and ZP

values) were determined after 24 h, a week and at the end of the 1%, 2"@ and 3" months.
2.2.9. Preparation of MLV

MLV were prepared both in the absence and the presence of BXL at different molar
fractions (0.003; 0.015; 0.03; 0.045; 0.06; 0.09 and 0.12). DMPC was dissolved in
Chloroform/Methanol (1:1, v:v) while BXL was dissolved in Acetone. Aliquots of the
DMPC solution containing 7 mg of DMPC were delivered into glass tubes in which
aliquots of the BXL solution were added in order to have the exact molar fraction of the
compound with respect to DMPC. The solvents were evaporated under nitrogen flow (in
a water bath at 37 °C) to obtain the lipid films that were freeze dried overnight. The films
were hydrated with 168 puL of 50 mM TRIS (hydroxymethyl)-aminomethane solution
(pH = 7.4), heated in a water bath at 37 °C for 1 min, vortexed for 1 min (the procedure
was repeated three times) and kept at 37 °C for 1 h [24].

2.2.10. Differential scanning calorimetry

Calorimetric analysis was performed using a Mettler Toledo STARe thermoanalytical
system (Greifensee, Switzerland) equipped with a DSC1 calorimetric cell. A Mettler

Toledo STARe software (version 16.00) was used to obtain and analyse data. The
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sensitivity was automatically chosen as the maximum possible by the calorimetric system.
The calorimeter was calibrated using Indium (99.95%), based on the setting of the
instrument. Aluminum calorimetric pans of 160 pL were used. Enthalpy changes were

calculated from the peak areas.
2.2.10.1.Unloaded and BXL-loaded-SLN

Analysis The thermotropic behaviour of the SLN was evaluated submitting the samples
to DSC analysis under N2 flow (60 mL/min) as follows: a heating scan from 5 to 85 °C,
at 2 °C/min; a cooling scan from 85to 5 °C, at 4 °C/min; for at least three times to confirm

the reproducibility of data.
2.2.10.2.Unloaded and BXL-loaded-MLYV analysis

Aliquots of 120 puL of MLV at different molar fractions of BXL (0.003; 0.015; 0.03;
0.045; 0.06; 0.09; 0.12) were situated in 160 pL DSC aluminium pans, which were
hermetically sealed and subjected to calorimetric analysis under N2 flow (60 mL/min) as
follows: a heating from 5 °C to 37 °C, at 2 °C/min; a cooling from 37 °C to 5 °C, at 4
°C/min. The process was repeated three times to check the reproducibility of results.

Unloaded MLV were also analysed to be used as reference [25].
2.2.10.3.MLV/SLN interaction

An amount of 60 pL of MLV and 60 pL of SLN or BXL-loaded-SLN was placed in a
160uL DSC aluminum pan, which was hermetically sealed and subjected to calorimetric
analysis under N2 flow (60 mL/min) as follows: (1) a heating scan between 5 and 85 °C
at the rate of 2 °C/min; (2) a cooling scan between 85 and 37 °C at the rate of 4 °C/min;
(3) an isothermal period of one hour at 37 °C and (4) a cooling scan between 37 and 5 °C

(4 °C/min). This procedure was repeated eight times.
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2.3. Results and discussion
2.3.1. Formulation and characterization of SLN

Natural products and their derivatives have played an important role in treating and
preventing human diseases since ancient times and they still represent a significant source
of modern drugs. However, their efficacy can be limited due to their low hydrophilicity
and instability. In addition, they can show scarce absorption, poor pharmacokinetics and
poor bioavailability. Novel nanoformulations based on drug-delivery systems could
overcome these limitations. Nanoparticles have emerged as versatile, biodegradable,
biocompatible carriers for the delivery of drugs [26,27]. From many studies,
nanoformulations with sustained release and improved bioavailability at much lower
doses than conventional preparations, and in many cases presenting a better safety profile,
have been obtained. In this context, we designed SLN using PrecirolATO 5, Tegin-O and
Oleth-20 for the encapsulation of BXL to overcome its biopharmaceutical limitations.
The components were selected for their wide use, biocompatibility, biodegradability, and
versatility [19,26] and on the basis of a series of preliminary experiments. The formulated
SLN showed appreciated consistency. As reported in Table 2, unloaded SLN, SLN 4 and
SLN 8 showed a mean diameter of around 300 nm, and a polydispersity index within the
acceptable range (<0.5) [28]. Zeta potential values were in the range —29 to —25 mV,; the
magnitude of zeta potential offers a signal of the stability of colloidal preparations. The
surface charge of developed nanoparticles will allow their dispersion, since the range
obtained is above the threshold values for agglomeration, i.e., £ 15 mV [29,30]. Thus,
this surface charge is sufficient to confer physical stability to nanosuspension. The
stability of BXL at the temperature used to prepare SLN has been confirmed by HPLC

analysis.

Table 2: Dimension (Z-Ave), polydispersity index (PDI) and zeta potential (ZP) of unloaded SLN, SLN4 and SLN8.

Z-Ave (nm £ SD) PDI (-) £ SD ZP (mV £ SD)
Unloaded-SLN 305.4+13 0.360 + 0.04 -249+0.1
SLN 4 296.1+10.3 0.395 +0.07 -256+0.1
SLN 8 300.2+6.9 0.368 + 0.06 -289+0.1
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The measurement of the sizes and the polydispersity index during the three months
showed that the nanoparticle systems remained stable over the indicated period. The
stability of the investigated SLN could be attributed to a steric stabilization due to the
presence on the nanoparticle surface of long polyoxyethylene chains of Oleth-20 used to

prepare such SLN.
2.3.2. Entrapment Efficiency (EE)

The EE% of the SLN was determined by HPLC-UV, applying two different
methodologies [19,20], thus allowing the quantification of both entrapped and free BXL
after the preparation of SLN. Precisely, SLN preparation was loaded onto a Sephadex-
LH20 column to afford an aqueous eluate containing the SLN and an acetone eluate
containing the free BXL (method 1). The former eluate was diluted with acetone to
destroy the SLN for the quantification of entrapped BXL. Alternatively, free BXL was
determined after ultrafiltration from the permeate, whereas entrapped BXL in SLN was
quantified from the retentate (method 2). The details are reported in the Experimental
section. The entrapment efficiency (see Table 3) was calculated indirectly and directly
according to Equations (1) and (2). The results achieved with both the methodologies
agree with each other, thus confirming the reliability of the entrapment procedure. The
results indicated an entrapment efficiency between 54.5 and 61.7% when SLN were
loaded with 4 mg of BXL (SLN4) and between 62.8 and 68.7% when nanoparticles were
loaded with twice the amount of BXL (SLNS8).

Table 3: Entrapment efficiency (EE) determination of BXL in SLN4 and SLN8. Data are reported as mean
(n=3)+SD.

sample Method EE%"
SLN 4 Sephadex-LH20 59.3+2.0*"  (Eq.1)
61.7+1.8%¢  (Eq.2)
Centrifugation 54.5+2.7°¢  (Eq.1)
58.7+0.9%¢  (Eq.2)
SLN8 Sephadex-LH20 62.8+4.1%¢  (Eq.1)
66.1+2.7%¢  (Eq.2)
Centrifugation 65.5+1.4%¢  (Eq.1)

68.7¢3.9%¢  (Eq.2)

* Each determination was performed in triplicate. EE% was calculated with indirect method according to Equation (1) and with direct

method according to Equation (2). a—e Different letters indicate statistical differences at p < 0.01 (Tukey test).
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2.3.3. Invitro release

The in vitro release of BXL from SLN in H2O/EtOH 80:20 was evaluated by a dialysis
method. An amount of 1 mL of medium was removed at predetermined time intervals and
the released BXL was assayed by HPLC-UV [31]. The concentration of BXL released
from the SLN was reported as a percentage respect to the total compound present in SLN
and this value was plotted as a function of time in Figure 1. In figure, the BXL release
taking into account the encapsulation efficiency (black line) and the BXL release from
the SLN formulation (red line) are shown. The BXL is released faster within the 60h
followed by a slow-release phase. Taking into account the encapsulation efficiency, the
percentage of drug released reached 15.7% at 6 h and then it slowly increased up to 20.2%
at 54 h, stabilizing at 21% for the remaining time (from 54 h up to 168 h). The percentage
of drug released from the total SLN formulation reached the 60 % between 48 and 54 h
and increased up to 70% within 168 h.
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Figure 1: In vitro BXL release profile. In red is reported the quantification of BXL released from the formulation, while
in black the quantification of BXL released based on the entrapment efficiency. The data plotted are means (n = 3) £
SD.

Similar values have been obtained for the polyphenolic quercetin [32,33]. The sustained
release of BXL SLN could reveal the applicability of these SLN as a drug-delivery system
which could permit the accumulation of the drug in the cells and allow the delivery of

BXL for a long timeframe.
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2.3.4. Antioxidant activity determination

Benzoxanthene lignans are reported for a variety of biological activities, including
antioxidant activity [8]. In order to determine the capability of pure BXL and BXL-loaded
in SLN to scavenge reactive oxygen species, two in vitro assays were employed. Usually,
the most commonly employed methods to measure the antioxidant activity are split into
assays based on hydrogen atom transfer (HAT) such as the ORAC assay, and others based
on single electron transfer (SET) such as DPPH radical scavenging assay. The results of
the two tests are reported in Table 4. DPPH radical scavenging activity is expressed as
the concentration of sample quenching the 50% of radical (ECso), thus the lower the ECso
values the higher the activity. ORAC results are reported referring to the antioxidant
standard Trolox (TE; umol Trolox equivalent), namely, higher TE value corresponds to
higher antioxidant activity. Quercetin was employed as positive reference in both the
assays. According to the results, BXL maintains its antioxidant activity even when it is
loaded in SLN, and DPPH and ORAC values (Table 4) are similar to those of the free
active compound. These results are in agreement with the findings on similar SLN
formulations [34] and encourage future studies with BXL-SLN aimed at in vivo
evaluation of antioxidant activity with a potential prolonging of the antioxidant effect.

Table 4 Antioxidant activity determination of BXL and SLN8. EC50 values refer to DPPH radical
scavenging activity; TE values refer to ORAC assay.

Sample DPPH (ECso)* ORAC (TE)?
BXL 68.7 + 12.43b 6.2 +£0.32¢
SLN 8 83.1+7.32¢ 4.4 +0.20d
Quercetin 17.9 + 4,3b¢ 15.4 +2.3¢¢
MeOH3 >350 -

Tris-HCI® 0.05 + 0.012¢

! Results are reported in uM as mean + SD (n = 3). 2 Results are reported as Trolox equivalent (TE) in umol as mean = SD (n = 3). 3

Negative controls. a—e Different letters indicate statistical differences at p < 0.05 (Tukey test).
2.3.5. Differential scanning calorimetry

DSC has an important role in the characterization of lipid nanoparticles and their
interactions with biological membrane models. It is able to measure the heat exchanges
associated with structural alterations of materials and allows us to obtain information

about the structural properties of the samples [35]. In this study, DSC was used to

38



characterize unloaded and loaded SLN and to study their interactions with liposomes of
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC). In addition, DSC was used to
study the effect of BXL on the DMPC MLV.

2.3.5.1. Unloaded and BXL-loaded-SLN analysis

Calorimetric curves of Precirol, unloaded SLN, SLN 4 and SLN 8 are shown in Figure 2.
Precirol exhibits a peak at 55.06 °C and an enthalpy variation of 125 J/g. Unloaded SLN
are characterized by a peak at around 51 °C and an enthalpy variation of —90.39 J/g. SLN
melting temperature was about 4 °C lower than that of Precirol, which could be due to an
increase in surface area resulting from SLN colloidal sizes and due to interactions
between solid lipid and surfactant molecules that led to a less ordered structure. The
enthalpy variation decreases and the ATy increase are an indication that, during the
melting, a lower cooperation among the lipid molecules occurs. The loading of BXL
inside SLN did not produce significant variation of the melting temperature but it
produced the appearance of a small shoulder at lower temperature; the shoulder was more
accentuated when the concentration of BXL was higher. BXL also caused a slight
decrease in the enthalpy variation and an increase in the ATy, (Table 5). The variation of
the calorimetric curve of loaded SLN compared to unloaded SLN, as well as to the
enthalpy variation and ATz, are an indication of the incorporation of BXL into the SLN
structure. The presence of the shoulder suggests that BXL could be incorporated in the
SLN not homogeneously. The SLN exhibit melting points (>50 °C) above body
temperature, which is a prerequisite for retaining the solid state of the nanoparticles. In
fact, many of the claimed advantages of SLN as drug carrier systems are related to the

solid state of their lipid matrix [36].
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Figure 2: Calorimetric curves, in heating mode, of Precirol, SLN, SLN 4 and SLN 8.

