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Chapter 1

1. INTRODUCTION

1.1. SKIN STRUCTURE AND FUNCTIONS

The skin is the largest organ in the human body, both in weight and in surface area,
acting as a defense barrier against outdoor environment (Esposito et al., 2019).
Hence, as a barrier organ, skin is exposed to different external factors, that
contribute to skin aging, such as radiations (ultraviolet radiation, visible light and
infrared radiation), air pollution, cigarette smoke, nutrition and other miscellaneous
factors (stress and sleep deprivation) (Krutmann et al., 2017). Besides this
protective effect, skin safeguards the internal organs and it performs many varied
functions, such as stabilization of blood pressure and temperature, water retention
and mediation of sensations of heat, cold, touch and pain.

The human skin is a stratified structure comprised of three main layers, as shown
in Figure 1: (i) the superficial part, the epidermis, (ii) the connective tissue, the
dermis and (iii) the subcutaneous fat, the hypodermis (Kim et al., 2016).
Furthermore, the appendages (e.g., hair follicles, apocrine and eccrine glands) can
offer a potential route for drug delivery, despite the relatively small area that they
occupy. The human body is also composed of mucosal barrier, which provides
protection against immunological, chemical and mechanical stresses in specific
districts (Igbal and Dilnawaz, 2019).
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Figure 1: Schematic representation of the different skin layers (Geerligs, 2006)
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1.1.1. The epidermis

The epidermis is the outermost layer of the skin, it is approximately 75-150 ym in
thickness and can be divided into four different layers: stratum corneum (SC),
stratum granulosum (SG), stratum spinosum (SS), and stratum basale (SB). The
formation of this layered structure is due to the presence of many cells types
including keratinocytes, melanocytes and Langerhans cells.

The stratum corneum is the outmost epidermal layer and, thanks to its functional
features, it is predominantly responsible of the protective effect exerted by
epidermis. SC is composed of physically dead keratinocytes called corneocytes,
held together by a protein matrix (e.g., keratin) coated with a layer of lipids (e.g.,
ceramides, fatty acids and cholesterol). This “brick and mortar” structure, where the
corneocytes act as the brick and the layered lipids as a mortar, gives rise to the
rigidity and barrier function of SC and it limits substance passage into and through
the skin (Palmer and DelLouise, 2016).

The stratum granulosum consists of granular cells containing keratohyalin granules
generating a highly hydrophobic layer binding SC, that is on the contrary
impermeable to hydrophilic drugs and molecules over 500kDa.

By deeper proceeding, the stratum spinosum presents the keratinocytes
differentiated, that generate eight to ten layers, and they begin the synthesis of
keratin. Moreover, in SS dendritic cells named Langerhans cells act as a
macrophage by phagocytizing bacteria, foreign particles and damaged cells that
pass through this layer.

The lowermost epidermal layer called stratum basale is characterized by
proliferative keratinocytes. This type of cells generates the upper layers described
by differentiating and migrating outwards, while melanocytes, also present in SB,
have the function of producing melanin, a pigment responsible of the skin protection
from solar radiation.

The epidermis, being an epithelial tissue, is not vascularized and receives nutrients
through diffusion. Hence, the metabolic activity as well as the thermoregulation and
the delivery of oxygen and nutrients, is given by the dermis, composed of blood and
lymphatic vessels (Palmer and DeLouise, 2016).
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1.1.2. The dermis

The dermis is the major component of the skin, being 1-4 mm in thickness and
mainly consisting of connective tissue composed of fibrous proteins, namely
collagen and elastin, embedded in a mucopolysaccharide gel. Collagen and elastin
are secreted by fibroblasts, that are the main type of cells formed in this layer. It also
contains the appendages, such as eccrine and apocrine sweat glands, hair follicles
and nerve fibers. The blood and lymphatic vessels create an extensive vasculature
in the dermis, which being metabolically active, is able to control the regulation of
body temperature and the wound repair, to deliver oxygen and nutrients to the tissue
and to remove waste products (Aulton and Taylor, 2018). The blood supply reaches
the dermis-epidermis limit, thus the topically applied drugs, capable to pass through

the SC epidermal barrier, rapidly diffuse into the systemic circulation.

1.1.3. The hypodermis

The hypodermis, or subcutaneous fat, is the lowermost layer of the skin, typically
several millimeters thick over the myofascia, and it consists of adipose tissue.

The adipocytes are the main cells in the adipose tissue, which are held in a
framework of collagen fibers. They provide a storage of high-energy molecules,
mechanical protection against physical shock and thermal insulation, which
depends on the thickness of the fat layer. The hypodermis is also highly
vascularized and nourished, carrying the main blood vessels and nerves to the skin
(Geerligs, 2006).

1.1.4. The appendages

The skin appendages are embedded in the dermis and, crossing the whole skin with
a heterogeneous distribution, they can provide an easy access for the molecules
into the systemic circulation (Carter et al., 2019).

The eccrine glands are distributed over most of the body surface and they are
involved in sweat secretion, when the body is exposed to heat or emotional stress.
The apocrine glands, however, are much less numerous than eccrine glands and

they are found at specific body sites, as the axillae.
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The hair follicles are the largest appendages of the skin and one of their function is
to secrete sebum by sebaceous glands. Both sweat and sebum have a pH around
5, but the sweat is a dilute salt solution responsible of thermoregulation, while the
sebum is composed of fatty acid, waxes and tryglicerides (Aulton and Taylor, 2018).
Moreover, the sebum on the skin surface is usually emulsified with the aqueous
solution coming from sweat, and the resulting emulsion coats the skin surface.
These secondary structures can be exploited for transdermal drug delivery, working
in a distinguishing skin penetration pathway, namely follicular route.

1.1.5. The mucosa

The mucosa is a non-keratinized epithelium covering the surface of different organs.
Particularly, it possesses different anatomical and physiological properties
depending on the system involved, namely gastrointestinal, respiratory, urinary,
genital, ocular (Elsner, 2011).

The mucous membranes are characterized by a multilayered structure completely
coated by an aqueous dispersion of proteins, such as mucin, namely mucous.

The mucosae close to the skin, being highly hydrated, are more permeable to
exogenous substances and they present a different reactivity compared to the
adjacent keratinized epithelium.

Thanks to this composition, the mucosal surface gives rise to an alternative

approach for both local and systemic drug delivery.

1.2. ROUTES OF SKIN PENETRATION

The delivery of a drug molecule into the systemic circulation when topically applied
is a complex process. The different layers of the human skin represent a series of
barriers to a molecule traversing the tissue. For this reason, there are different
pathways for skin penetration, graphically represented in Figure 2: (i) intercellular

route, (i) intracellular or transcellular route and (iii) follicular route.
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Figure 2: The pathways for percutaneous absorption of drugs: intercellular route (A),
transcellular route (B) and follicular route (C) (Carter et al., 2019)

The drug delivery through the intercellular route involves the extracellular matrix
between the corneocytes. According to the arrangement of these cells in SC, the
diffusion of the molecules proceeds in a tortuous route, following the mortar in the
“brick wall” structure (Figure 2 A). The lipid head of the molecules enables the
penetration through the lipid fraction (Carter et al., 2019). The limiting factor of this
route is the extracellular matrix acting as hydrophobic barrier. According to its
nature, a strong lipophilic molecule easily pass through the SC, but its penetration
into the hydrophilic portion of the skin is crucial. Hence, this is the typical route for
lipophilic or amphiphilic molecules.

The second transport pathway is the transcellular route, where the molecules pass
through the skin barrier crossing the corneocytes (Figure 2 B). During its travel, the
molecule need to pass through alternate hydrophilic and hydrophobic regions, thus
the partition of the drug between these areas could lead to the accumulation of the
drug within corneocytes before reaching the deepest layers.

The last potential pathway of transport is the follicular route, exploiting the
appendages of the skin (Figure 2 C). Since these dermal structures of the skin have
polar characteristics, this is the usual route for the hydrophilic drugs. Nevertheless,
the follicular orifice area on the skin surface is only about 0.1% of the total surface
area, thus the percutaneous absorption with this pathway depends on the difference
in density of follicles in various parts of the body (Zhou et al., 2018).

Furthermore, in this route, the systemic circulation can be provided thanks to the
proximity of these organs to the capillary vessels and their capability to act as a
reservoir into the skin, promoting the controlled release of the drug.

Even if the molecules can cross the skin through the three different ways above
described, it should be noticed that these three routes operate for any sort of
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permeant, and their physicochemical properties are responsible of the proportion of
molecules involved in each pathway (Aulton and Taylor, 2018).