Table 5 Transition temperature (Tm), enthalpy variation (4H) and peak width at half height (4T1/2) of
Precirol, SLN, SLN4 and SLNS8.

Sample Tm (°C) AH (J/gr Precirol) AT12 (°C)
Precirol 55.06 -125.00 3.65
SLN 50.60 -90.39 5.79
SLN 4 50.63 -76.32 592
SLN 8 50.44 -73.31 6.13

2.3.5.2. Unloaded and BXL-loaded-MLYV analysis

Calorimetric curves of MLV without and with BXL at different molar fractions (0.00;
0.015; 0.03; 0.045; 0.06; 0.09; 0.12) are reported in Figure 3. The calorimetric curve of
unloaded MLV is characterized by a pre-transition peak at about 17 °C (related to the
transition from the lamellar gel phase to the ripple phase) and a transition peak at about
25 °C (related to the transition from the ripple phase to liquid crystalline phase) [37]. The
increased concentration of BXL led to significant variation in the calorimetric curve of
MLYV; in fact, the pre-transition peak decreased and completely disappeared starting from
the molar fraction of 0.03. The main transition peak shifted to a lower temperature and its
intensity decreased. These data indicate that BXL affected the thermotropic behaviour of
MLV. It caused a fluidization of the MLV as well as a decrease in the cooperativity among
the phospholipids during their melting. The presence of a unique peak indicates that BXL
is homogenously incorporated in the DMPC MLV.
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Figure 3: Calorimetric curves, in heating mode, of MLV prepared without and with BXL at different molar fractions.

2.3.5.3. MLV/SLN Interaction

This intricacy of the cell membrane structure makes the interactions with drugs and drug-
delivery systems very difficult to investigate. Therefore, simplified artificial membrane
systems, which mimic the natural bilayer lipid membrane, have been developed. In this
article, DMPC MLV are used as a simplified system that mimics many biological
membrane properties [38]. DSC was used to evaluate the interaction between SLN and
MLV. Before evaluating this eventual interaction, we studied the ability of BXL to be
incorporated into MLV when put in contact with them. For this reason, BXL and MLV
were put in contact in a calorimetric pan and submitted to DSC analysis. The calorimetric
curves are shown in Figure 4. If BXL was able to be incorporated into the MLV, a
variation of the calorimetric curve should be seen. In the figure, it is evident that only the
pre-transition peak slightly varies, whereas the main peak remains unchanged during all
the contact time with BXL. This result suggests that BXL does not affect the thermotropic
behaviour of MLV and it is not able to cross the agueous medium, reach the MLV surface

and go inside the MLV structure, probably due to its low water solubility.
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Figure 4: Calorimetric curves, in heating mode, of MLV put in contact with BXL at increasing incubation time. There
are 68 min between one scan and the next one.

To evaluate the interaction between MLV and unloaded SLN or BXL-loaded SLN, the
samples were put in contact in the calorimetric pan and submitted to analysis over a period
of time. The interaction between MLV and SLN is highlighted by the variation of the
calorimetric curves with respect to the calorimetric curve of the samples recorded before
the contact. The calorimetric curves of the interaction between MLV and unloaded SLN
show important features (Figure 5). First, we will consider the peaks of the MLV: the pre-
transition peak decreases and then disappears; the main peak slightly shifts to a lower
temperature and its intensity decreases. The peak of unloaded SLN shifts and the intensity
decreases. These features are a sign of the interaction between MLV and SLN. In Figure
6, the calorimetric curves related to the interaction between MLV and SLN 8 are shown.
As far as the MLV are concerned, the pre-transition peak vanishes from the first scan and
the main peak slightly moves to a lower temperature and its intensity decreases. As the
alteration of the phase behaviour of MLV and SLN is due the presence of a perturbing
agent in their structure, we can hypothesize that MLV and SLN 8 interact. Let us compare
the results obtained with SLN and SLNS8. In Figure 7a, the transition temperature variation
of MLV is reported as a function of calorimetric scans. A decrease in this parameter is
evident and the decrease is more evident in the experiment run with SLN 8. The results
related to the enthalpy variation as a function of the calorimetric scans, shown in Figure
7b, clearly indicate a decrease in the parameter and that the decrease is more pronounced
in the experiment run with SLN 8. This information, together with the results of the MLV

prepared with BXL, provide us with important information. We saw that BXL interacts
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with MLV. SLN and SLN 8 interact and affect the thermotropic behaviour of MLV with
SLN 8 exerting a more pronounced effect that can be due both to SLN and to BXL (SLN
and BXL could exert an additive effect on MLV); in other words, SLN could enter the

MLV and release BXL. The results of our research on the interactions between BXL-

loaded SLN and a biological membrane model pointed out that SLN could be able to

penetrate into the biomembrane, thus facilitating BXL permeation into the biomembrane

itself. Therefore, SLN interactions with biomembranes could account for their ability to

allow the penetration of BXL into cell membranes improving its uptake by the cells and,

hence, its bioavailability.
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Figure 5: Calorimetric curves, in heating mode, of MLV put in contact with SLN, at increasing incubation time. There

are 68 min between one scan and the next.
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Figure 6: Calorimetric curves, in heating mode, of MLV put in contact with SLN 8 at increasing incubation time. There
are 68 minutes between one scan and the next.
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Figure 7: (a) Transition temperature variation of MLV left in contact with SLN and SLN 8, as a function of the
calorimetric scans. There are a 68 min between one scan and the next. The transition temperature variation is reported
as ATIT'm (AT = Tm — T°m, where Tm is the transition temperature of the MLV left in contact with SLN or SLN 8 and
T%m is the transition temperature of MLV. (b) Transition enthalpy variation of MLV left in contact with SLN and SLN
8, as a function of the calorimetric scans. There are 68 min between one scan and the next. The transition enthalpy
variation is reported as AAH/AH® (44H = AH — AHC, where AH is the transition enthalpy variation of the MLV left in
contact with SLN or SLN 8 and 4HQ is the transition enthalpy variation of MLV).

2.4. Conclusions

In this work, a bioactive benzoxanthene was included in SLN, prepared by the Phase
Inversion Temperature (PIT) method, which produced promising results in terms of size,
zeta potential, entrapment efficiency and stability. The percentage of benzoxanthene
released from SLN was about 70%. The DPPH and ORAC tests indicated that BXL
maintains its antioxidant activity even when it is loaded in SLN. Differential scanning
calorimetry was used to study the SLN thermotropic behaviour and interaction with
biomembrane models represented by multilamellar vesicles of
dimyristoylphosphatidylcholine. The obtained data suggest that SLN could interact and
release the benzoxanthene into the biomembrane model. The results obtained in this study

suggest the potential use of SLN as a delivery system for benzoxanthene.
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3.1. Introduction

Skin is the largest organ and covers the entire surface of the human body. Anatomically,
it is composed of different layers-epidermis, dermis, and hypodermis- of which the
outermost is the stratum corneum (SC). The latter represents the first protective human
physical barrier: it prevents the loss of water and electrolytes, reduces the penetration of
chemical substances, and protects against pathogenic microorganisms [1]. Skin has,
historically, been used for the topical delivery of compounds since it reduces the risk of
systemic side effects and allows the drug to remain concentrated in the targeted tissue.
However, skin is composed of alternated hydrophobic and hydrophilic layers (ranging
from the perspiratio insensibilis to the adipocytes), and the particular structure of SC is
comparable to a brick wall made of these sheets, so it is not surprising that only a few
substances, with an ideal n-octanol/water partition ratio (logP), are able to cross the skin
[2]. A way to overcome this problem, and improve drug penetration and distribution, is
the employment of lipid nanoparticles as carriers of active molecules [3]. Solid lipid
nanoparticles (SLN) have been studied as alternative colloidal carriers to the traditional
methods, especially for the delivery of lipophilic compounds. They are composed of a
solid lipid matrix dispersed in aqueous medium and stabilized by various surfactants.
Cutaneous use of SLN exhibits several advantages, such as biocompatibility (since they
are composed of physiological and biodegradable lipids), protection of encapsulated
compounds sensitive to light, oxidation and hydrolysis, and drug release control [4]. The
strategic mechanism behind lipid nanoparticles for topical application is the formation of
an occlusive film at the SC surface that prevents water loss and improves the skin lipid
barrier, leading to corneocytes packing reduction and inter-corneocyte gaps enlargement,
with a consequent increase in drug penetration [5-7]. It was also observed that a better
SC occlusion and a greater interaction with skin is obtained with smaller lipid
nanoparticles, generally around 200-300 nm [8]. Nowadays, skin is constantly exposed
to environmental stresses (ultraviolet radiations, chemical substances, and pathogens)
which leads to the formation of ROS species. The latter can activate proliferative and cell
survival signals that can alter apoptotic pathways and lead to an extensive number of skin
disorders. One way to eliminate or minimize the effects of ROS and/or their products,

reducing oxidative damage to cellular constituents, is the use of antioxidant molecules

9.
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In the present work, a bioinspired lignan (BXL, Scheme 1), belonging to the rare group
of benzoxanthene lignans, was used to prepare SLN formulations that will be used in the

preventive treatment of the skin conditions.

o9
O
HO ~
O ! O
OH
OH
Scheme 1: Structure of BXL

BXL and other analogues show an array of biological properties, including antioxidant,
antifungal [10], antibacterial [11], anti-inflammatory [12], anti-proliferative, anti-
angiogenic, DNA-binding [13], and proteasome-inhibiting activities [14,15]. However,
these bioactive compounds are very lipophilic (BXL: capacity factor 3.24; calculated logP
3.71) [16] and their potential use in pharmacological studies is limited, due to the very
low solubility in aqueous media (See Figure S1, Supplementary Material for the predicted
physicochemical properties of BXL) [17,18]. The introduction of BXL into SLN
produced promising results in terms of size, polydispersity index, zeta potential, stability,
and entrapment efficiency, while retaining its antioxidant and anti-inflammatory activity
[19]. The interest behind the possible applications of this uncommon family of molecules
drove us into further research. In this study, we employ a new SLN formulation with and
without BXL, aiming for better encapsulation and less cytotoxicity (compared to the
previous formulation), which we tested and validated from the calorimetric,

technological, and biochemical perspectives.
3.2.  Materials and methods
3.2.1. Materials

Precirol® ATO 5 (Glyceryl Distearate) was kindly donated by Gattefossé (Saint-Pries,
France). Tween® 80 (Polysorbate 80) was purchased from Sigma Aldrich Co. (St. Louis,
MO, USA). Dimyristoylphosphatidylcholine (DMPC) was obtained from Genzyme

(Liestal, Switzerland).
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Caffeic acid, Mn(OAc)3* 2 H20, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT), Dulbecco’s modified Eagle’s medium, foetal bovine serum,
glucose, penicillin— streptomycin, interleukin-2 (IL-2), and 2',7'-dichlorofluorescein

diacetate were purchased from Sigma Aldrich (Milan, Italy).

Human foreskin fibroblast (HFF-1) cells were obtained from ATCC® SCRC-1041
TM(ATCC, Manassas, VA, USA). Purified water from Millipore-Q® Gradient A10TM
ultra-pure water system (Millipore, Guyancourt, France) was used throughout the study.
In the manuscript, the benzoxanthene lignan (diethyl-6,9,10-
trihydroxybenzo[k,l]xanthene-1,2-dicarboxylate, indicated as BXL) employed in the
formulations was obtained as described previously, and 1H NMR and HPLC-UV
analyses established its purity [16].

3.2.2. SLN preparation

SLN were prepared by combined PIT and ultrasonication methods, following the
procedures reported elsewhere [29-31]. Briefly, lipid phase (consisting of 1.5% w/w
Precirol® ATO 5 for empty SLN; 1.5% w/w Precirol® ATO 5 plus 0.06% w/w BXL for
SLN-BXL) and aqueous phase (consisting of 0.5% w/w Tween® 80 in water) was
separately heated at 75 °C on a magnetic heat plate, then the aqueous phase was added
drop by drop, at constant temperature and under stirring (300—400 rpm), to the oil phase.
The obtained pre-emulsion was ultrasonicated using a UP400S (Ultra-Schallprozessor,

Dr. Hielscher GmbH, Teltow, Germany) for 5 min at amplitude of 70%.
3.2.3. SLN characterization

Mean particles size (Z-Average) and polydispersity index (PDI) of the prepared
formulations (SLN and SLN-BXL) were determined by dynamic light scattering using a
Zetasizer Nano-ZS90 (Malvern Instrument Ltd., Worcs, UK), equipped with a solid-state
laser, with a nominal power of 4.5 mW with a maximum output of 5 mW at 670 nm.
Analyses were performed using a 90° scattering angle at 25+£0.2 °C. Zeta potential (ZP)
was determined using the electrophoretic light scattering (ELS) technique, which
measures the electrophoretic mobility of particles in a dispersed system, indicating its
stability. For measurements, each sample were prepared diluting 100 puL of SLN

suspension with 900 L of distilled water. Each value was measured at least in triplicate.
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3.2.4. Encapsulation Efficiency (EE)

SLN-BXL preparations (0.4 mL) were loaded onto a Sephadex LH20 column (1.0 10 cm)
eluted in sequence with: water (15 mL), H2O:EtOH (50:50; 10 mL), EtOH (10 mL), and
acetone (10 mL). In these conditions, the aqueous fraction contains the entrapped BXL,
whereas the acetone fraction contains the unentrapped (free) BXL. The entrapped and
free BXL were quantified by HPLC-UV (Agilent, Series 1100) equipped with a diode
array detector set at 280 and 390 nm. The chromatographic separation occurred in a Luna
C-18 (Phenomenex; 5 uM, 250 mm 4.60 mm) column employing the conditions
previously adopted [19]. The entrapment efficiency % (EE%) was determined according
to Equations (1) and (2):

EE% = [(mgyBXLiot — MyBXLiree) + MgBXLiot] x 100 (1)
EE% = (mgBXLentrapped - mgBXLtot) X 100 (2)
3.2.5. BXL release from the SLN

The in vitro release study of BXL was performed employing dialysis tubes with a
molecular weight cut-off of 3.5 kDa (Spectra/Pro, Spectrum Lab., Rancho Dominguez,
CA, USA) Briefly, 1 mL of SLN-BXL formulations containing 0.6 mg/mL of BXL were
placed into a dialysis tube and dispersed in a beaker containing 20 mL of 50 mM citrate
buffer (pH 5), 20 mL of 50 mM TRIS buffer (pH 7.4), or 20 mL of H20/EtOH 80:20
mixture. The solution was stirred at 200 rpm at 37+ 0.5°C. At pre-determined intervals
within 24 h, 1 mL of the release medium was withdrawn and replaced with an equal
volume of the same fresh release medium. The samples were lyophilized and then
analysed by HPLC-UV with the same chromatographic conditions employed for the

entrapment efficiency determination.
3.2.6. Cell culture

HFF-1 were cultured in Dulbecco’s modified Eagle’s medium supplemented with 15%
foetal bovine serum, 4.5 g/L glucose, 100 U/mL penicillin, and 100 pg/mL streptomycin.
Cells were seeded in 96-well microplates at a constant density (8x10° cells/well) to obtain
identical experimental conditions in the different tests, and to achieve a high accuracy of
the measurements. After 24h of incubation in a humidified atmosphere of 5% CO. at 37

°C to allow cell attachment, the cells were treated with different concentrations of SLN-
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BXL (7.3-14.6-29.2 uM) and/or with the corresponding amount of BLX and empty SLN
(SLN 1:200; 1:100; 1:50) for 12 h and 24 h. Four replicates were performed for each
sample. At the end of the treatment, the cells were scraped, washed with PBS, and

immediately utilized for the analysis.
3.2.7. MTT bioassay

The MTT assay was performed to assess the cells viability. After 24 h of incubation in
humidified atmosphere of 5% CO: at 37 °C to allow cell attachment, cells were treated
with different concentrations of empty SLN (1:200; 1:100; 1:50), of BLX and SLN-BXL
(7.3-14.6-29.2 uM). This assay measures the conversion of tetrazolium salt to yield
coloured formazan in the presence of metabolic activity. The amount of formazan is
proportional to the number of living cells [32]. The optical density was measured with a
microplate spectrophotometer reader (Titertek Multiskan, Flow Laboratories, Helsinki,
Finland) at A = 570 nm. Results are expressed as percentage cell viability with respect to

control (untreated cells).
3.2.8. ROS determination

The inhibitory effects of SLN on ROS production were investigated on untreated and
treated cells using a fluorescent probe 2',7'-dichlorofluorescein diacetate (DCFH-DA)
[33]. This probe, because of its chemical characteristics, diffuses into the cells:
intracellular esterases hydrolyse the acetate groups and the resulting DCFH then reacts
with intracellular oxidants resulting in the observed fluorescence. The intensity of
fluorescence is proportional to the levels of intracellular oxidant species. HFF1 cells, pre-
treated with different concentrations of SLN (1.200; 1:100; 1:50), of BLX and SLN-BXL
(7.3-14.6-29.2 uM) for 180 min, were stimulated with interleukin-23 (IL-2f) (3 uM) for
12 h. After treatments the culture medium was aspirated, the cells washed with PBS,
treated with DCFH-DA (5 uM) and DAPI (5 uM) in PSB, and incubated for 15 min. After
the time had elapsed, fluorescence was read with a microplate reader (Multiskan EX-
Thermolab System) by selecting the following wavelengths: DCF (A excitation =493 nm;
A emission = 523 nm) and DAPI (A excitation = 358 nm; A emission = 461 nm). The
fluorescence of DCF referred to the amount of ROS normalized for the number of cells
by calculating the ratio of DCF fluorescence/DAPI fluorescence, and then the results were

expressed as a percentage compared to the untreated control.
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3.2.9. Differential scanning calorimetry

Calorimetric analysis was performed using a Mettler Toledo STARe thermoanalytical
system (Greifensee, Switzerland) equipped with a DSC822 calorimetric cell. A Mettler
TA- STARe software (version 16.00) (Greifensee, Switzerland) was used to obtain and
analyse data. The calorimeter was calibrated using Indium (99.95%), based on the setting
of the instrument. The sensitivity was automatically chosen as the maximum possible by
the calorimetric system. For this, 160 pL aluminium calorimetric pans were used.

Enthalpy changes were calculated from the peak areas.
3.2.9.1. Empty SLN and BXL-SLN analysis

To evaluate the thermotropic behaviour of the SLN, the formulation was submitted to
DSC analysis under N2 flow (70 mL/min) as follows: a heating scan from 5 to 85 °C, at
2 °C/min, and a cooling scan from 85 to 5 °C, at 4 °C/min, at least three times to confirm
the reproducibility of data [34].

3.2.9.2. MLV/SLN analysis

A total of 30 pL of MLV and 90 pL of SLN or SLN-BXL were placed in a 160 pL DSC
aluminium pan, which was hermetically sealed and subjected to calorimetric analysis
under N2 flow (70 mL/min) as follows: (1) a heating scan from 5 to 85 °C at the rate of 2
°C/min, (2) a cooling scan from 85 to 37 °C at the rate of 4 °C/min, (3) an isothermal
period of one hour at 37 °C, and (4) a cooling scan from 37 to 5 °C (4 °C/min). This
procedure was repeated eight times [35].

3.3. Results and discussions
3.3.1. SLN characterization

In order to characterize and evaluate the physiochemical stability of the produced solid
lipid nanoparticles, mean particle size (Figure 1), polydispersity index (PDI) (Figure 2),

and zeta potential (Figure 3) were analyzed over three months at 25 °C.
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Figure 1: SLN mean particle size. The results are shown as mean + standard deviation. Confidence intervals calculated
by two-way ANOVA: **** = p < 0.0001.
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Figure 2: SLN polydispersity index (PDI). The results are shown as mean + standard deviation. Confidence intervals
calculated by two-way ANOVA: ns = not significant; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001.
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Figure 3: SLN zeta potential. The results are shown as mean * standard deviation. Confidence intervals calculated by
two-way ANOVA: ns = not significant; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001.

Empty SLN exhibit a mean particle size of 165 nm, remain unchanged over the period,
while the association with the BXL causes an initial size increase at 300 nm, probably
caused by the adsorption [20] of BXL onto the SLN surface, and/or a slow, gradual
distribution of the compound into the nanoparticle’s matrix; after 3 days, the SLN-BXL
z-average stabilizes at 220 nm. The mean particle size values are additionally confirmed

by PDI values, which are initially high and then stabilize around 0.2.

Regarding zeta potential, during the first 15 days, both unloaded and loaded SLN show
an increment of said absolute value up to -28 mV. Following that day, unloaded SLN
undergoes a non-linear decrement of ZP whereas SLN-BXL remains almost unchanged,

possibly indicating a balancing effect of BXL on the electrical behaviour of SLN.

The results obtained suggest that the preparation is suitable for BXL encapsulation and
delivery from a pharmaceutical technology standpoint, since mean size and PDI are nearly
unaffected by the compound inclusion, retaining their ideal small values, while zeta
potential is even positively influenced and brought to higher absolute values, causing a
net negative charge-driven separation between nanoparticles and, thus, avoiding caking

phenomena [21] all in a time period as long as 3 months without usage of preservatives.

59



3.3.2. Encapsulation efficiency

The previously developed methodology, described in [19], based on Sephadex LH20
column chromatography followed by high pressure liquid chromatography—UV
quantitative analysis, allows the determination of the entrapment efficiency (EE%) of the
SLN. The details are reported in the experimental section. The EE% can be calculated
indirectly (see Equations) by quantification of free BXL eluted with acetone from
Sephadex LH20, and directly by recovering the SLN-BXL from aqueous eluate. The
results achieved with the two equations agree with each other, as the EE% values are
between 69.4 and 74.2%. Of note, the formulation employed in this study leads to an
increase in encapsulation efficiency (calculated with Equation (1)) compared to that
observed in the previous work. These higher, but not total, encapsulation values provide
more control in BXL release over time when in contact with lipophilic matrices such as
cellular membranes, diminishing, although not denying, a burst release imputable to free
BXL. For a possible therapeutical application, optimal employment of this suspension
should be as a whole, so that a rapid onset effect, along with slower long-lasting release,
is obtained [22].

3.3.3. Drug release

The in vitro release of BXL from SLN is achieved by dialysis method in citrate buffer
(pH 5), TRIS buffer (pH 7.4), and H2O/EtOH (80:20). The BXL released within 24h was
assayed by HPLC-UV. The results are reported in Figure 4 as % of cumulative BXL
released vs. time. As shown by the black line, the release in citrate buffer is slow, reaching
only 3.7% at 24 h, and the release in TRIS buffer shows nearly the same trend. When
BXL-SLN are dispersed in H.O/EtOH, the release is faster within 24h, reaching up to
38.6%.
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Figure 4: In vitro BXL release profile in citrate buffer (pH 5; black line) and in H20:EtOH 80:20 mixture (red line).

The data plotted are means (n = 3) + SD.

Since the whole formulation was used, these data suggest that in strongly hydrophilic
environments, such as blood (pH 7.4) and acid urine (pH 5), both encapsulated and free
BXL remain in and adsorbed onto nanoparticles, respectively (pointing to a possible
higher half- life and slower excretion), whilst a broader, faster release over time is
observed when SLN come in contact with slightly more lipophilic substrates, such as the
proposed H>O/EtOH mixture model (needed for sufficient solubility conditions, since
both SLN and BXL are not soluble solely in water) [23] or, as we will see successively,

the water-suspended biomembrane model based on DMPC MLV.
3.3.4. Cell viability

SLN-BXL treatment does not affect the viability of HFF-1 cells in any concentrations
tested after 12 h and 24 h of exposure. BXL and empty SLN also show no toxicity in
HFF-1 cells in the same experimental conditions (Figure 5). Since the administration of
SLN-BXL, BXL, and empty SLN at 12 h and 24 h induce a similar effect, we have chosen

to use 12 h as exposure time for ROS assay.
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Figure 5: Cell viability in HFF-1 untreated (Ctr) and treated with empty SLN, BXL, and SLN-BXL at different

concentrations. Values are expressed as mean + S.D. of four experiments in triplicate.
3.3.5. ROS determination

Figure 6 shows that exposure of HFF-1 cells to IL-2f3 (3 uM) for 12 h increases ROS
levels by approximately 50% relative to the control, as revealed by the intensity of the
fluorescence; pre-treatment with SLN-BXL can induce, in a dose-dependent manner, a
decrease in radical species compared to the cells treated with IL-2p and to the control. In
particular, SLN-BXL is more effective than BXL alone, and, at a concentration of 29.2
MM, reduces ROS levels by about 50% compared to untreated cells.