1.3. TOPICAL ADMINISTRATION OF DRUGS

The skin is an important site for absorption of numerous molecules where they may
exert their efficacy or pass through reaching the blood stream. The topical
administration of drugs is indeed an attractive way for the treatment of many
diseases, being favorable to treat both local and systemic pathologies. Actually,
after application of a formulation to the skin, dermal drug delivery could be involved
to treat a local disorder in a specific area of interest or to reach the underlying tissue.
Furthermore, transdermal formulations could deliver a drug across the skin layers
for systemic therapeutic action, when not just skin illness are involved (Aulton and
Taylor, 2018).
The most common oral and parenteral administration routes could have a limited
interest for the treatment of many skin disorders, because of the low drug amount
in the skin tissue or the generation of severe systemic side effects. Compared to
these traditional administration routes, the topical one possesses many advantages
(Esposito et al., 2019), such as:

- Increased patient compliance

- Avoidance of first-pass effect metabolism

- Decreased drug side effects

- Reduction of fluctuations of drug plasma levels after repeated administrations

- Faster clinical effect

- Direct dispensing on the site of action

- Non-invasive application
The efficacy of topical delivery depends on multiple factors. Above all, delivery is
controlled by the presence of multiple biological barriers (or skin layers), which exert
a protective function against the outside environment and selectively limit the
absorption of active substances. The SC of epidermis is the first barrier of the body
to cross in order to enable the penetration of active compounds. Its hydrophobic
nature limits the types of molecules that can enter into the skin, promoting the

penetration of lipid soluble compounds, as compared to the water-soluble ones.
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Furthermore, the skin age and metabolism, the type of application modality, the
composition of vehicle and the possibility of local irritation could interfere with
absorption of the actives and the effectiveness of this administration route
(Alexander et al., 2012).
With the aim of overcoming these limitations, several strategies were tested over
the last years. As mentioned above, the SC of the skin is the most critical barrier for
the permeation of molecules and chemical and physical methods have been
designed respectively to increase the skin permeability or to generate a driving force
imposing the drug passage. In the first case, the use of penetration enhancers, such
as dimethylsulphoxyde, is involved, while high-voltage electrical pulsing,
iontophoresis, electroporation, ultrasounds are exploited to disrupt the corneal layer
(Esposito et al., 2019; Sala et al., 2018).
Besides the efficiency of these types of approaches, it should be noted that these
advanced methods could be invasive and lead to skin irritation and pain.
The conventional topical preparations, such as ointments, creams, gels, oils,
pastes, are often unspecific and intended for a local rather than a systemic action.
Moreover, the delivery efficiency and therapeutic effect of the active mainly depend
on drug diffusion and interaction between the formulation excipients and membrane
components.
In order to avoid these issues, the dermal and transdermal drug delivery could be
enhanced by some formulation strategies, such as the encapsulation of the active
compounds into specific drug delivery systems which appear very promising to
overcome the skin barrier. In this view, during the last decades, considerable
attention has been focused on the development of novel carriers characterized by
micro and nano dimensions, aimed to obtained sustained release and to shield the
substances from degradation (Gupta et al., 2012). Numerous advantages have
been achieved with the development of these new delivery technologies; among
them the main is the targeted drug delivery to the site of disease. As far as skin
targeting is concerned, the selected drug delivery systems allow to reach the site of
action or deeper layers, also in view of systemic effect.
As shown in Figure 3, several novel drug delivery systems have been widely
explored, differing in composition, formulation method and drug loading. Focusing
on the topical administration route, the interaction of these systems with the skin
and the subsequent crossing of the loaded drug through the skin layers, represent

a crucial point still under investigation and the use of biocompatible materials in the

7
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formulation offer interesting features. Particularly, lipid-based delivery systems due

to their complete biodegradability, low toxicity and easy manufacturing handling,

promote the dermal and transdermal drug delivery.
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Figure 3: Overview of novel drug delivery systems

1.4.

LIPID-BASED DELIVERY SYSTEMS

A 4

The structural similarities of lipids composing epidermis and in particular SC, with

those of lipid-based delivery systems (LBDS) make these latter promising tools for

topical administration of drugs. Thanks to this peculiarity and their biocompatibility,

LBDS enable the skin penetration and achieve drug targeting by different

mechanisms. Moreover, they might adhere to the skin surface and consequently

increase skin hydration leading to looseness of the structure, fluidization, lipid

exchange within the intercellular domain and polarity alteration (Sala et al., 2018).

As mentioned above, many types of lipid-based systems can be produced modifying

either their constituents and production method. Indeed, different particulate and

vesicular lipid systems have been investigated in this doctorate project.
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1.4.1. Lipospheres

Lipid microspheres, commonly called lipospheres (LS), represent a new type of lipid-
based encapsulation system of drug delivery, developed to overcome the
drawbacks associated with polymeric microparticles or liposomes. They are solid
microparticles with a mean diameter comprised between 0.2 and 500 pm,
composed of a solid hydrophobic fat matrix, where the bioactive compound(s) is
dissolved or dispersed (Figure 4) (Cortesi et al., 2002). The common lipid
compounds used to establish the lipid core are triglycerides, monoglycerides or fatty
acid derivatives, which increase the entrapment and bioavailability of poorly water-
soluble drugs.

Lipospheres offer well controlled delivery to a variety of drug candidates, thanks to
their several advantages. They are characterized by good physical stability,
biocompatible and non-toxic components, controlled particle size, high drug load
and ease of preparation and scaling-up. Moreover, they promote the protection of
both hydrophilic and hydrophobic molecules from degradation and hydrolysis, and
they improve their bioavailability and shelf life (Yalavarthi et al., 2014).

The methods employed to produce lipospheres are based on melt dispersion,
solvent evaporation and water/oil/water (w/o/w) double-emulsion. The technical
parameters involved in the experimental method influence the morphology and the
dimensions of the lipospheres, as well as the lipid mixtures and the types of selected
stabilizer (Nastruzzi, 2005).

The bioadhesive properties of lipospheres make them ideal candidates to control
the residence time and delivery of drugs topically administered, in particular for

mucosal target.

Figure 4: Microscopic image of Lipospheres
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1.4.2. Solid Lipid Nanoparticles (SLN) and Nanostructured Lipid Carriers
(NLC)

Solid Lipid Nanoparticles (SLN) were introduced at the beginning of the 1990s as
an attracting delivery system compared to the pre-existing liposomes and synthetic
polymeric nanoparticles. They represent the first-generation of particulate drug
delivery system in nanoscale range able to overcome the drawbacks related to the
previous formulations, such as the short stability or irritating effects.

SLN consist in a lipid matrix composed of a solid lipid or a mixture of solid lipids
dispersed in an aqueous medium. The lipids typically used in this formulation can
be triglycerides, complex glyceride mixtures, fatty acids or waxes and their content
ranges from 0.1% (w/w) to 30% (w/w). Additionally, surfactants and emulsifiers due
to their amphiphilic nature are employed with a concentration ranging between 0.5%
(w/w) and 5% (w/w), in order to ensure the stability of the aqueous dispersion and
to prevent particles agglomeration (Pardeike et al., 2009).

SLN display many advantages as biocompatibility, non-toxicity, preservation of drug
from degradation and controlled release of encapsulated drug. Moreover, the
production methods are cost effective, reproducible and scalable. The excellent
tolerability of SLN as well as their small size between 10 and 1000 nm make them
suitable for long-term topical administration, promoting drug penetration into deeper
skin layer (Esposito et al., 2019).

Besides the numerous advantages described above, the limited drug loading, the
decreased stability due to the polymorphic transition of lipid core and the
consequent uncontrolled drug expulsion during storage represent some drawbacks
of SLN. These limitations gave rise to the development of the second-generation of
lipid nanoparticles, namely Nanostructured Lipid Carriers (NLC).

NLC are composed of a mixture of both solid and liquid lipids in a usual ratio of
70:30 up to 90:10. The presence of the liquid lipid in the composition generates an
imperfect and disordered inner structure which offer more space to drug inclusion.
Consequently, the drug-loading rate as well as the stability increased, reducing the
leakage of drugs in storage (Carter et al., 2019).

Furthermore, the combination of solid and liquid lipids allows the formation of three
different NLC patterns, namely imperfect, amorphous and multiple type. By avoiding
crystallization, using special mixture of lipids and modifying the concentration of

10
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components more imperfections are obtained to better accommodate the drug,
compared to the perfect crystal structure of SLN (Gupta, 2020).

Figure 5 graphically represents the composition of SLN and NLC.

A B

Drug molecule

Solid lipid crystal Liéuid lipid

Figure 5: Schematic representation of SLN (A) and NLC (B) (Chuang et al., 2018)

Different methods are involved in the production of SLN and NLC, being similar in
composition. The most common are high shear homogenization, ultrasonication,
high-pressure homogenization, solvent dispersion, microemulsion and supercritical
fluid method. Depending on the characteristics of the formulation, it is possible to
select the adequate technique, in order to produce nanoparticles in large-scale, to
avoid organic solvents or to encapsulate hydrophilic or lipophilic drugs.