180 -

160

% Fluorescence intensity vs ctr

Figure 6: ROS levels in HFF-1 cells untreated (Ctr), treated with IL-28 (3 uM), and pre-treated with SLN, BXL, and
SLN-BXL at different concentrations. Values are expressed as mean + S.D. of four experiments in triplicate. +

Significant vs. untreated control cells p < 0.001; ** significant vs. IL-2p-treated cells: p < 0.001.
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These results may be due to a possible modification of the surface of SLN that allows a
greater release of BXL. Furthermore, the data reported in Figure 6 indicate that empty
SLN, while not altering cell viability, slightly increase ROS levels compared to control,
unlike SLN-BXL. The SLN-BXL formulation, in fact, is able to block the ROS levels
induced by IL-2, and the encapsulation with SLN enhances the antioxidant effect of
BXL.

Recently, it was reported that oxidative stress can induce skin damage due to a decrease
in the levels of endogenous antioxidants [24—26]. Increased levels of ROS can, indeed,
be responsible for an altered cellular redox state, DNA damage, and release of pro-
inflammatory processes. The results of the in vitro experiments confirm that the increased
ROS levels due to IL-2p treatment in HFF-1 cells are neutralized by SLN-BXL, which
sport a stronger antioxidant activity than BXL alone; SLN can then be used to improve
the overall efficacy of the compound.

3.3.6. Empty SLN and SLN-BXL calorimetric analysis

The thermotropic behaviour of the SLN was evaluated by DSC analysis (Figure 7). The
calorimetric curve of empty SLN is characterized by a main peak at 54.40 °C and a
shoulder on lower temperature. In the SLN-BXL calorimetric curve, as the temperature
increases, a smaller shoulder, a secondary peak at 52.80 °C, and the primary peak at 54.60
°C are observed. The prominent differences among the empty and SLN-BXL calorimetric
curves suggest that BXL is inside the SLN structure, affecting its response to heat and

temperature-based transitions.

Figure 7: Calorimetric curves, in heating mode, of SLN and SLN-BXL.
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3.3.7. MLVI/SLN Interaction study

Differential scanning calorimetry was used to evaluate an eventual interaction between a
biomembrane model made of DMPC MLV and empty SLN or SLN-BXL.

The interaction was assessed both at pH 5.0 (Figures 8 and 9) and pH 7.4 (Figures 10 and
11). The interaction between MLV and SLN is evidenced by the variation of the
calorimetric peaks of MLV and/or SLN. The calorimetric curve of MLV shows a pre-
transition peak at about 17 °C, related to the transition from the ordered gel phase to the
ripple phase, and a main peak at about 25 °C, related to the transition from the ripple
phase to the disordered liquid crystalline phase [27]. The contact of SLN with MLV
induces several variations in the calorimetric peaks of MLV and SLN, in both pH

conditions.

Regarding the experiment carried out with empty SLN and MLV, the pre-transition peak
of MLV disappears and the main peak becomes smaller as the contact time increases; the
calorimetric peaks of SLN vary significatively in terms of enthalpy and morphology. In
the experiments carried out with SLN-BXL, the calorimetric curve of MLV loses the pre-
transition peak, whereas the main peak becomes smaller; the calorimetric curve of SLN-

BXL also undergoes evident variations.

Experimental results indicate a strong, pH-independent interaction between both SLN
preparations and the MLV biomembrane model that can be supposed to be of penetrative
nature, since changes in enthalpy and morphology are far more prominent than
temperature-based ones [28]. Moreover, it can be observed, especially at pH 5, that on
late scans the calorimetric morphology of both SLN specimens tested becomes gradually
similar to practically superimposable, hinting at a complete redistribution of BXL in the
MLV matrix and, thus, to a behavioural alignment of SLN-BXL back to empty SLN after
the interaction.
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Figure 8: Calorimetric curves, in heating mode, of MLV put in contact with empty SLN, at pH 5, at increasing
incubation time. The numbers on the right side of the curves refer to the calorimetric scans. The curves 0 refer to the
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Figure 9: Calorimetric curves, in heating mode, of MLV put in contact with SLN-BXL at pH 5, at increasing incubation

time. The numbers on the right side of the curves refer to the calorimetric scans. The curves O refer to the samples

before contact.
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Figure 10: Calorimetric curves, in heating mode, of MLV put in contact with empty SLN, at pH 7.4, at increasing
incubation time. The numbers on the right side of the curves refer to the calorimetric scans. The curves O refer to the
samples before contact.
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Figure 11: Calorimetric curves, in heating mode, of MLV put in contact with SLN-BXL, at pH 7.4, at increasing
incubation time. The numbers on the right side of the curves refer to the calorimetric scans. The curves 0 refer to the
samples before contact.
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3.4. Conclusions

The aim of this research was to prepare solid lipid nanoparticles containing a benzo-
[k,I]xanthene lignan possessing antioxidant properties to be used for topical application.
In a precedent study [19], we obtained a SLN preparation with promising results in terms
of physicochemical properties, but which did not display an optimal cytotoxicity
assessment; for this reason, a new formulation, based on the same solid lipid, was

developed.

SLN-BXL show a mean size around 200 nm, PDI of 0.2, and zeta potential of about -28
mV over a period of three months, and an encapsulation efficiency of ~ 70%.  SLN-
BXL are able to penetrate and release the encapsulated compound into a biomembrane
model and show relevant antioxidant activity in an in vitro cellular model, and also an
optimal double-action release of BXL in the dialysis-bag experiment. Positively, the
formulation does not influence the cellular viability, indicating its safety. In conclusion,
based on these results, the formulation can be proposed as a candidate for preventive
remedies against skin disorders induced by increased levels of ROS. In future research,
given these promising results, we will assess the insertion of the formulation in a
secondary pharmaceutical vehicle for topical delivery: we have already conducted some
bibliographic scavenging and preliminary experiments that indicate that hydrogel could
be a punctual solution, since it has high biocompatibility with human skin, and it has
already been used successfully to contain and release SLN suspensions. The hydrogel we
will propose is based on a very water-soluble variant of the Carbopol polymer with the
addition of MilliQ water, glycerol, and triethanolamine. These components, in adequate
ratios and experimental conditions, form a dense, viscoelastic gel with a rich hydrophilic
matrix suitable for the entrapment of the SLN suspension. Preliminary tests show how
the product has stable rheological parameters, such as viscosity, complex module, and
extrapolated yield point, comparable with other well-studied polymeric hydrogel
formulations already employed in SLN delivery; these first promising results will be
further deepened in a dedicated study.
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Supplementary Materials: The following supporting information can be downloaded
at: https://www.mdpi.com/article/10.3390/molecules27185887/s1, Figure S1: Predicted
Physicochemical properties and ADME parameters of BXL.

Author Contributions: Conceptualization, C.T., S.R. and M.G.S.; methodology, C.T.,
N.C., R.A., V.M., F.C. and M.G.S.; software, C.T., N.C,, S.R., AL.M., RA. and V.M.;
validation, R.A, V.M., and F.C.; formal analysis, C.T., N.C.,, S.R. and A.L.M,
investigation, C.T., S.R.,R.A., V.M. and M.G.S.; resources: R.A., V.M. and M.G.S.; data
curation, C.T., N.C. and S.R.; writing—original draft preparation, C.T. and M.G.S;
writing—review and editing, C.T., N.C,, S.R., RA., V.M. and M.G.S.; visualization,
F.C.; supervision, C.T. and M.G.S.; project administration, M.G.S.; funding acquisition,

V.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by MIUR ITALY PRIN 2017 (Project No.
2017A95NC)).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data were generated at the Department of Drug and Health
Sciences and at the Department of Chemical Sciences, University of Catania. Data
supporting the results of this study are available from the corresponding authors on

request.

Acknowledgments: Authors thank Maria Grazia Saita and Danilo Aleo, Medivis srl,

R&D Department, Italy, for rheological tests.
Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not applicable.

68



3.5.

References

Khavkin, J.; Ellis, D.A.F. Aging Skin: Histology, Physiology, and Pathology.
Facial Plast. Surg. Clin. 2011, 19, 229-234. [CrossRef] [PubMed]

Prow, T.W.; Grice, J.E.; Lin, L.L.; Faye, R.; Butler, M.; Becker, W.; Wurm,
E.M.T.; Yoong, C.; Robertson, T.A.; Soyer, H.P.; et al. Nanoparticles and
Microparticles for Skin Drug Delivery. Adv. Drug Deliv. Rev. 2011, 63, 470—491.
[CrossRef] [PubMed]

Garcés, A.; Amaral, M.H.; Sousa Lobo, J.M.; Silva, A.C. Formulations Based on
Solid Lipid Nanoparticles (SLN) and Nanostruc- tured Lipid Carriers (NLC) for
Cutaneous Use: A Review. Eur. J. Pharm. Sci. 2018, 112, 159-167. [CrossRef]

Sala, M.; Diab, R.; Elaissari, A.; Fessi, H. Lipid Nanocarriers as Skin Drug Delivery
Systems: Properties, Mechanisms of Skin Interactions and Medical Applications.
Int. J. Pharm. 2018, 535, 1-17. [CrossRef] [PubMed]

Miller, R.H.; Radtke, M.; Wissing, S.A. Solid Lipid Nanoparticles (SLN) and
Nanostructured Lipid Carriers (NLC) in Cosmetic and Dermatological
Preparations. Adv. Drug Deliv. Rev. 2002, 54 (Suppl. 1), S131-S155. [CrossRef]

Pardeike, J.; Hommoss, A.; Miller, R.H. Lipid Nanoparticles (SLN, NLC) in
Cosmetic and Pharmaceutical Dermal Products. Int. J. Pharm. 2009, 366, 170-184.
[CrossRef]

Desai, P.; Patlolla, R.R.; Singh, M. Interaction of Nanoparticles and Cell-
Penetrating Peptides with Skin for Transdermal Drug Delivery. Mol. Membr. Biol.
2010, 27, 247-259. [CrossRef] [PubMed]

Mardhiah Adib, Z.; Ghanbarzadeh, S.; Kouhsoltani, M.; Yari Khosroshahi, A.;
Hamishehkar, H. The Effect of Particle Size on the Deposition of Solid Lipid
Nanoparticles in Different Skin Layers: A Histological Study. Adv. Pharm. Bull.
2016, 6, 31-36. [CrossRef]

Bickers, D.R.; Athar, M. Oxidative Stress in the Pathogenesis of Skin Disease. J.
Investig. Dermatol. 2006, 126, 2565-2575. [CrossRef] [PubMed]

69



10.

11.

12.

13.

14.

15.

16.

Genovese, C.; Pulvirenti, L.; Cardullo, N.; Muccilli, V.; Tempera, G.; Nicolosi, D.;
Tringali, C. Bioinspired Benzoxanthene Lignans as a New Class of Antimycotic
Agents: Synthesis and Candida Spp. Growth Inhibition. Nat. Prod. Res. 2020, 34,
1653-1662. [CrossRef]

Tumir, L.-M.; Zonjic’, L.; Zuna, K.; Brkanac, S.R.; Jukic’, M.; Hud ek, A.; Durgo,
K.; Crnolatac, 1.; Glavas-Obrovac, L.; Cardullo, N.; et al. Synthesis, DNA/RNA-
Interaction and Biological Activity of Benzo[k,l]Xanthene Lignans. Bioorg. Chem.
2020, 104, 104190. [CrossRef]

Gerstmeier, J.; Kretzer, C.; Di Micco, S.; Miek, L.; Butschek, H.; Cantone, V.;
Bilancia, R.; Rizza, R.; Troisi, F.; Cardullo, N.; et al. Novel Benzoxanthene Lignans
That Favorably Modulate Lipid Mediator Biosynthesis: A Promising
Pharmacological Strategy for Anti-Inflammatory Therapy. Biochem. Pharmacol.
2019, 165, 263-274. [CrossRef]

Vijayakurup, V.; Carmela, S.; Carmelo, D.; Corrado, T.; Srinivas, P.; Gopala, S.
Phenethyl Caffeate Benzo [KI] Xanthene Lignan with DNA Interacting Properties
Induces DNA Damage and Apoptosis in Colon Cancer Cells. Life Sci. 2012, 91,
1336-1344. [CrossRef] [PubMed]

Capolupo, A.; Tosco, A.; Mozzicafreddo, M.; Tringali, C.; Cardullo, N.; Monti,
M.C.; Casapullo, A. Proteasome as a New Target for Bio-Inspired
Benzo[k,l]Xanthene Lignans. Chem. Weinh. Bergstr. Ger. 2017, 23, 8371-8374.
[CrossRef] [PubMed]

Di Micco, S.; Mazué, F.; Daquino, C.; Spatafora, C.; Delmas, D.; Latruffe, N.;
Tringali, C.; Riccio, R.; Bifulco, G. Structural Basis for the Potential Antitumour
Activity of DNA-Interacting Benzo [KI] Xanthene Lignans. Org. Biomol. Chem.
2011, 9, 701-710. [CrossRef] [PubMed]

Spatafora, C.; Barresi, V.; Bhusainahalli (Vedamurthy BM), V.; Micco, S.; Musso,
N.; Riccio, R.; Bifulco, G.; Condorelli, D.; Tringali, C. Bio-Inspired
Benzol[k,I]Xanthene Lignans: Synthesis, DNA-Interaction and Antiproliferative
Properties. Org. Biomol. Chem. 2014, 12, 2686-2701. [CrossRef] [PubMed]

70



17.

18.

19.

20.

21.

22.

23.

24.

25.

Daina, A.; Michielin, O.; Zoete, V. SwissADME: A Free Web Tool to Evaluate
Pharmacokinetics, Drug-Likeness and Medicinal Chemistry Friendliness of Small
Molecules. Sci. Rep. 2017, 7, 42717. [CrossRef]

Daina, A.; Michielin, O.; Zoete, V. ILOGP: A Simple, Robust, and Efficient
Description of n-Octanol/Water Partition Coefficient for Drug Design Using the
GB/SA Approach. J. Chem. Inf. Model. 2014, 54, 3284-3301. [CrossRef]

Torrisi, C.; Cardullo, N.; Muccilli, V.; Tringali, C.; Castelli, F.; Sarpietro, M.G.
Characterization and Interaction with Biomembrane Model of Benzo[k,I]Xanthene
Lignan Loaded Solid Lipid Nanoparticles. Membranes 2022, 12, 615. [CrossRef]

Gaspar, D.P.; Serra, C.; Lino, P.R.; Gongalves, L.; Taboada, P.; Remufian-Ldpez,
C.; Almeida, A.J. Microencapsulated SLN: An Innovative Strategy for Pulmonary
Protein Delivery. Int. J. Pharm. 2017, 516, 231-246. [CrossRef]

Shnoudeh, A.J.; Hamad, I.; Abdo, R.W.; Qadumii, L.; Jaber, A.Y.; Surchi, H.S,;
Alkelany, S.Z. Chapter 15—Synthesis, Characterization, and Applications of Metal
Nanoparticles. In Biomaterials and Bionanotechnology; Tekade, R.K., Ed;
Advances in Pharmaceutical Product Development and Research; Academic Press:
Cambridge, MA, USA, 2019; pp. 527-612, ISBN 978-0-12-814427-5.

Barbosa, R.D.M.; Ribeiro, L.N.M.; Casadei, B.R.; da Silva, C.M.G.; Queir6z, V.A.;
Duran, N.; de Aradjo, D.R.; Severino, P.; de Paula, E. Solid Lipid Nanoparticles
for Dibucaine Sustained Release. Pharmaceutics 2018, 10, 231. [CrossRef]
[PubMed]

Cankaya, G.; Akyol, S.; Geng, C.O.; Arslan, B.O.; Gokalp, M.U. A Novel and an
Alternative in Vitro Release Test for Hydrophobic Diflorasone Diacetate Ointment
with Dialysis Method by Using Reciprocating Cylinder, USP Apparatus 3. Glob. J.
Pharm. Pharm. Sci. 2021, 8, 1-5. [CrossRef]

Tomasello, B.; Malfa, G.A.; Acquaviva, R.; La Mantia, A.; Di Giacomo, C.
Phytocomplex of a Standardized Extract from Red Orange (Citrus sinensis L.
Osbeck) against Photoaging. Cells 2022, 11, 1447. [CrossRef]

Cao, C.; Xiao, Z.; Wu, Y.; Ge, C. Diet and Skin Aging-From the Perspective of
Food Nutrition. Nutrients 2020, 12, 870. [CrossRef]

71



26.

27.

28.

29.

30.

31.

32.

33.

Bissett, D.L.; Chatterjee, R.; Hannon, D.P. Photoprotective Effect of Superoxide-
Scavenging Antioxidants against Ultraviolet Radiation-Induced Chronic Skin
Damage in the Hairless Mouse. Photodermatol. Photoimmunol. Photomed. 1990,
7,56-62. [PubMed]

Walde, P. Preparation of Vesicles (Liposomes). In Encyclopedia of Nanoscience
and Nanotechnology; American Scientific Publishers: Stevenson Ranch, CA, USA,
2004; Volume 8, pp. 43-79, ISBN 1-58883-001-2.

Pignatello, R.; Intravaia, V.D.; Puglisi, G. A Calorimetric Evaluation of the
Interaction of Amphiphilic Prodrugs of Idebenone with a Biomembrane Model. J.
Colloid Interface Sci. 2006, 299, 626—635. [CrossRef] [PubMed]

Sarpietro, M.G.; Accolla, M.L.; Puglisi, G.; Castelli, F.; Montenegro, L. Idebenone
Loaded Solid Lipid Nanoparticles: Calorimetric Studies on Surfactant and Drug
Loading Effects. Int. J. Pharm. 2014, 471, 69-74. [CrossRef] [PubMed]

Ricci, M.; Puglia, C.; Bonina, F.; Di Giovanni, C.; Giovagnoli, S.; Rossi, C.
Evaluation of Indomethacin Percutaneous Absorption from Nanostructured Lipid
Carriers (NLC): In Vitro and in Vivo Studies. J. Pharm. Sci. 2005, 94, 1149-1159.
[CrossRef] [PubMed]

Daré, R.G.; Costa, A.; Nakamura, C.V.; Truiti, M.C.T.; Ximenes, V.F.;
Lautenschlager, S.0.S.; Sarmento, B. Evaluation of Lipid Nanoparticles for Topical
Delivery of Protocatechuic Acid and Ethyl Protocatechuate as a New
Photoprotection Strategy. Int. J. Pharm. 2020, 582, 119336. [CrossRef]

Acquaviva, R.; Tomasello, B.; Di Giacomo, C.; Santangelo, R.; La Mantia, A,;
Naletova, I.; Sarpietro, M.G.; Castelli, F.; Malfa, G.A. Protocatechuic Acid, a
Simple Plant Secondary Metabolite, Induced Apoptosis by Promoting Oxidative
Stress through HO-1 Downregulation and P21 Upregulation in Colon Cancer Cells.
Biomolecules 2021, 11, 1485. [CrossRef] [PubMed]

Tomasello, B.; Di Mauro, M.D.; Malfa, G.A.; Acquaviva, R.; Sinatra, F,
Spampinato, G.; Laudani, S.; Villaggio, G.; Bielak- Zmijewska, A.; Grabowska,
W.; et al. Rapha Myr®, a Blend of Sulforaphane and Myrosinase, Exerts Antitumor

72



34.

35.

and Anoikis- Sensitizing Effects on Human Astrocytoma Cells Modulating Sirtuins
and DNA Methylation. Int. J. Mol. Sci. 2020, 21, 5328. [CrossRef] [PubMed]

Torrisi, C.; Di Guardia, M.; Castelli, F.; Sarpietro, M.G. Naringenin Release to
Biomembrane Models by Incorporation into Nanoparticles. Experimental Evidence
Using Differential Scanning Calorimetry. Surfaces 2021, 4, 295-305. [CrossRef]

Torrisi, C.; Morgante, A.; Malfa, G.; Acquaviva, R.; Castelli, F.; Pignatello, R.;
Sarpietro, M.G. Sinapic Acid Release at the Cell Level by Incorporation into
Nanoparticles: Experimental Evidence Using Biomembrane Models. Micro 2021,
1, 120-128. [CrossRef]

73



74



4. DESIGN OF NANOTECHNOLOGICAL CARRIERS
FOR OCULAR DELIVERY OF MANGIFERIN:
PREFORMULATION STUDY

Debora Santonocito”, Maria Vivero-Lopez?, Maria Rosaria
Lauro®, Cristina Torrisi!, Francesco Castellil*, Maria Grazia

Sarpietro** and Carmelo Puglia®*

!Department of Drug and Health Sciences, University of Catania, Viale Andrea Doria n 6, 95125
Catania, Italy; cristina.torrisi@phd.unict.it (C.T.); fcastelli@unict.it (F.C.); mg.sarpietro@unict.it
(M.G.S.); capuglia@unict.it (C.P.)

2Departamento de Farmacologia, Farmacia y Tecnologia Farmacéutica, 1+D Farma (GI-1645),
Facultad de Farmacia and Health Research Institute of Santiago de Compostela (IDIS),
Universidade de Santiago de Compostela, 15782 Santiago de Compostela, Spain;

mariavivero.lopez@usc.es

3Department of Pharmacy, University of Salerno, Via Giovanni Paolo 11, 84084 Fisciano, Italy;

lauro@unisa.it

“NANO-i—Research Centre on Ocular Nanotechnology, University of Catania, 95125 Catania,
Italy

*correspondence: debora.santonocito@unict.it;

Molecules 2022, 27, 1328.https://doi.org/10.3390/molecules27041328

75



4.1. Introduction

In recent years, intense research has been conducted to treat posterior ocular segment
diseases using topical formulations able to overcome the complex anatomy of the eye [1].
The use of conventional eye drops is limited by precorneal drug removal mechanisms and
physiological barriers [2,3] that oppose drug penetration, limiting the ocular
bioavailability to 5-10% [4]. This means that the achievement of therapeutic effects
requires frequent instillations, with consequent low patient compliance [5]. Other
strategies are the use of ocular injections (peribulbar, retrobulbar and subconjunctival)
and the application of ocular implants; however, both therapies show drawbacks due to
high costs [6].

The advent of nanotechnology has made important innovations in the field of
ophthalmology [7]. Over the years, two generations of lipid nanoparticles have been
developed: the first generation consists of solid lipid nanoparticles (SLN) and the second
generation consists of nanostructured lipid carriers (NLC). Drug encapsulation into these
nanocarriers has been reported to increase drug solubility, stability, penetration, targeted
cell uptake, tolerability and interaction with the ocular mucosa [8-12]. NLC present
numerous advantages, such as controlled drug release, high drug loading and excellent
tolerability [4,13]. NLC are made up of a mixture of lipid solid and liquid (oil), stabilized
by a surfactant. The oily fraction is responsible for a distortion of the lipid crystals; this
particular internal structure allows a high loading capacity and a remarkable physical
stability. Therefore, NLC are currently studied as delivery systems for the treatment of

the most important ocular disorders affecting the posterior eye segment [4-16].

Many eye diseases are related to oxidative stress, such as macular degeneration and
diabetic retinopathy [17] as overproduction of reactive oxygen species (ROS) affects
neurons and retinal vessels. Thus, the attention on antioxidants has been greatly increased
in the field of ophthalmology. Ocular applications of antioxidants are hindered by
stability and bioavailability problems, which can be overcome by encapsulation into
nanocarriers [18]. Several studies pointed to mangiferin (MGN) for the potential
treatment of eye diseases [19,20]. MGN (2-b-D-glucopyranosyl-1,3,6,7-
tetrahydroxyxanthone) is a polyphenol compound (Figurel), primarily extracted from the
leaves, stem barks and fruits of Mangifera indica L., exhibiting a variety of therapeutic

effects, of which a strong antioxidant activity [21-24].
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Figure 1: Chemical structure of mangiferin (MGN).

To overcome the stability and low aqueous solubility (0.111 mg/mL) limitations [25-27],
the feasibility of encapsulating MGN in NLC was investigated in a previous paper [20].
In that work, NLC were obtained combining glyceryl monostearate, Gelucire 44/14,
Mygliol 812, Labrasol and large proportions of Tween 80 surfactant, but the antioxidant
activity of MGN was not investigated. Other nanotechnological systems have been
developed in order to increase the solubility and bioavailability of MGN, such as self-
assembled phytosomal soft nanoparticles encapsulated with a phospholipid complex
(MPLC SNPs) [28] and polymeric nanoparticles [29,30], demonstrating the importance

of the nanoencapsulation strategy.