Concerning the topical administration of SLN and NLC, it should be underlined that
the interaction with the skin represent an important challenge for the permeation of
active molecules. In fact, the lipid formulation when applied onto the skin adheres
as a hydrophobic monolayer producing an occlusive effect and reducing moisture
loss. The resulting disruption of corneocytes organization promotes the drug
penetration up to the deeper skin layers. Moreover, the smaller the nanoparticles
size, the easer the passage via follicular way (Esposito et al., 2019). Other studies
consider the formation of drug reservoir in the SC when SLN are applied onto the
skin and this behavior is responsible of the prolonged effect of the formulation (Uner
et al., 2014).

11
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1.4.3. Ethosomes

Ethosomes (ETHO) are lipid vesicular nano-systems characterized by aqueous
dispersions of phosphatidylcholine previously solubilized in ethanol (Esposito et al.,
2019). They represent the second generation of liposomes and they were first
developed and described by Touitou in 2000 (Touitou et al., 2000).

The large amount of ethanol (20-50%) in the formulation is responsible of various
advantages. On one hand, ethanol confers a softer and more malleable nature to
vesicles, while on the other, it reduces their size and gives a negative surface
charge, increasing the stability over time. Moreover, acting as penetration enhancer,
it promotes the passage through the SC allowing to reach the deepest layers of the
skin up to the dermis. Particularly, this ability is a consequence of the synergistic
interaction between phospholipid and ethanol each other and with the skin barrier.
Disturbing the organization of SC lipids, ethanol generates the decrease of
intercellular lipid domains density. Then, the vesicles thanks to their flexibility and
fluidity pass across the disturbed SC creating their own pathways (Sala et al., 2018).
In a general way, the higher the ethanol content, the greater the permeation flux
(Esposito et al., 2004).

The effectiveness of ethosomes as carriers for topical administration is found both
in non-occlusive and occlusive conditions. Furthermore, they can carry either highly
hydrophobic and highly hydrophilic drugs (Figure 6) and prolong their physical
stability (Carter et al., 2019).

Compared to liposomes, the easy and cost effective manufacture method, based on
the mixing of ethanolic solution of phosphatidylcholine and water under stirring,
increases their suitable use for transdermal application.

@= Phosphalipid
B Hydrophilic drug
‘ Hydrophobic drug

@®» Ethandl

Figure 6: Schematic representation of ethosomes and their components (Kapoor et al.,
2017)

12
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1.5. GELS

The lipid-based delivery systems above described are characterized by poor
viscosity and low lipid content, consequently they possess a scarce feasibility for
topical administration. Indeed, SLN, NLC and ethosomes, being aqueous
dispersions, are liquid after production, while lipospheres, being solids, scarcely
adhere to skin or mucosa surface. With the aim of producing formulations suitable
for dermal and transdermal application, the lipid-based systems need to be
thickened. At this regard, their incorporation into vehicles, such as ointments,
creams and gels could be proposed. Furthermore, the use of surfactant free
vehicles, such as hydrogel, appears the best strategy, in order to reduce the
possibility of interaction between surfactants and supramolecular structure of lipid
nanoparticles (Esposito et al., 2019).

According to the definition, gels are semisolid systems, typically formed from a liquid
phase that has been thickened with other components. The liquid forms a
continuous phase, with the thickening agent enhancing viscosity by providing the
porous scaffold of the gel (Aulton and Taylor, 2018). It is possible to classify
hydrophobic or hydrophilic gels depending on the nature of continuous phase.
Hydrophilic gels, commonly called hydrogels, are composed of a network of
hydrophilic polymer chains and they are capable of holding large amounts of water
by swelling in aqueous media (Chai et al., 2017).

In this doctorate project, two different approaches were employed to incorporate the
produced delivery systems into hydrogels. In the first one, the final viscosized
product was obtained by dilution of vehicle with the nanoparticles, ethosomes or
lipospheres, while in the second one, the thickening agent is directly added into the
produced systems (Bhaskar et al., 2009; Esposito et al., 2013).

Numerous polymers are commonly employed as gelling agents. Particularly, natural
polymers, such as xanthan gum and hyaluronic acid were used to obtain gelled
micro and nano-systems with adhesive properties, exploiting the aqueous phase of
the nanoparticle dispersion.

Furthermore, a synthetic polymer, namely Poloxamer, was employed to formulate
“smart gels” able to self-assemble in water, leading to micelle formation and
promoting the solubilization of lipophilic molecules.
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1.5.1. Poloxamer gels

The non-ionic poly(oxyethylene)poly(oxypropylene) (PEO-PPO) block copolymer
Poloxamer, also known as Pluronic®, is an amphiphilic molecule that behaves as
surfactant (Figure 7A). The amphiphilic character, based on the hydrophilicity of
PEO and the hydrophobicity of PPO, is responsible of block segregation, giving rise
to interesting and useful nanostructures, which self-assemble in solution (Bodratti
and Alexandridis, 2018).

Poloxamers are available in a broad range of molecular weights and PPO/PEO
ratios. These parameters as well as temperature and solvent type influence the
micellization, leading to gels with final properties suitable for a wide range of
applications (Mayol et al., 2008).

The micellization process is influenced by two key parameters, the critical
micellization concentration (CMC) and critical micellization temperature (CMT). The
micelles are generated in two conditions: when the PEO-PPO block copolymer
concentration in solution reaches the CMC at a fixed temperature and increasing
the temperature up to CMT at a fixed PEO-PPO block copolymer concentration
(Figure 7B). In particular, the increased temperature leads to a decreased solubility
of PEO-PPO portions which blocks in water. The resulting closely packed cubic
micellar system generates a stiff hydrogel with thermo-sensitive properties (Bodratti
and Alexandridis, 2018).

Poloxamer 407 (PEOgsPPQOs7PEQgs, Pluronic® F127), selected in this doctorate
project, at low concentrations around 15-25% w/w can generate hydrogels affected
by thermo-reversible sol-gel transition phenomenon. This peculiar thermo-reversible
character makes the poloxamer gels suitable for topical administration, passing from
a low viscosity to a clear viscous gel at body temperature. Moreover, their
effectiveness for the delivery of both lipophilic and hydrophilic drugs, makes them
widely exploited in pharmaceutical fields.
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Figure 7: Chemical structure of Pluronic® F127 (A) and micellization process above Tsolgel
(B) (Jung et al., 2017)

The development of drug delivery systems composed of biodegradable matrixes
represent a “green” approach for topical administration. The several categories of
formulations allow a deep interaction with the skin layers, controlling the release and

the efficacy of the loaded drugs with local or systemic effects.

15



Chapter 1
1.6. AIMS AND ORGANIZATION OF THE THESIS

In this doctorate project, Lipospheres (LS), Solid Lipid Nanoparticles (SLN),
Nanostructured Lipid Carriers (NLC), Ethosomes (ETHO), and Poloxamer Gels
have been proposed as new carrier systems for the topical administration of different
active substances.

The thesis consists in eleven main chapters, describing the delivery systems, the
active compounds and the application of the selected formulations.

The first chapter describes an introduction on skin and topical drug delivery systems,
focusing on limits, advantages and innovative approaches to ameliorate the

administration of drugs onto the skin.

The second and third chapters describe the materials and methods used in this

work, respectively.

From the fourth to the tenth chapter, several drug delivery systems are investigated
and their characterization is reported in detail. Moreover, in each study the in vitro
technological and biological analysis, ex vivo or in vivo experiments are described

in order to examine the efficiency of the formulations.

Particularly, in the fourth chapter Lipospheres Gel containing Clotrimazole are
described for the treatment of Candida albicans. The production method and the
characterization in terms of size, morphology, encapsulation efficiency, viscosity
and adhesion have been realized. Finally, in vitro anticandidal activity studies and

release studies have been performed.

The fifth chapter describes a scaling up study focused on the production of
Progesterone containing nanoparticles in a pilot scale. Two different methods are
developed and compared in order to obtain formulations in industrial scale. The
study of dimension, morphology, encapsulation efficiency and stability of the
produced nanoparticles has been realized. Furthermore, the in vitro release and
skin permeation studies have been performed by dialysis and Franz cells methods
respectively, and the in vivo experiments have been conducted by tape stripping.

The sixth chapter describes the production of nanoparticle based gel for wound
healing treatment designed to deliver Hyaluronic Acid and Retinyl Palmitate onto
the skin. After characterization of the nanoparticles containing Retinyl Palmitate,
Hyaluronic Acid has been added to the dispersion with the aim of generating a
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nanoparticulate gel suitable for cutaneous administration. Finally, in vitro scratch
wound assay have been performed on a 2D cell model in order to study the

improvement of the drug activity when delivered by nanoparticulate gel.