The aim of this preliminary study was to design NLC for MGN using more biocompatible
and safer surfactant and lipids and to elucidate their suitability for the potential treatment
of posterior eye segment disorders using a variety of in vitro and in ovo approaches. Thus,
Mygliol 812 was mixed with Compritol 888 ATO (COMP), a mixture of mono-, di- and
triglycerides of behenic acid, which shows excellent regulatory and safety profiles [31].
Moreover, Lutrol F68 was used as a surfactant at a very low proportion (0.4% w/v).
MGN-NLC were prepared by the high shear homogenization coupled with the ultrasound
(HSH-US) method. MGN-NLC were characterized for their mean size, zeta- potential,
size distribution and morphology. The mechanism by which NLC interact with a
biomembrane model of multilamellar vesicles (MLV) was investigated using differential
scanning calorimetry (DSC) [32] while the antioxidant activity of MGN was evaluated
by the ORAC assay. Finally, the obtained formulations were analysed in terms of ocular
tolerance. Therefore, MGN-NLC are a promising approach for treating retinal diseases as
they are able to bypass the problems of MGN (low water solubility and instability) and

administer it in the form of eye drops.
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4.2. Materials and methods
4.2.1. Materials

Solid lipid Compritol 888 ATO (COMP, a mixture of mono-, di-, and triglycerides of
behenic acid) was purchased from Gattefosse (Milan, Italy); oil Mygliol 812 (MIG, a
mixture of medium-chain triglycerides) was obtained from Eigenmann & Veronelli
S.p.A. (Milan, lItaly) and Lutrol F68 (MW 8400 g/mol) was provided by BASF
ChemTrade GmbH (Burgbernheim, Germany). Mangiferin (MGN, MW 422.33 g/mol),
Trolox (MW 250.29 g/mol) and 2,2’-azobis(2-methylpropionamidine) dihydrochloride
(AAPH, MW 271.19 g/mol) were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Fluorescein disodium salt (MW 332.31 g/mol) was purchased from Acros Organics
(Milan, Italy). Triton X-100, propylene glycol and PBS commercial (10x) were purchased
from Sigma-Aldrich (Madrid, Spain). Ultrapure water (18.2 Momega) was obtained by
filtering through Millipore (MilliQ®, Millipore Ibérica, Madrid, Spain).

4.2.2. MGN-NLC preparation

MGN-NLC were prepared by high shear homogenization coupled with an ultrasound
(HSH US) method [52] that was slightly modified. Briefly, the lipid phase containing
MGN (0.1% w/v), COMP (0.6 g) and MIG (0.4 g) were first melted at 80 °C then
uniformly mixed in the surfactant solution at the same temperature (Lutrol F68 0.4% w/v)
by using a high-speed stirrer (Ultra-Turrax T25, IKA-Werke GmbH &Co. Kg, Staufen,
Germany) for 10 min. The obtained pre-emulsion was ultrasonicated by a Labsonic 2000
(B. Braun, Melsunen, Germany) for 8 min. The hot dispersion was then cooled by dilution
in 25 mL of additional water at 4 °C. Unloaded NLC was prepared by the same procedure
without adding MGN.

4.2.3. MGN-NLC physical characterization

The average size (Z-Ave), polydispersity index (PDI) and the zeta potential (ZP, &) of
MGN-NLC were assessed by dynamic light scattering (DLS) using a Zeta Sizer Nano-
ZS90 (Malvern Instrument Ltd., Worcs, Malvern, UK). Experiments were carried out
at 20 £ 0.2 °C and at a scattering angle of 90°. Samples (100 pL of NLC suspension) were

diluted with distilled water (900 pL). Each formulation was measured at least in triplicate.
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4.2.4. Transmission Electron Microscopy (TEM)

MGN-NLC morphology was investigated using TEM (JEOL JEM-101). The formulation
was diluted 100 times with water and then deposited on the surface of a 200 mesh
Formvar®-coated copper grid (TAAB Laboratories Equipment, Ltd., Aldermaston, UK).
The acceleration voltage was set to 190 kV. After drying, the specimen was covered with

chromium prior to imaging (Quorum Q150T ES East Grinstead, West Sussex, UK).
4.2.5. Encapsulation efficiency and drug loading

NLC formulation was diluted in H-O, filtered through a 0.22 pum sterile syringe filter (TS-
900-045-S, Test Scientific, Perugia, Italy) and freeze dried overnight. A defined amount
of the lyophilized filtrate was solubilized in methanol, and the MGN content was
measured by UV spectrophotometry at 257 nm (T80 UV/VIS Spectrometer, PG
Instrument Ltd., Lutterworth, UK). Calibration curves of MGN were performed on six
different concentrations (range 0.5-10 pg/mL). Each point was the average of three
measurements. The entrapment efficiency (EE) of MGN in the NLC was calculated from
Equation (1):

EE% = [(MgMGNiotal — mgMGNiree)/MgMGNiotal] x 100 1)
The drug loading (DL) was calculated from Equation (2):

DL% = [(MgMGNiota — mgMGNrree)/Weight of lipids] x 100 2
4.2.6. DMPC/MGN MLV preparation

DMPC/MGN MLV were prepared as follows. DMPC was dissolved in chloroform:
methanol (1:1 v/v), and MGN was dissolved in methanol. Aliquots of a DMPC solution
(0.010325 mmol) were delivered in glass vials, and aliquots of the MGN solution were
added to have defined molar fractions of MGN with respect to DMPC (0.00, 0.03, 0.045,
0.06, 0.09, 0.12 and 0.15). The solvents were evaporated under a nitrogen flow at 37 °C.
The obtained phospholipid films were freeze dried overnight to eliminate any solvent
traces, and 50 mM of a Tris buffer solution at pH 7.4 was added to the films to reach
0.0614 mmoles DMPC/mL. The dispersions were kept at 37 °C for 1 min, vortexed three
times for 1 min and then kept at 37 °C for 60 min.
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4.2.7. Differential Scanning Calorimetry (DSC)

The DSC studies were carried out with a Mettler Toledo STAR® system equipped with a
DSC-822° calorimetric cell and the Mettler TA-STAR® software. The formulation was
poured in aluminum (160 pL), which was sealed after filling. The reference pan contained
a Tris buffer solution (50 mM). The maximum sensitivity obtainable by the calorimetric
system was used. The procedure of the Mettler TA-STAR?® software was followed for the
calibration of temperature and enthalpy changes; indium, stearic acid and cyclohexane

were used.
4.2.7.1. MLV and NLC analysis

MLV (120 pL; 0.007375 mmoles of DMPC) were placed into the calorimetric pan and
subjected to DSC heating and cooling scans: (1) a scan from 5 to 37 °C (2 °C/min) and
(2) a scan from 37 to 5 °C (4 °C/min), both conducted at least three times to check the
results’ reproducibility. NLC (120 pL) were put into the calorimetric pan and subjected
to the DSC analysis as follows: (1) a heating scan from 25 to 85 °C at a rate of 2 °C/min
and then (2) a cooling scan from 85 to 5 °C at a rate of 4 °C/min; each scan was conducted

at least three times to check the reproducibility of the results.
4.2.7.2. Kinetic experiments
Interaction between MLV and MGN

An amount of MGN corresponding to 0.5 molar fraction with respect to DMPC was
weighed in the calorimetric pan, and 120 pL of a MLV sample was added. Then, the pan
was hermetically sealed, and the interaction was monitored by the DSC analysis as
follows: (i) a heating scan at a rate of 2 °C/min between 5 and 85 °C, (ii) a cooling scan
at a rate of 4 °C/min between 85 and 37 °C, (iii) an isothermal period (1h) at 37 °C to
allow the NLC to interact with and permeate the phospholipid bilayers of MLV and (iv)
a cooling scan between 37 and 5 °C at a rate of 4 °C/min. This procedure was run at least
eight times to follow eventual variations in the behaviour of the MLV made with DMPC
(DMPC MLYV) and of NLC due to the time-dependent interactions. Each experiment was

repeated three times.
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Interaction between MLV and NLC

Thirty microliters of MLV (0.245 mmoles DMPC/mL) were placed in the calorimetric
pan, followed by the addition of 90 pL of NLC; the pan was hermetically sealed, and the

interaction was monitored as described above.
4.2.8. Antioxidant activity: ORAC assay

The antioxidant activity of the MGN-NLC, MGN solution and unloaded NLC was
measured using the ORAC assay [53]. Data were obtained using an OPTIMA FLUOstar
microplates reader (BMG Labtech, Cary, North California, CA, USA). The assay was
conducted at 37 °C, using AAPH (2,2-azobis (2-amidinopropane) dihydrochloride as the
oxidant generator, Trolox (0.1 mM) as the control standard and phosphate buffer (pH 7.4)
as the blank. A 96-well flat-bottomed black plate was used; the outer rows were filled
with 200 pL of distilled water to avoid the evaporation due to the temperature effect.
Samples (MGN-NLC, MGN solution and unloaded NLC) were diluted in phosphate
buffer (1:1, 1:3, 1:10, 1:20, 1:50, 1:75, 1:100 and 1:150), and then they were deposited
(70 pL) in triplicate in the well of the microplate with fluorescein solution (100 pL).
Fluorescein solution (3 pM) was prepared in 75 mM phosphate buffer (pH 7.4).
Moreover, eight calibration solutions using Trolox (3—100 pM, in phosphate buffer) were
added in triplicate (70 pL). After incubation for 15 min at 37 °C, 30 pL of AAPH solution
was added, and the fluorescence measurement started. The fluorescence was recorded

every 2 min for 180 min (excitation 485 nm, emission 520 nm).
4.2.9. Ocular tolerability: HET — CAM assay

Ocular irritancy of unloaded and MGN-loaded NLC were evaluated through the Hen’s
Egg Test on Chorio-Allantoic Membrane (HET CAM), as previously described [18]. The
eggshell of incubated (37 °C, 60% relative humidity, 9 days), fertilized hen’s eggs (50—
60 g, Coren, Spain) was pierced at the air chamber side using a rotatory saw (Dremel 300,
Breda, The Netherlands), and the inner membrane was wet with 0.9% NaCl for 30 min
(37 °C). Afterwards, the inner egg membrane was carefully removed to avoid any damage
to the fine blood vessels of the chorioallantoic membrane.

Unloaded NLC and MGN-NLC (100 pL) (in duplicate) were dropped on the CAM. As
negative and positive controls, 300 puL of 0.9% NaCl and 0.1 N NaOH solutions were

placed on the CAM, respectively. Finally, the irritation score (IS) was calculated as
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previously reported after observing the CAM for 5 min regarding hemorrhage, vascular

lysis or coagulation [35].
4.2.10. Hemolysis assay

In vitro hemolysis assays were performed for unloaded NLC and MGN-NLC following
a slightly modified method used by Chen et al. [54]. A hemolysis assay was performed
using freshly drawn whole blood from anonymized healthy donors (Galician Blood
Trans- fusion Center, Santiago de Compostela, Spain) [55,56]. Briefly, blood samples (5
mL) were diluted with 0.9% NaCl (145 mL). Samples (100 pL; dilution 1:5) were added
in diluted blood (1 mL) while positive and negative controls were incubated with a Triton
X-100 (4%) and a phosphate buffer (PBS commercial, 10 ), respectively. After incubation
(37 °C) at 100 rpm for 1 h, the samples were centrifuged (Sigma 2-16P; Sigma Laboratory
Centrifuges, Germany) at 10,000 rpm for 30 min. The release of hemoglobin was
monitored by measuring the absorbance of the supernatant (150 pL) at 540 nm using a
microplates reader (FLUOstar Optima, BMG Labtech, Cary, North California, USA). The
percentage of hemolysis was calculated as follows Equation (3):

A
% Hemolysis = = "N %100 3)
Ap — Ay

where As is the absorbance of sample, An is the absorbance of negative control and Ap is

the absorbance of positive control.
4.2.11. Statistical analysis

Statistical data analysis was performed using Student’s t-test followed by a post hoc

Bonferroni-Dunn test. A probability (p) of less than 0.05 was considered significant.
4.3. Results
4.3.1. NLC preparation and characterization

MGN-NLC showed a mean diameter of 148.9 + 0.1 nm, a PDI value around 0.21 + 0.02
and a zeta potential value of -23.5 mV (Tablel), predicting a good long-term stability for
the formulation [33]. The encapsulation efficiency, evaluated by UV/VIS spectrometry,

was about 92%. The drug loading was about 4.7%.

Table 1. The values of size (Z-Ave), PDI and Z-potential for unloaded and MGN-NLC recorded at 25 °C.
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. Z-Ave FDI A
Formulation

(nm = 5D (=) = 5D (mV + 5[
Unloaded NLC 123.1 £0.1 0.18 £ 0.10 286 +03
MGMN-NLC 1489 £ 0.1 0.21 £ 0.02 235+02

4.3.2. Transmission Electron Microscopy (TEM)

The morphology of the MGN-NLC was performed using TEM (Figure 2). In agreement
with the DLS data, the TEM images showed that the nanoparticles are suitable for ocular
administration (particle size below 200 nm) [6,34—36] and are well structured.
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Figure 2: Transmission electron microscopy images of MGN-NLC. The scale bar represents 200 nm.

4.3.3. DSC analysis
4.3.3.1. NLC and MLV analysis

The thermotropic behaviour of unloaded NLC and MGN-NLC was evaluated by DSC.
The calorimetric curves of the single components are shown in Figure S1 of the
supporting information. Compritol, the solid lipid used to obtain NLC, showed a
calorimetric peak centered at 71.57 °C, with an enthalpy variation of 124.76 J/g. The
calorimetric curve of Lutrol was characterized by a peak centered at 52.49 °C, with an
enthalpy variation of 122.93 J/g; Mygliol did not show any calorimetric peak but only a
flat line. The calorimetric curves of NLC and MGN-NLC are shown in Figure 3.
Unloaded NLC were characterized by a main peak centered at 64.24 °C and a shoulder at
a higher temperature as well as an enthalpy variation of 66.13 J/g of Compritol. The NLC
melting temperature was about 7 °C lower than that of Compritol, owing to an increase
of surface area resulting from NLC colloidal sizes and from interactions between the solid
lipid and MIG and surfactant molecules that led to a less ordered structure. The MGN-
NLC run had a main peak at 64.68°C and a smaller one at 69.68 °C as well as an enthalpy

variation of 65.08 J/g of Compritol. These results suggest that MGN affected the
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thermotropic behaviour of the nanocarriers and, therefore, may interact with lipid
constituents of the NLC formulation. The DSC analysis of MGN was also carried out. In
accord with the literature data [37,38], MGN had an endothermic peak centered at 272.11
°C (Figure S1, supporting information). The effect of different molar fraction of MGN
(0.03; 0.045; 0.06; 0.09; 0.12; 0.15) on the biomembrane model made of MLV of 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) was also investigated by DSC (Figure
4) [31,39,40]. All recorded calorimetric curves were referred to those made of pure
DMPC MLV. The latter one showed a pretransition peak at about 16 °C, related to the
transition from the gel (ordered) to the ripple phase, and a main peak at 25 °C, due to the
transition from the ripple to the liquid-crystalline (disordered) phase. Any foreign
molecules in the lipid bilayer may act as impurities and cause variations of the
thermodynamic parameters (Tm and AH). In the case of MGN, the pretransition peak
decreased and finally disappeared as the amount of molar fraction increased while the
main peak slightly shifted to a lower temperature, and its enthalpy variation remained
almost unchanged. This result indicated that MGN exerted only a low effect on DMPC
MLV.

unloaded NLC

Figure 3: Calorimetric curves, in heating mode, of unloaded NLC and MGN-NLC.
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Figure 4: Calorimetric curves, in heating mode, of MLV containing a different molar fraction of MGN.

4.3.3.2. MLV/ MGN Kinetic experiments

The ability of the MGN to be absorbed by the phospholipid membranes through  an
aqueous medium was studied by leaving an amount of the DMPC MLV dispersion in
contact with a defined quantity of powdered compound. If the compound dissolves
through the aqueous medium and is able to interact with the phospholipid bilayers, it is
possible to observe a gradual variation of the calorimetric curve shape of DMPC MLV
(reported as a reference). In this case, in all recorded calorimetric curves, the pretransition
peak disappeared whereas the main peak did not show any variation (Figure 5). Therefore,
MGN cannot be incorporated in the MLV structure, probably due to its low water
solubility.
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Figure 5: Calorimetric curves, in heating mode, of MLV left in contact with the solid MGN at increasing times.
4.3.3.3. MLV/NLC kinetic experiments

The interaction between DMPC MLV, used as biological membrane model, and NLC
(unloaded NLC and MGN-NLC) was evaluated by DSC. An amount of DMPC MLV and
NLC were put in contact, and the kinetic experiments were carried out. The calorimetric
curves, recorded at one-hour intervals, were compared with the individual curves of
samples (Figures 6 and 7, respectively). Regarding the first experiment, the pretransition
peak of DMPC MLV gradually vanished while the main peak underwent variations in
height and width, and the enthalpy variation gradually decreased (Table 2). Firstly, the
calorimetric curve of NLC showed a main peak and a shoulder, characteristic of unloaded
NLC; then, as the contact time increased, the peak merged with the shoulder, giving a
unique peak at a higher temperature. This is clear evidence of the interaction between
MLV and unloaded NLC; in particular, DMPC MLV maintained their structure while the
NLC structure underwent marked variations. A similar behaviour can be seen in the
DMPC MLV and MGN-NLC interactions. DMPC MLV lost the pretransition peak, and
the main peak showed a reduction, associated with a gradual decrease of the enthalpy
variation (Table 2). The shape of the MGN-NLC calorimetric curve, characterized by a
well-defined two peaks structure, did not initially change, but the two peaks gradually
merged in a unique peak that, in the last scans, was at 69.11 °C and remained stable.
Therefore, there was an interaction between MLV and MGN-NLC. In order to confirm
that the variations of the unloaded NLC and MGN-NLC were due to the interaction with
MLV, simple experiments were carried out. Unloaded NLC and MGN-NLC were
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separately submitted to the same calorimetric conditions of the kinetic experiments. The
calorimetric curves did not show any variation over the time (data not shown), confirming
the interaction between NLC and MLV. We can hypothesize that NLC can enter the MLV

structure and release MGN.

Table 2. Enthalpy variation (AH) of MLV left in contact with NLC or MGN-NLC at increasing calorimetric
heating scans.

Calorimetric Scan NLC MGN-NLC
DH (J/mmeol) DH (J/mmol)
o 30.30+0.50 30.30+0.50
1 30.30x0.52 29.60 +0.51
2 25.35+0.54 23.30 #0.72
3 25.20 #0.61 23.30 #0.73
4 23.19 *0.91 22.32 +0.64
5 20.07+0.83 20.38 x0.80
6 19.88 x0.74 20.16 +0.82
7 19.65+0.70 19.39 +0.90
8 19.51 +#0.73 18.92 +0.72
8 scan
7 scan
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Figure 6: Calorimetric curves, in heating mode, of MLV left in contact with unloaded NLC at increasing times.
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Figure 7: Calorimetric curves, in heating mode, of MLV left in contact with MGN-NLC at increasing times.

4.3.4. ORAC assay

During the ORAC assay, the decay of the fluorescence of fluorescein was monitored. A
calibration curve was obtained by plotting the area under the curve (AUC) against a
Trolox concentration (r> = 0.9913). The ORAC assay was applied to determine the
antioxidant activity of the MGN-NLC (0.002 M) using unloaded NLC as a control and a
MGN solution (free compound, 0.002 M), reaching values of 6494 + 186, 769 + 52 and
3521 + 271 uM TE/qg, respectively (Table 3). The obtained values showed that the
antioxidant activity of MGN-NLC was higher than that of the free compound (MGN
solution).

Table 3. The antioxidant activity of unloaded NLC, MGN-NLC and MGN solution. Results are
presented as the mean + S.D., n = 3.

Trolox-Equivs. (UM

Sample TE/g)
Unloaded NLC (1:50) 769 +52
MGN-NLC (1:75) 6494+186
MGN solution (1:50) 3521 271

4.3.5. HET — CAM assay

HET CAM is an in ovo assay highly sensitive for predicting the ocular irritation effect
[41]. Potential ocular irritation effects of MGN-NLC and unloaded NLC were determined
on the chorioallantoic membrane (CAM) of fertilized hen eggs. No damage to the blood

vessels on the CAM surface after a 5 min period of contact with MGN-NLC was detected,
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as reported in Figure8. The IS was 0.0, as occurred with the negative control (0.9% NacCl).
Thus, MGN-NLC can be classified as non-irritant (IS < 1) since no haemorrhage, lysis or
coagulation were observed. The slight white halo observed in Figure 8C, D was due to

the milky appearance of the tested formulations.

®e o0

Figure 8: Pictures of chorioallantoic membrane (CAM) after the application of (A) 0.1 M NaOH solution (positive
control), (B) 0.9 wt% NaCl solution (negative control), (C) unloaded NLC and (D) MGN-NLC.

4.3.6. Haemolysis assay

Investigation of the hemocompatibility profiles of tested formulations revealed that they
had haemolysis effects of about 10%. The percentage of haemolysis for unloaded NLC
and MGN-NLC were 11.16 + 3.12% and 8.10 = 0.95%, respectively.

4.4. Discussion

MGN-loaded NLC were formulated by high shear homogenization coupled with an
ultrasound (HSH US) method using Compritol® 888 ATO and Mygliol 812® as the lipid
phase and Lutrol F68® (Poloxamer 188) as the surfactant. The importance of this
combination of HSH-US in controlling the size of lipid nanoparticles has been
demonstrated [42]. Therefore, this method proved to be valid, highly reproducible and
suitable for the formulation of ocular nanocarriers. DLS data showed good technological
parameters, with a size below 200 nm (as confirmed by TEM images), a PDI around 0.2
and a zeta potential value approximately -20 mV, predicting a good long-term stability.
This could be due to the presence of Poloxamer on the particle surface, thereby creating
a stabilizer layer [43—-45]. The choice of surfactant is very important because it controls
the particle size and the stability, preventing their aggregation during storage [46,47]. In
a previous report NLC prepared, combining glyceryl monostearate, Gelucire 44/14,
Mygliol 812, Labrasol and large proportions of Tween 80 surfactant [20], there was a
smaller size (50-70 nm), similar PDI and larger zeta potential (-30 to -36 mV).
Calorimetric data demonstrated that MGN affects the thermotropic behavior of NLC; in

fact, the one peak and one shoulder curve of unloaded NLC became a two peaks curve in
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MGN-NLC, demonstrating that MGN was incorporated in NLC. The kinetic experiments,
carried out to evaluate an interaction between MLV and unloaded NLC and between
MLV and MGN-NLC, showed the variation both of the MLV as well as of the unloaded
NLC and MGN-NLC peaks, indicating that unloaded NLC and MGN-NLC interacted
with MLV [48]. The data were confirmed by the absence of variations in the calorimetric
curves of unloaded NLC and MGN-NLC submitted to the same experimental conditions.
The antioxidant activity of MGN-loaded NLC was determined by the ORAC assay using
unloaded NLC as a control MGN-NLC and an MGN solution (free compound); the
concentration of MGN was 0.002 M in both samples. The values obtained showed that
the antioxidant activity of MGN-NLC (6494 + 186 uM TE/g) was higher than that of the
free compound (3521 + 271 uM TE/g). This confirmed that the encapsulation of the drug
was able to preserve and increase its activity [49]. The antioxidant activity against radicals
ranked in the order MGN-NLC > MGN solution > unloaded NLC (control). In terms of
safety, all the components used for the formulation of nanoparticles are safe [13,45,50,51]
as confirmed by HET CAM test. This test is an alternative to the Draize test and provides
information on the potential ocular irritancy of the formulations through the irritation
score (I1S). CAM is a vascular tissue that responds to harmful agents with a complete
inflammatory process (hemorrhage, lysis or coagulation). The IS value was 0.0, which
occurred with the negative control (0.9% NaCl), while the IS of the positive control was
about 18.82. No damage to the blood vessels on the CAM surface after a 5 min period of
contact with MGN-NLC was observed; therefore, it can be qualified as a nonirritating
formulation. Moreover, MGN-NLC showed adequate hemocompatibility as the unloaded
NLC.

The promising findings of the present work suggest future research directions to test in
vivo the efficacy of MGN-NLC in the management of retinal diseases involving a deficit

of antioxidant defenses (i.e., macular degeneration).
4.5. Conclusions

MGN has a wide range of pharmacological properties, including anti-inflammatory and
antioxidant activities, and can be considered a good candidate for the potential treatment
of eye diseases. Its use in ophthalmology is compromised due to its high lipophilicity.
This obstacle has been overcome by encapsulating this compound in the NLC. MGN-

NLC showed an appropriate particle size, good stability, and high ophthalmic tolerability.
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The DSC studies indicate that MGN-NLC could enter the biomembrane model and
release MGN, and further studies have been planned to prove this hypothesis.
Furthermore, the antioxidant activity of MGN-NLC was higher than the free compound.
This demonstrated that the carrier preserved the drug. Therefore, these findings suggest
that the NLC system is a potential strategy to improve ocular bioavailability of lipophilic
drugs.