In the seventh chapter, the production of lipid nanoparticles for a-tocopherol delivery
is described with the aim of protecting human skin against pollutants, as cigarette
smoke. Firstly, a preformulation study has been conducted in order to select the
optimal nanoparticles composition to encapsulate the drug. Then, the antioxidant
effect of encapsulated a-tocopherol has been investigated though ex vivo

experiments on human skin explants.

In the eighth chapter, the production and characterization of NLC and ETHO
containing Ubiquinone have been developed and compared, with the aim of develop
a novel strategy in the treatment of Rett syndrome. After a preformulation study
based on the production of NLC-containing Ubiquinone, the lack of stability
suggested the development of drug-loaded ETHO, resulting as promising lipid-
based delivery systems. In vitro experiments revealed the uptake of ETHO into
human fibroblasts and the effect of Ubiquinone in protecting cells against oxidative

insults.

The ninth and tenth chapters describe the production and characterization of
Poloxamer Gel for the delivery of the antioxidants Gallic Acid and Caffeic Acid. The
gels have been analyzed through reological and spreadability assays, then in vitro
tests have been performed to study the diffusion of the drug from the gels and the

activity on cells.

The last chapter contains the conclusions of the work, considering the obtained

results.
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2. MATERIALS

The copolymers poly (ethylene oxide) (a) — poly (propylene oxide) (b) (poloxamer
188 a=80, b=27 and poloxamer 407 a=98, b= 67) were obtained from BASF
(Ludwigshafen, Germany).

Miglyol 812 N, caprylic/capric triglycerides (TRIC, miglyol) was a gift of Cremer Oleo
Division (Witten, Germany).

C12-C13 alkyl lactate, Cosmacol ELI (AL) was from Sasol (Milan, Italy).
PrimalHyal 50 (HAso) and PrimalHyal 300 (HAz00), hydrolyzed HA with MW 20-50
kDa and 100-300kDa respectively, were gifts of Soliance (Pleumeur-Bodou,
France). Hyacare sodium hyaluronate MW 800 kDa was a gift of Evonik (Darmstadt,
Germany).

The soybean lecithin (PC) (90% phosphatidylcholine) was Epikuron 200 from Lucas
Meyer, (Hamburg, Germany).

Strat-M® was a kind gift of Merck Millipore (KGaA, Darmstadt, Germany).
Dulbecco's modified Eagle's medium (DMEM) High Glucose and Low Glucose,
Minimum Essential Medium Eagle with Earle’s BSS (EMEM) fetal bovine serum
(FBS), antibiotic agent (penicillin—streptomycin) and trypsin-EDTA were purchased
from Lonza Group (Milan, Italy).

Glyceryl distearate (precirol ATOS5, precirol), glyceryl dibehenate (compritol
888ATO, compritol) and mono-, di-, tri-glyceride esters of fatty acids (C10-C18)
(suppocire AM, suppocire) were kind gifts of Gattefossé (Milan, Italy).

Tristearin, Stearic triglyceride (TRIST), xanthan gum (x-gum), clotrimazole (CLO),
agar, progesterone (PRG), retinyl palmitate (RP), LDH kit, Methylthiazolyldiphenyl-
tetrazolium bromide (MTT), Trypan Blue, a-tocopherol (TOC), Ubiquinone (Ub-O),
Gallic acid (GA), Caffeic acid (CA), mixed esters cellulose, polycarbonate,
polyvinylidene fluoride, polytetrafluoroethylene, nylon membranes, hydrogen
peroxide (H202, 30% solution), all other reagents and HPLC solvents were
purchased from Sigma-Aldrich, Merck (Darmstadt, Germany).
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3. METHODS

3.1. NANOSYSTEMS PRODUCTION

3.1.1. Liposphere Production

Lipospheres (LS) were produced by the melt-dispersion technique and the detailed
composition is reported in Table 8 (Cortesi et al., 2002). Briefly, 1 g of tristearin or a
lipidic mixture, in the absence or in the presence of 20 mg of clotrimazole (CLO),
was melted at 75°C and emulsified with 150 ml of an aqueous phase containing
poloxamer 188 (5%, w/w).

The emulsion was stirred for 1 h at 2000 rpm using a mechanical stirrer Eurostar
Digital (IKA Labortechnik, Staufen, Germany) equipped with a three-blade rotor
impeller with a diameter of 55 mm. The milky formulation was then rapidly cooled to
about 20°C under stirring in an ice bath, yielding a uniform dispersion of LS. The
obtained LS were then washed with water and isolated by filtration through a paper
filter. LS were left to dry overnight at 25°C and weighed.

LS yield was calculated as follows (Cortesi et al., 2002):

% Yield = LS weight x 100/Total weight of lipids employed for LS preparation

3.1.2. Lipid Nanoparticles

Lipid Nanoparticles (LN) were prepared by hot homogenization technique based on
ultrasound or high pressure method. In both methods, the lipid phase (5% or 10%
by weight with respect to the whole weight of the dispersion) was constituted of solid
lipids in the case of SLN preparation or a mixture of solid and liquid lipids in the case
of NLC preparation, while the aqueous phase was a poloxamer 188 solution (2.5%
w/w).

The detailed composition of SLN and NLC for each project is described in the
correspondent chapters. For both methods, in the case of drug loaded
nanoparticles, the drug was added to the fused lipid phase before emulsification

step.

19



Chapter 3
- Ultrasound homogenization (UH) method

The lipid phase was melted at 80°C and the aqueous phase was heated at the same
temperature. Afterwards, the aqueous phase was dispersed in the fused lipid phase
using a high-speed homogenizer (Ultra Turrax - Janke and Kunkle, Ika-Werk, Sardo,
Italy) at 15,000 rpm for 1 minute. The resultant emulsion was subjected to
ultrasonication (MicrosonTM, Ultrasonic cell Disruptor - XL MISONIX®) at 7 kHz for
15 minutes and then cooled down to room temperature. LN dispersions were stored
at room temperature (Esposito et al., 2017b).

- High pressure homogenization (HPH) method
As first step, the aqueous phase heated at 80°C was added to the molten lipid phase
and subjected to stirring at 15,000 rpm, 80°C for 1, 2 or 3 min. The emulsion was
homogenized using high pressure homogenizer for 1-3 cycles at 100 MPa (Panda
Plus2000/GEA Niro Soavi, Parma, ltaly) to form o/w nanoemulsion. The
nanoemulsion was then cooled by a coil employed as heat exchanger directly
connected to the instrument for solidification and formation of lipid nanoparticles. LN

dispersions were stored at room temperature.

3.1.3. Ethosomes production

For the preparation of ethosomes (ETHO), PC (30 mg/ml) was first dissolved in
ethanol. Afterwards, bidistilled water was slowly added to the ethanolic solution (30
% v/v) under continuous magnetic stirring at 700 rpm for 30 min at room temperature
in the dark (Esposito et al., 2016b).

In the case of Ub-O containing ETHO (ETHO Ub-O), Ub-O (1 mg/ml) was solubilized
into PC ethanol solution before addition of water. Table 29 reports the ETHO

composition.

3.1.4. Gels production

- Xanthan gum gel production
A weighed amount of xanthan gum (x-gum) (0.5% w/w) was gradually added to
citrate buffer 5 mM, pH 4 (prepared by dissolving citric acid monohydrate and
trisodium citrate dihydrate in distilled water) and then mixed for 15 min (Aka-Any-
Grah et al., 2010). The gel was left to stand at 25°C overnight for complete swelling,
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afterwards LS (5% w/w), CLO (0.1% wi/w), or AL (0.05% w/w) were alternatively
added and manually mixed until homogeneous dispersion (gel names and
compositions are reported in Table 11). Particularly, for the preparation of Gel
LStrisT-CLO and Gel LStrisT/aL1-CLO, LStrisT-CLO and LStrisT/at1-CLO were
respectively added into the xanthan gum gel, while Gel-CLO and Gela.1-CLO,
employed as controls, were obtained by directly adding free CLO and AL into the

xanthan gum gel.

- Hyaluronic Acid gel production
Hyaluronic Acid (HA) gel were prepared by direct addition of HA 50, 300, 800 kDa
(named HAso, HA300 and HAsgoo respectively) into water and stirring by an orbital
shaker at 150 rpm for 12 h at room temperature. The concentration employed in
each formulation is reported in chapters 6 and 10.

- Poloxamer gel production
Poloxamer gel was prepared according to the “cold technique” (Esposito et al.,
1996). A weighed amount of poloxamer 407 was gradually added to cold water (5-
10°C) under magnetic stirring. The container was sealed and left in a refrigerator
overnight at 5°C.
In the case of drug loaded gels, the drug powder was added to the produced gel
under vortex motion at 30 Hz.
The composition of the formulated gels is described in chapters 9 (Table 32) and 10
(Table 35).

- Production of viscous LN dispersions

X-gum and HA were considered as viscosizing agents for LN dispersions.

For PRG containing LN, SLN and NLC viscosity has been improved by adding x-
gum (1%, w/w) directly into the dispersion and by slowly stirring for 1 h followed by
hand mixing, until complete dispersion of the gum. The obtained viscous
nanoparticle formulations have been named SLN-PRG/G and NLC-PRG/G.

For RP containing NLC, Nanoparticle based gels were prepared by direct addition
of HA into the preformed nanoparticle dispersions, particularly HAso, HA300 and
HAsoo were alternatively employed. NLC-HA gel were obtained adding HA (0.5%
w/w) into NLC (with or without RP), afterwards the systems were left to swell under

stirring by an orbital shaker at 150 rpm for 12 h at room temperature.
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3.2. NANOSYSTEMS CHARACTERIZATION

3.2.1. Variable-pressure scanning electron microscopy (VPSEM)

The morphology of LS was evaluated by variable-pressure scanning electron
microscopy (VPSEM) (Zeiss Evo 40XPV, Carl Zeiss AG, Oberkochen, Germany).
Briefly, 10 mg of LS were directly put on a stub without any recoat and observed
under variable pressure (Griffin, 2007). To analyze the internal morphology, dried
LS were sectioned with a long stainless steel blade, under a binocular microscope.
LS size distributions were determined measuring at least 300 LS/sample.

The analyses were conducted by the group of the Electron Microscopy Center of
the University of Ferrara (ltaly).

3.2.2. Photon correlation spectroscopy (PCS)

Submicron particle size analysis was performed using a Zetasizer Nano S90
(Malvern Instr., Malvern, England) equipped with a 5-mW helium neon laser with a
wavelength output of 633 nm. Glassware was cleaned of dust by washing with
detergent and rinsing twice with water for injections. Measurements were made in
triplicate at 25 °C at an angle of 90 °, data were interpreted using the “CONTIN”
method (Pecora, 2000). Each experimental value results from three independent

experiments were performed in triplicate.

3.2.3. Cryogenic Transmission Electron Microscopy (Cryo-TEM)

Samples were vitrified as previously described (Esposito et al., 2008). The vitrified
specimen was transferred to a Zeiss EM9220mega transmission electron
microscope for imaging using a cryoholder (CT3500, Gatan). The temperature of
the sample was kept below -175°C throughout the examination. Specimens were
examined with doses of about 1000-2000 e/nm? at 200 kV. Images were recorded
digitally by a CCD camera (Ultrascan 1000, Gatan) using an image processing
system (GMS 1.9 software, Gatan). In addition, size distribution of nanoparticles
was performed by measuring 1000 nanoparticles for each cryo-TEM image by the
digital analyzer ImagedJ 1.48v.

The analyses were conducted by Dr. Markus Drechsler of the University of Bayreuth
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(Germany).

3.2.4. X-ray diffraction measurements

X-ray diffraction experiments were performed using a 3.5 kW Philips PW 1830 X-
ray generator (Amsterdam, Netherlands) equipped with a Guinier-type focusing
camera (homemade design and construction, Ancona, Italy) operating with a bent
quartz crystal monochromator (A = 1.54 A). Diffraction patterns were recorded on
GNR Analytical Instruments Imaging Plate system (Novara, Italy). Samples were
held in a tight vacuum cylindrical cell provided with thin mylar windows. Diffraction
data were collected at 37°. In each experiment, Bragg peaks were detected. The
few peaks in the low-angle region were indexed considering the different
symmetries commonly observed in lipidic phases (Luzzati et al., 1997) and the unit
cell dimension of the phase, a, calculated from the averaged spacing of the
observed peaks. Peaks in the wide-angle x-ray scattering region relate to the lateral
organization of the hydrocarbon chains: from their positions, the subcell structure of
the nanoparticles was determined.

The experiments were performed by the group of Prof. Mariani of Universita

Politecnica delle Marche (ltaly).

3.2.5. Small-angle X-ray scattering (SAXS) measurements

Small-Angle X-ray scattering (SAXS) experiments were performed at the SAXS
BM29 Beamline of the European Synchrotron (ESRF) in Grenoble, France. NLC
samples were filled in glass capillaries. The experiments were performed at 30 and
37°C, both in the presence and in the absence of drug. The wavelength used was
0.99 A and the investigated Q-range (Q = 41t sinB / A, where 20 is the scattering
angle and A is the x-ray wavelength) was from 0.01 to 0.5 A-1. The sample exposure
time was 160 s, which ensured enough statistical accuracy without degrading the
samples by radiation. The Bragg peaks eventually observed were indexed
considering the possible symmetries commonly observed in lipid systems (lamellar,
hexagonal or cubic) (Kulkarni, 2012). Accordingly, from the averaged spacing of the
observed peaks the unit cell dimension of the phase was calculated.

The experiments were performed by the group of Prof. Mariani of Universita
Politecnica delle Marche (ltaly).
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3.2.6. Fourier Transform Infrared (FTIR) Spectroscopic Analysis

The FTIR spectra of pure RP, HA3p0, the physical mixtures of RP, HAzoo, tristearin
and miglyol, poloxamer 188 solution, NLC-RP and NLC-RP-HA gel were recorded
by FTIR spectrophotometer (Spectrum 100 FT-IR spectrometer, Perkin Elmer,
Monza, ltaly) in the range of 4000-650 cm™' using Transmittance Mode during 8
scans. The FTIR spectra were normalized and major vibration bands were
associated with chemical groups (Esposito et al., 2018a).

3.2.7. Viscosity test

Rheology measurements were performed by a Viscolead ADV, Fungilab viscometer
(Fungilab, Barcelona, Spain). Gels were poured into a 250-ml beaker, where they
were tested at 25°C. The spindle was immersed to its immersion mark in the dif-
ferent areas of the beaker, for each trial. Viscosity was measured at different speed,
comprised between 1 and 100 r.p.m. (Esposito et al., 2018b).

3.2.8. Rheological measurements

Rheological measurements were performed with an AR-G2 controlled-stress
rotational rheometer (TA Instruments, USA). The geometry used was an aluminum
cone-plate with a diameter of 40 mm, an angle of 1° and a truncation of 28 um,
equipped with a solvent trap in order to prevent solvent evaporation during the
experiments. The viscoelastic properties of the gels (elastic modulus G’ and viscous
modulus G”) were assessed in oscillation mode. Oscillation frequency was set at 1
Hz and the deformations applied were all in the linear regime. Temperature ramps
from 5°C to 50°C were obtained at a temperature rate of 1°C/min and were
controlled by a Peltier plate. Before starting the experiments, a 2-min conditioning
time at 5°C was applied (Sguizzato et al., 2020). Measurements were performed in
triplicate at least for each sample, to ensure reproducibility.

The experiments were performed by the group of Prof. Nicolas Huang of the Institut
Galien Paris-Sud (University of Paris-Sud) (France).
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3.2.9. Spreadability studies

The spreading capacity was evaluated 48 h from preparation. Precisely, 100 mg of
gel were placed on a Petri dish (3 cm diameter) and then subjected to pressure by
a glass dish carrying a 50- to 500-g mass. The time taken by the gel to fill the entire
dish was measured.

Spreadability test was performed three times and the mean values + standard
deviations were calculated using the following equation:

S=mxlI/t (1)

where S is the spreadability of the gel formulation, m is the weight (g) tied on the
upper plate, | is the diameter (cm) of the glass plates, and t is the time (s) taken for
the gel to fill the entire diameter (Esposito et al., 2018b).

3.210. Gel leakage and adhesion test

To test leakage and adhesion of formulations, pH 4.5 citrate buffer and simulated
vaginal fluid (SVF) were prepared (Aka-Any-Grah et al., 2010). Briefly, to prepare
SVF pH 4.5, NaCl, KOH, Ca(OH)2, bovine serum albumin, lactic acid, acetic acid,
glycerol, urea and glucose were dissolved in distilled water (Aka-Any-Grah et al.,
2010). Agar (1.5 % w/w) was added to citrate buffer or SVF and stirred at 95°C until
solubilization. The gels obtained after cooling were then cut to obtain rectangular
agar slide.

Gel LStrisTiaL1-CLO and GelaL1-CLO were colored for leakage test by dissolving
rhodamine (0.05 % w/w) in the gels before adding LStrisT/aL1-CLO or AL and CLO.
For leakage test, 50 mg of colored gels or 2.5 mg of dry LStrisT/aL1-CLO were placed
onto one end of a citrate buffer or SVF agar slide. The agar slide was vertically put
at an angle of 90° on one of the inner walls of a transparent box, maintained at 37°C
+ 1°C. The running distance of the gel along the slide was measured 1 and 10 min
after formulation placement. Gel leakage was measured three times, the mean
values * standard deviations were calculated.