Supplementary Materials: The following supporting information can be downloaded
online. Figure S1: Calorimetric curves, in heating mode, of Compritol, Lutrol, Mygliol
and MGN.
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5.1. Introduction

Polyphenols are one of the largest and most widespread groups of secondary metabolites
widespread in plant kingdom with marked biological activities. They are present in
millions of different chemical structures and their characterization stands as a
challenge[1]. In recent years, it is grown the interest in the isolation and identification of
one of their subgroups: benzo[k,I]xanthene lignans (BXLs). The latter, unlike other
polyphenols, have a limited availability in nature so, in 2009, a group of researchers
developed a simple and biomimetic methodology for their synthesis [2], and a variety of
synthetic benzoxanthenes have since been obtained and evaluated as antioxidant [3], anti-
inflammatory [4], selective copper-chelators [5], antifungal [6], antiproliferative agents
[7] and pro-apoptotic agents [8]. However, the lipophilic character of the xanthene core
makes their use difficult in an aqueous medium, hindering their pharmacokinetic profile.
One of the approaches to overcome this problem is the encapsulation of the molecules
inside a carrier. In recent years, Solid Lipid Nanoparticles (SLN) and Nanostructured
Lipid Carriers (NLC) have attracted the attention of numerous researchers as nanocarriers
for lipophilic molecules such as BXLs[10]. SLN and NLC are colloidal systems stabilized
by surfactants being the former one composed of solid lipids at room and body
temperature and the second one composed of both solid and liquid lipids, as the core
matrix. The presence of a liquid lipid allows to have a less organized lipid matrix and
consequently a better drug encapsulation and limited drug expulsion during storage [11].
One of the major advantages of SLN and NLC is the nature of lipids, biocompatible and
biodegradable, that make them safe and efficient as drug delivery systems. In this
preliminary study, a bioactive benzoxanthene (BXL A2), reported in Figure 1, has been
included in SLN and NLC. Unloaded and loaded SLN and NLC, have been prepared
using hot high-pressure homogenization (HPH) method and characterized in terms of
size, zeta potential, entrapment efficiency and stability. Moreover, their thermotropic
behaviour and the possible drug-lipid interactions were evaluated by Differential
Scanning Calorimetry (DSC) and Fourier-Transform Infrared spectroscopy (FTIR),

respectively.
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Figure 1: Structure of BXL A2.

5.2. Materials and methods
5.2.1. Materials

Precirol® ATO 5 (Glyceryl distearate) was kindly donated by Gattefossé (France).
Tween® 80 (Polysorbate 80), was purchased from Sigma Aldrich Co (St. Louis, MO,
USA). Mygliol® 812 (triglycerides of capric/caprylic acids) was acquired from Acofarma
(Madrid, Spain). The ultrapure water used in all experiments was obtained from a Milli-
Q® Direct 3 UV-R system (Millipore, Darmstadt, Germany). All the solvents used were
of analytical grade and were purchased from Sigma-Aldrich (Steinheim, Germany).

5.2.2. Preparation of Solid Lipid Nanoparticles (SLN) and Nanostructured Lipid
Carriers (NLC)

SLN and NLC were prepared by high-pressure homogenization technique (HPH)[9].
Precirol®ATO5 and Mygliol® 812 were used as solid and liquid lipids, respectively,
while Tween 80 was used as non-ionic surfactant. Briefly, the lipid and the aqueous
phases were heated to 70 °C, separately. When the two phases reached the same
temperature, the aqueous phase was added drop by drop to the lipid phase. The prepared
pre-emulsion was quickly transferred to the high-pressure hot homogenizing equipment
(High-Pressure Homogenizer SPCH-10, Stansted Fluid Power, Essex, UK), being
homogenized during three cycles at 350 bars, and then cooled and stored in a glass bottle
at 25 °C. SLN-BXL A2 and NLC-BXL A2 were prepared with the same procedure. The

compound was previously added to the lipid phase.
5.2.3. Characterization and stability studies of SLN and NLC

The lipid nanoparticles were characterized in terms of size, polydispersity index (PDI)
and zeta potential (ZP). Z-Average size (Z-Ave) and PDI were determined by Dynamic
Light Scattering (DLS) using a particle size analyzer with a light incidence angle of 90°
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(Brookhaven Instruments, Holtsville, NY, USA). ZP was estimated by Electrophoretic
Light Scattering (ELS) using the equipment previously reported. Before each
measurement, all the samples were diluted in milli-Q water (dilution 1:100). To
characterize and study the stability over time of the loaded and unloaded SLN and NLC,
Z-Ave, PDI and ZP were monitored at different time points (day 0, day 3, day 7, day 15
and 1 month) after production and storage in closed glass vials at 25 + 1 °C.

5.2.4. Encapsulation efficiency (EE)

The encapsulation efficiency (EE) was determined by ultrafiltration using centrifugal
ultrafiltration tubes (Amicon® Ultra-4 filter 10 kDa cut-off, Millipore, Billerica, MA,
USA). 1 mL of the SLN-BXL A2 and NLC-BXL A2 suspensions was diluted with 1 ml
of ultrapure water, added to the upper chamber of the centrifugal tube and centrifuged at
5.000 g for 1 h at 4 °C using a Thermo Scientific TM Heraeus TM Multifuge X1R
Refrigerated Benchtop Centrifuge (Waltham, MA, USA). The concentration of
unentrapped BXL-A2 in the filtrate was subsequently determined by High-Performance
Liquid Chromatography (HPLC) (Dionex UltiMate™ 3000, Thermo Scientific,
Waltham, MA, USA). The chromatographic analysis was performed at 273 nm, using a
BDS Hypersil TM C18 column (150 mm x 4.60 mm internal diameter, 5 um particle size;
Thermo Scientific, Waltham, MA, USA), and Acetonitrile/Water, 25:75 (v/v), as the
mobile phase, eluted at a flow rate of 1 mL/min. Injections were made in triplicate (n =
3) with a sample volume of 10 pL. A calibration curve was built up by analysing
independent standard solutions and fitting the respective data to the least squares linear
regression, which gave a correlation coefficient (R) of 0.9994. BXL A2 entrapment

efficiency (EE) was calculated by Eq. (1):

BE(R) = Y

t

x 100 1)

where Wt is the total amount of BXL A2 and We is the amount of the entrapped BXL AZ2.
5.2.5. Fourier Transform Infrared (FTIR) spectroscopy

To confirm the functionalization of the SLN and NLC with BXL A2, Fourier transform
infrared spectroscopy (FTIR) was performed. The unloaded and loaded SLN and NLC
were previously frozen overnight and lyophilized at =75 °C and 0.4 mBar using a
LyoQuest freeze dryer (Telstar, Terrassa, Spain). The infrared spectra were obtained by
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placing the samples (BXL A2, Precirol® ATOS, empty and loaded SLN and NLC) on a
PerkinElmer Frontier™ FTIR Spectrometer (Waltham, MA, USA) equipped with a
universal attenuated total reflectance (ATR) attachment and a diamond crystal. For each
measurement, 32 scans at a resolution of 4 cm ™! were accumulated at frequencies between
4000 to 600 cm ™.

5.2.6. DSC analysis

Calorimetric analysis was performed using a Mettler Toledo STARe thermoanalytical
system (Greifensee, Switzerland) equipped with a DSC822 calorimetric cell. The
calorimeter was calibrated using Indium (99.95%), based on the setting of the instrument.
The sensitivity was automatically chosen as the maximum possible by the calorimetric
system. 160 pl aluminum calorimetric pans were used. Enthalpy changes were calculated

from the peak areas.
5.2.6.1. Empty and loaded SLN and NLC analysis

To evaluate the thermotropic behaviour of the formulations, they were submitted to DSC
analysis under N2 flow (70 ml/min) as follows: a heating scan from 5 to 85°C, at 2 °C/min,
and a cooling scan from 85 to 5 °C, at 4 °C/min, for at least three times to confirm the

reproducibility of data.
5.3. Results and discussions
5.3.1. Physicochemical characterization and stability studies

SLN and NLC in presence and in absence of BXL A2 were prepared and their Z Ave,
PDI and ZP were determined. Stability studies were also performed by monitoring
variations of these values for one month. As shown in Fig. 2, all the formulations have
shown good values in terms of the above-mentioned analysis. Regarding the size (Fig. 2,
a-b), the empty SLN have shown an initial value of 170 nm while the SLN-BXL A2
around 220 nm; so, the incorporation of BXL A2 exerted firstly an increment of size,
which was stabilized over time at 150 nm for both formulations. The empty NLC and the
NLC-BXL A2 have shown almost the same values of size (130 nm) all over the indicate
period. PDI is as measurement of particles size distribution and the quality of nanoparticle
systems; usually researchers consider PDI values of less than 0.5 as acceptable while 0.3

and below as optimum. Herein, as shown in Fig. 2 (c-d), SLN have exhibited a value of
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0.3; this value increased significantly in SLN-BXL A2 at 15 days and in both empty and

loaded SLN at 30 days. NLC have shown a PDI around 0.2, which increased slightly at

30 days for both formulations. Both SLN and NLC have good values in terms of

polydispersity index. NLC can be considered less polydisperse with respect to SLN. ZP

Is another important parameter in evaluating the colloidal dispersion quality and its

physical stability. In Fig. 2 (e-f) it is shown that there isn’t a correlation in ZP values

between empty and loaded nanoparticles, both for SLN and NLC; in general, the obtained

values are an indication of stable formulations over the time.

Figure 2:
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The entrapment efficiency, obtained with indirect method by using Amicon, was around
90%.

5.3.2. FTIR spectroscopy

To gain a better understanding on the state of the drug into the SLN and NLC, FTIR study
is carried out. In Figure 3 (a) the spectra of bulk BXL A2, Precirol® ATO5, loaded and
unloaded SLN and NLC are reported. Precirol® ATOS5 presented several characteristic
peaks, identified at 1470 cm™ (C—C stretching), 1730 cm-1 (C=0 stretching), and 2850
and 2914 cm™ (C—H stretching), as reported elsewhere [12]. BXL A2 showed a broad
peak from =~ 3694 to 3024 cm™ (O-H stretching) which partially overlaps multiple
smaller, sharper peaks in the 3000-2800 cm region (C-H stretching); these data confirm
the presence of different phenol groups and the two alkyl ester chains. A strong sharp
peak at 1696 cm™, with correlated overtone bands in the ~ 1650-1480 cm™ region,
indicates the presence of an aromatic ester group, which is brought down to lower
wavelengths due to the influence of an ortho ester group and of other three substituents
on the aromatic ring. The 1300-800 cm region is difficult to discriminate because it is
crowded with multiple peaks, that can be roughly associated to: 1) C-O stretching of
phenol and aromatic ester/ether groups; 2) C=C stretching of the various aromatic rings;
3) C-H stretching and bending (both in- and out-of-plane) of all the hydrocarburic
moieties of the compound. The molecular signatures of SLN and NLC (empty and loaded)
were comparable to that of Precirol® ATO5. This was to be expected, given the high lipid
content compared to the drug but it is also a demonstration of successful entrapment of
the drug into the lipid nanoparticles, since most of absorption bands ascribed to BXL A2

were not visible in the SLN and NLC spectra, as it is possible to see in Figure 3 (b).
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Figure 3: a - FTIR of bulk BXL A2, Precirol® ATO5, loaded and unloaded SLN and NLC;b - FTIR of SLN-BXL A2
and BXL A2

5.3.3. DSC studies

The thermotropic behaviour of the SLN and NLC (empty and containing BXL-A2)
formulations was evaluated by DSC (Figure 4 - 5). The calorimetric curve of empty SLN
is characterized by a main peak at 54.90 °C (characteristic of Precirol® ATO) and a small
shoulder at lower temperature. In SLN BXL-A2 calorimetric curve, the shoulder of
unloaded SLN becomes a peak at 51.80°C; a primary peak at 54.90°C can be observed.
The discrete differences among the empty SLN and SLN BXL-A2 calorimetric curves

suggest that BXL can be inside the SLN structure, affecting the thermotropic behaviour.

The calorimetric curve of empty NLC displayed a main peak at 54.50 °C and a broad
peak at 47.80 °C. In NLC-BXL A2, the presence of the compound causes the shift of the
main peak from 54.50 °C to 49.80 °C and the shift of the broad peak from 47.80 °C to
45.30 °C; in addition, this peak becomes sharper. The effect of BXL-A2 on the NLC is
stronger with respect to SLN; probably because the compound is better distributed in the
NLC structure.
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Figure 5: Calorimetric curves, in heating mode, of empty NLC and NLC-BXL A2

5.4. Conclusions

The high-pressure homogenization method permits to obtain SLN and NLC with
promising physiochemical characteristics possessing good Z-Ave, PDI, ZP and being able
to encapsulate around 90% of compound. FTIR and DSC studies confirmed the presence
of BXL-A2 inside the nanoparticles. Other studies are ongoing to consolidate the obtained
results; to evaluate the compound release; the interaction of the nanoparticles with
biomembrane models; the in vitro and in vivo biological activity of BXL-A2 free or

encapsulated in the nanoparticles will also be studied.
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