For adhesion test, 200 mg of GelaL1-CLO, Gel LStrisT/aL1-CLO or 10 mg of dry
LStrisT/aL1-CLO were placed at the center of citrate buffer and SVF agar slides. The
agar slides were respectively immersed in 10 ml of citrate buffer or SVF at 37°C %
1°C for 2 hs. Gel or LS residence time on slides (adhesion time) was visually
compared (Witczak, 1997). The tests were performed three times.
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3.3. DRUG CONTENT

3.3.1. Encapsulation efficiency (EE) and loading capacity (LC)

The amount of encapsulated CLO per mg of dry LS was determined disgregating
50 mg of LS in 5 ml of ethanol under stirring (300 r.p.m.) at 60°C for 2 h.

Samples were filtered (nylon membrane filters, 0.2 um pore size, Merck Millipore,
Italy) and analyzed by high performance liquid chromatography (HPLC) (Esposito
et al., 2013).

The encapsulation efficiency (EE) and loading capacity (LC) of PRG, RP, TOC in
LN were determined as previously described (Puglia et al., 2010). Half milliliter
aliquot of each LN batch was loaded in a centrifugal filter (Microcon centrifugal filter
unit YM-10 membrane, NMWCO 10 kDa, Sigma Aldrich, St Louis, MO, USA) and
centrifuged (Spectrafuge™ 24D Digital Microcentrifuge, Woodbridge NJ, USA) at
8,000 rpm for 20 min. The amount of drug was determined after dissolving the lipid
phase with a known amount of methanol (1:10, v/v) for 2 h under stirring. The
dispersion sample was filtered through nylon filter (0.2 um).

The EE of Ub-O in ETHO was determined by dissolving ETHO Ub-O with a known
amount of mobile phase (1:10, v/v) for 30 min under stirring. The dispersion sample
was filtered through nylon filter (0.2 um).

GA chemical stability was evaluated determining its content by dissolving the gel
with a known amount of water (1:20, v/v). The obtained dispersion was maintained
in an ice bath under magnetic stirring for 30 min. A dispersion sample was filtered
through nylon filter (0.45 um).

The content of CLO, PRG, RP, TOC, Ub-O and GA was determined by HPLC.

The analyses were conducted in triplicate. EE and LC were determined using
equations (2) and (3):

EE=L /T x 100 (2)

LC= L /Tiipid phase X 100 (3)

where L is the amount of drug effectively present within the delivery system, T
stands for the total amount of drug initially added to the lipid phase and Tiipid phase iS
the total weight of lipid phase in the formulation. Determinations were performed in
six times in independent experiments and the mean values + standard deviations

were calculated.
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3.3.2. Prediction of Long-Term Stability

The stability of PRG and RP in LN kept at room temperature was assessed in time,
determining drug content by HPLC analyses. To calculate shelf life values log (drug
residual content, %) was plotted against time (Esposito et al., 2013). The slopes (m)
calculated by linear regression were substituted into the following equation for the
determination of k values:

k=mx 2.303 (4)

As reported by Wells (Wells, 1988), shelf life values, i.e. tgo, the time for 10% loss,
and ti,2, the time for 50% loss, were then calculated by the following equations:

too = 0.105/k (5)

t12=0.693/k (6)

3.3.3. High performance liquid chromatography (HPLC) analysis

HPLC determinations were performed using a HPLC system (1200 Series, Agilent
Technologies, USA) equipped with an isocratic pump, an UV-detector and a 7125
Rheodyne injection valve with a 50 pl loop.

Each injection was performed in triplicate (n=3) and compared with standards of
known concentration.

Details of HPLC conditions for each drug studied are below reported in Tables 1 to
7.

Table 1: HPLC analysis method for CLO

Specification Details - CLO
Column C1s RP-column (Alltech® - Hypersil BSD (5 um) 4.6 x 150 mm)
Methanol : Water
Mobile phase
80:20 v/v
Flow 0.8 ml/min
Injection 50 pl
Wavelength 210 nm
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Chapter 3

Specification Details - PRG
Column C1s RP-column (Agilent® - Zorbax Eclipse XBD (5 mm) 4.6 x 150 mm)
Mobile phase Methanol : Water
80:20 v/iv
Flow 1.0 ml/min
Injection 50 pl
Wavelength 220 nm
Table 3: HPLC analysis method for RP
Specification Details - RP
Column C1s RP-column (Agilent® - Zorbax Eclipse XBD (5 mm) 4.6 x 150 mm)
Mobile phase Methanol : Water
70:30 viv
Flow 1.0 ml/min
Injection 50 ul
Wavelength 350 nm
Table 4: HPLC analysis method for TOC
Specification Details - TOC
Column C1s RP-column (Kinetex® (5 um) 4.6 x 150 mm)
Mobile phase Methanol
100
Flow 1.0 ml/min
Injection 50 pl
Wavelength 225 nm
Table 5: HPLC analysis method for Ub-O
Specification Details - Ub-O

Column
Mobile phase

Flow

Injection

Wavelength

C1s RP-column (Kinetex® (5 um) 4.6 x 150 mm)
Acetonitrile : Tetrahydrofuran : Water
55:40:5 v/viv
1.0 ml/min
50 pl
275 nm
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Table 6: HPLC analysis method for GA

Specification Details - GA
Column C1s RP-column (Grace® - Platinum (5 um) 4.6 x 150 mm)
_ Phosphoric acid : Methanol : Water
Mobile phase
0.1:20:80 v/viv
Flow 0.5 ml/min
Injection 50 pl
Wavelength 273 nm

Table 7: HPLC analysis method for CA

Specification Details - CA
Column C1s RP-column (Grace® - Platinum (5 um) 4.6 x 150 mm)
_ Water : Acetonitrile (pH 2.5)
Mobile phase
80:20 v/iv
Flow 0.7 ml/min
Injection 50 pl
Wavelength 325 nm

3.4. IN VITRO TECHNOLOGICAL STUDIES

3.4.1. In vitro release studies

The in vitro release studies were performed by dialysis on CLO alternatively
included in LStrist/aL1-CLO, LStrisT-CLO, Gel LStrisT/aL1-CLO, Gel LStrisT-CLO,
and GelaL1-CLO, and on PRG alternatively solubilized in SLN-PRG, NLC-PRG or
suspended in poloxamer 188 solution (2.5% w/w) (Cortesi et al., 2002).

Briefly, samples were placed into a dialysis tube (6 cm) (molecular weight cut-off
10,000-12,000; Medi Cell International, London, UK), then placed into a specific
volume of a receiving phase and shaken in a horizontal shaker (MS1, Minishaker,
IKA) at 175 r.p.m. at 37°C.

Particularly, for CLO 200 mg of LS or 4 g of gel were used and the release kinetics
of free CLO were investigated placing in dialysis tubes 2 mg of CLO dispersed in 4
ml of distilled water or in 4 g of xanthan gum gel. In addition, 40 ml of SVF and
ethanol (80:20, v/v) were used as receiving phase. For PRG 2 ml of SLN, NLC or
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poloxamer 188 solution were used and 30 ml of phosphate buffer (10 mM, pH 4.7)
and ethanol (70:30, v/v) were selected as receiving phase.
Samples of receiving phase were withdrawn at regular time intervals and analyzed
by HPLC, as described above. Fresh receiving phase was added to maintain a
constant volume. The drug concentrations were determined six times in
independent experiments and the mean values + standard deviations were

calculated.

3.4.2. In vitro diffusion studies

In vitro diffusion studies were performed using Franz-type diffusion cells supplied
by Vetrotecnica (Padua, Italy) associated to different membranes.

Samples of dried membranes were rehydrated by immersion in distilled water at
room temperature for 1 h before being mounted in Franz cells. Namely stratum
corneum epidermis (SCE), cellulose, polycarbonate, polyvinylidene fluoride,
polytetrafluoroethylene, nylon, Strat-M® (polyethersulfone / polyolefin) or sandwich
(cellulose [/ polytetrafluoroethylene / cellulose) membrane systems were
alternatively employed (Esposito et al., 2017c). SCE membranes were obtained
from breast reduction operations. Briefly, subcutaneous fat was carefully trimmed
and the skin was immersed in distilled water at 60 + 1°C for 2 min, after which SCE
was removed from the dermis using a dull scalpel blade. SCE membranes were
dried in a desiccator at ~25% relative humidity. The dried samples were wrapped in
aluminum foil and stored at 4 + 1°C until use (Esposito et al., 2017d; Puglia et al.,
2010). SCE membranes were kindly supplied by Prof. Carmelo Puglia of the
University of Catania.

The exposed membrane surface area was 0.78 cm? area (1 cm diameter orifice).
The receptor compartment contained 5 ml of phosphate buffer (10 mM, pH 4.7) and
ethanol (50:50, v/v) in the case of PRG and RP, or 5 ml of bidistilled water in the
case of GA and CA. This solution was stirred at 500 rpm with the help of a magnetic
bar and thermostated at 32 £ 1°C during all the experiments (Siewert et al., 2003).
Approximately 1 g of each formulation was placed on the membrane surface in the
donor compartment and the latter was sealed to avoid evaporation. At
predetermined time intervals comprised between 1 and 24 h, samples (0.15 ml) of
receptor phase were withdrawn and the drug concentration in the receptor phase
was measured using HPLC. Each removed sample was replaced with an equal
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volume of simple receptor phase. The drug concentrations were determined six
times in independent experiments and the mean values * standard deviations were
calculated. The mean values were then plotted as a function of time. The diffusion
coefficients were computed from the linear portion of the accumulation curve and
expressed as normalized fluxes by dividing by drug concentration in the analyzed
form, expressed in mg/ml.

In the case of PRG, after 6 and 24 h of permeation studies, to determine skin uptake,
SCE portions (4.52 cm? area) were removed from the diffusion cell, rinsed with water
and immersed in 5 ml of methanol, homogenized in vortex for 2 min, filtered by nylon
membranes (200 nm diameter pores) and analyzed by HPLC.

The data were analyzed using Student’s t-test, considering p < 0.05 as the minimum
level of significance.

3.5. IN VITRO BIOLOGICAL STUDIES

3.5.1. Anticandidal activity study

Antifungal activity was studied against Candida albicans (ATCC 10231). The
experiment was performed based on standardized protocol M27-A2, CLSI. Mother
cultures of C. albicans strain has been set up starting from 1.5 ml of liquid nitrogen
stored inoculum put in 250 ml sterile flasks containing 98.5 ml of liquid YEPD
medium (yeast extract 0.5%, bactopeptone 1%, glucose 2%; Oxoid, Italy) placed at
37°C on an orbital shaker (110 r.p.m.). The inocula were performed after growth (48
h/35°C) on Sabouraud dextrose agar. The colonies were suspended in 0.85% sterile
saline and this suspension was homogenized in a vortex mixer for 15 s; after that,
cell density was set in a spectrophotometer and transmittance (A=530 nm) was
adjusted to match standard 0.5 on the McFarland scale (1x10° to 5x10° yeast/ml).
In the sequence, a 1:50 dilution in RPMI 1640 MOPS buffered medium was
performed, resulting in a final concentration of 1.5 + 1.0x103 yeasts/ml.

The microdilution technique (Jahn et al., 1995; Rex and Clinical and Laboratory
Standards Institute, 2008) was performed in 96-wells polystyrene sterile plates; the
culture medium was RPMI1640-MOPS buffered broth. The tested samples were:
LSTrisT-CLO, LStrisT/AL1-CLO, LStrisT, LSTRIST/IAL1 @and CLO methanolic solution.
Namely, 25 mg of the dry formulation was weighed and suspended in 200 pl of the
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culture medium in the first well, then two-fold serial dilutions were performed in wells
from 1 to 10. For CLO methanolic solution, 100 pl of CLO twice more concentrated
than the desired final concentrations were diluted with 100 pl of culture medium in
the first well.

To each well microdilution plate were added 100 pl of the standardized inoculum.
Experiments were run in triplicate. The plates were incubated at 35°C for 48 h,
afterwards 10 pl of 0.5% 2,3,5-triphenyltetrazolium chloride and 10 ul containing
menadione 1 mM were added to all wells (Jenning et al., 2000), the plates were then
reincubated at 35°C for 120 min. After addition of 0.1 ml of acid isopropanol
(isopropanol / HCI 1 N, 95:5, v/v), the plates were placed on a shaker for 5 min to
dissolve formazan crystals. Measurements were performed with a microplate reader
at 550 nm and the minimal inhibitory concentration (MIC) was determined. Statistical
analysis was conducted by t-Student test.

The experiment was carried out at the Faculty of Pharmacy (Antiparasitic
Chemotherapy-CNRS 8076) of University of Paris-Sud (France).

3.5.2. Cell culture and treatments

In vitro assays on cell culture were carried out using human cells, namely
immortalized keratinocytes (HaCaT), primary dermal fibroblasts isolated from skin
biopsy of a healthy control subject and human melanoma cells (Sk-Mel 28).
HaCaT cells were grown in Dulbecco's modified Eagle's medium (DMEM) High
Glucose, supplemented with 10% FBS (fetal bovine serum), 100 U/ml penicillin, 100
pug/ml streptomycin and 2 mM L-glutamine. Cells were incubated at 37°C for 24 h in
95% air/5% CO2 until 80% confluence.

Fibroblast cells were grown in Dulbecco's modified Eagle's medium (DMEM) Low
Glucose, supplemented with 10% FBS, 100 U/ml penicillin, 100 pg/ml streptomycin
and 2 mM L-glutamine. Cells were incubated at 37°C for 24 h in 95% air/5% CO2
until 80% confluence.

Sk-Mel 28 cells were grown in Minimum Essential Medium Eagle with Earle's BSS
(EMEM), supplemented with 10% FBS (fetal bovine serum), 100 U/ml penicillin, 100
pug/ml streptomycin and 2 mM L-glutamine. Cells were incubated at 37°C for 24 h in
95% air/5% CO2 until 80% confluence.

For cell treatments, the different vehicles were initially dissolved in cell culture

medium.
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For RP cell treatment studies, stock solutions containing 500 pg/ml HA and 70 pg/ml
RP were further diluted to reach the final concentration of HA 25 ug/ml and RP 3.5
pug/ml for each vehicle.
For TOC cell treatment studies, stock solutions containing TOC 500 uM were further
diluted to reach the final concentrations ranging from 25 to 200 uM.
For Ub-O cell treatment studies, stock solutions containing Ub-O 500 yM were
further diluted to reach the final concentrations ranging from 1 to 41.3 pM.
For GA cell treatment studies, stock solutions containing GA 500 uM were further
diluted to reach the final concentrations ranging from 1 to 200 yM.
For CA cell treatment studies, stock solutions containing CA 500 yM were further

diluted to reach the final concentrations ranging from 5 to 200 yM.

3.5.3. Cytotoxicity studies

All tests were performed in triplicate and assay was repeated three times
independently with similar results.

- LDH assay
Seeded cells were treated for 24 h with the different vehicles at various
concentrations. Cytotoxicity was evaluated by spectrophotometric quantification of
the LDH released in culture medium, using a commercial kit (Sigma-Aldrich, Merck,
Darmstadt, Germany), as previously described (Esposito et al., 2015b; Valacchi et
al., 2015).

- MTT assay

Seeded cells were exposed to the selected formulations for 24 h, afterwards the
treatment was completely removed and 50 pl of serum-free media and 50 pl MTT
(0.5 mg/ml) were added and incubated for 3 h. The MTT is reduced in living cells,
forming insoluble purple formazan crystals that were then dissolved in 100 pl of
DMSO at 37°C for 15 minutes. After shaking, the solution absorbance, being
proportional to the number of living cells, was measured using a spectrophotometer
at 590 nm using 670 nm as a reference wavelength, thus converted into percentage
of viability (Sguizzato et al., 2020).
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- Trypan blue exclusion assay
Seeded cells were treated for 24 h with the different vehicles at various
concentrations. Afterwards, detached cells were diluted 1:1 with Trypan blue (0.5%
solution), then 10 ul of cell suspension were applied on a Birker Chamber for
counting the living cells with an inverted microscope. The results were reported in
number of viable cells and the percentage was calculated in relation to non-treated

cells, used as control (100% viability).

3.5.4. Wound healing assay

Cells were grown to confluent monolayer on 24-well plates, then cells were
mechanically scratched with a 200 pl sterile pipette tip (Valacchi et al., 2009). After
washing in PBS to remove cellular debris, cells were immediately treated with the
different vehicles at the concentrations selected based on the cytotoxicity data,
followed by incubation at 37°C. Images of the scratches for each sample were
recorded at different time points (i.e. 0, 12, 18, 24 and 36 h post-scratch). The width
of the scratches was analyzed with ImageJ software (National Institutes of Health,
Bethesda, MD, USA) and compared to the wound area at 0 h, which was arbitrarily
set as 100.

3.5.5. Transmission electron microscopy (TEM)

Cells treated with ETHO for 24 h and non-treated cells, used as control, were grown
to confluent monolayer on 10 cm Petri dish. Cells were fixed in 2.5% glutaraldehyde
in cacodylate buffer for 3 h at 4°C. Then cells were post-fixed in 1% osmium
tetroxide for 2 h at 4°C, dehydrated in a graded series of alcohol, embedded in
Araldite resins, and polymerized in oven for 48 h at 60°C. Ultrathin sections of 60
nm were cut with an ultramicrotome (Ultratome Reichert SuperNova Leica, Wien,
Austria), stained with uranyl acetate and lead citrate and examined in a Philips

CM100 transmission electron microscope (Pecorelli et al., 2016c).

3.5.6. Immunocytochemistry

Cells were grown on coverslips at a density of 1 x 10° cells/ml and, after 24 h of
treatment with the different vehicles (ETHO, ETHO Ub-O), cells were exposed to 50
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MM H20:2 for 1 h. After H.O2 exposure, the medium was changed with fresh medium
and the cells were analyzed at two different time points (i.e. 2 and 6 h post
exposure).
Afterwards, cells were fixed in 4% paraformaldehyde for 10min at room temperature
(RT). Cells were then permeabilized for 5 min at RT with PBS containing 0.2% Triton
X-100, then the coverslips were blocked in PBS containing 1% BSA at RT for 1 hr.
Cells were then incubated with primary antibody for 4HNE (AB5605; Millipore
Corporation) (1.200) in PBS containing 0.5% BSA at 4°C overnight. After washing,
coverslips were incubated with appropriate secondary antibody (1:100) for 1 hr at
RT. Nuclei were stained with 1 ug/ml DAPI (Sigma-Aldrich) for 1 min. Coverslips
were mounted onto glass slides using anti-fade mounting medium 1,4
diazabicyclooctane (DABCO) in glycerin and examined by the Leica light
microscope equipped with epifluorescence at 20X magnification. Negative controls
for the immunostaining experiments were performed by omitting primary antibody.

Images were acquired and analyzed with Leica software (Canella et al., 2018).

3.5.7. Cell migration assay

Cell migration assay was performed in 8um-pore size transwells (QCMTM 24-well
Colorimetric Cell Migration Assay kit, Millipore, CA, USA) coated with 0.15 mg/ml
bovine collagen IV. The lower chamber was filled with DMEM supplemented with
10% FBS and 1 x 10* cells were seeded in culture medium without FBS in the upper
transwell containing treatment and incubated for 6 h. At each time point, transwell
inserts were stained with Coomassie Blue Cell Stain solution for 15 min at RT, then
rinsed with double-distilled H20. Cells in the upper compartment were removed with
cotton swabs and pictures of five random fields were recorded using microscope.
Number of cells migrated was quantified from images using the Analyze Particle tool
in ImageJ.

The in vitro experiments were carried out in collaboration with Prof. Giuseppe

Valacchi at the University of Ferrara and at the Plants for Human Health Institute of
the North Carolina State University (USA), during my visiting research period.
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3.6. EX-VIVO TESTS

3.6.1. Human skin explants (HSE) culture

Skin explants were prepared from the superfluous skin of healthy adult donors (18-
60 years old). Breast or abdominal tissue specimens were obtained from patients
undergoing plastic surgery. Skin biopsies (12 mm punches) were cultured into
standard 6-well plates in contact with culture medium at 37°C in 5% CO2 humidified
air. The culture medium was Dulbecco’s Modified Eagle Medium (DMEM) with 1%
antibiotic-antimycotic solution (10.000 units penicillin, 10 mg streptomycin and 25
ug amphotericin B - Sigma-Aldrich, Germany) and 1% L-glutamine (Sigma-Aldrich,
Germany) (Esposito et al., 2015b). After 1 day in culture, the medium was changed
and HSE were topically treated with 50 ul of NLC T10 and NLC T10-TOC for 24h.

3.6.2. Cigarette smoke (CS) exposure

After 24h of treatment, the HSE were exposed for 30 minutes to CS generated by
burning one research cigarette (12 mg tar, 1.1 mg nicotine) using a vacuum pump,
as previously described (Muresan et al., 2018b). Control HSE were exposed to
filtered air. After exposure, the explants were incubated in fresh media at 37°C in a
humidified 5% CO2 atmosphere for 24h.

3.6.3. Protein extraction

Samples for Western blot analysis were washed in PBS and frozen in liquid nitrogen.
The biopsies were extracted in ice-cold using a tissue protein extraction reagent (T-
PER buffer, Thermo Fisher Scientific, MA, USA) added of protease and
phosphatase inhibitor cocktails (Sigma, Milan, Italy), using a bead-based
homogenizer at 12400 rpm at 4°C for 15 min. Protein concentration was measured
by Bradford method (BioRad, CA, USA) (Kulkarni, 2012).

3.6.4. Western blot analysis

Samples (25 pg protein) were loaded onto 10% sodium dodecyl sulfate
polyacrylamide gel (SDS-PAGE) and then transferred onto nitrocellulose
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membranes. Blots were blocked in PBS containing 0.5% Tween 20 and 5% not-fat
milk (BioRad). Membranes were incubated overnight at 4°C with the appropriate
primary antibody HO-1 (Abcam, Cambridge, UK). The membranes were then
incubated with horseradish peroxidase-conjugated secondary antibody for 1 h at
RT, and the bound antibodies were detected in a chemiluminescent reaction (ECL,
BioRad). Chemiluminescence was detected on ChemiDoc imager (BioRad)
(Muresan et al., 2018a). Blots were re-probed with B-actin as the loading control.
Images of the bands were digitized, and the densitometry of the bands was
performed using ImageJ software (Valacchi et al., 2017a).

The ex-vivo experiments were carried out at the Plants for Human Health Institute
of the North Carolina State University (USA), collaborating with Prof. Giuseppe

Valacchi during my visiting research period.

3.7. INVIVO TESTS

3.7.1. Tape stripping

In vivo experiments were conducted in accordance with The Code of Ethics of the
World Medical Association (Helsinki Declaration 1964) and its later amendments for
experiments involving humans and was approved by the Ethics Committee of the
University of Ferrara, Italy (study number: 161,087). The volunteers were of both
sexes in the age range 25-55 years and recruited after medical screening, including
the filling of a health questionnaire followed by physical examination of the
application sites. Informed consent was obtained from all individual participants
included in the study. The participants did not suffer from any ailment and were not
on any medication at the time of the study. They were rested for 15 min prior to the
experiments and room conditions were set at 22 + 2°C and 40-50% relative
humidity. For each volunteer, six sites on the ventral surface of forearms were
defined using a rectangular template (2 cm?) and marked with permanent ink. Three
sites were treated with 200 mg of SLN-PRG/G and three with 200 mg of NLC-
PRG/G. The preparations were spread uniformly by means of a plastic spatula and
then the sites were occluded for 6 h. After the occlusion period, the residual

formulations were removed by gently wiping with clean cotton balls.
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Eleven individual 2 cm? squares of adhesive tape (Scotch Book Tape 845, 3M) were
utilized to sequentially tape-strip the stratum corneum on the application sites. The
first tape strip was discarded and not analyzed, since it may still contain some
formulation residue not removed by the skin cleaning. The stratum corneum was
collected in the treated sitesat 1 h (t 1), 3 h (t 3) and 6 h (t 6) from the formulation
removal (Esposito et al., 2014). The presence of stratum corneum on the adhesive
tapes was routinely checked by light microscopy using a Nikon E800, 40x
magnification.
After stripping, all tapes from the same site were placed in a vial containing 2 ml of
the HPLC mobile phase methanol:water (80:20 v/v) and vortexed for 1 min. The
PRG present in the samples was then quantified by HPLC. The amount of PRG
found in stratum corneum was plotted versus time and the area under the curve
(AUC) was computed using the trapezoidal rule for comparison purposes. The
employed software was Prism 5.0, Graph Pad Software Inc. (La Jolla, CA -304

USA), p < 0.05 was considered the minimum level of significance.

3.7.2. In vivo skin adhesion study

One healthy volunteer was enrolled to compare the skin adhesion of P15-CA and
P15-HA2-CA. Briefly, 30 ul of each formulation were applied on the ventral surface
forearm. After application, the forearm was rotated about 90 degrees and held in a
vertical position for about 10 seconds. The permanence of the gels in relation to the

area of application was visually evaluated (Anirudhan et al., 2016).
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4. PRODUCTION AND CHARACTERIZATION OF A
CLOTRIMAZOLE LIPOSPHERE GEL FOR CANDIDIASIS
TREATMENT

4.1. INTRODUCTION

Candida albicans is a fungus able to locate in different host mucosal surfaces,
standing both as a member of the normal microflora (yeast form) and a potential
opportunistic pathogen (pseudohyphal form) (Mukaremera et al., 2017; Noverr and
Huffnagle, 2004). The potential of Candida albicans to colonize various mucosal
surfaces highly depends on the composition of the normal bacterial microflora.
Particularly, the fatty acid environment produced by the host and bacterial microflora
can influence and regulate germination of Candida albicans at mucosal surfaces
(Ferrer, 2000; Zhu and Filler, 2010; Ravani et al., 2013). The proliferation of Candida
albicans can generate symptomatic infections, such as vulvovaginal candidiasis,
experienced at least once by 75% of women and repeatedly by 6-9% of women
(Foxman et al., 2013).

Since local treatment is the first line of choice in cases of acute vaginal yeast
infection, a variety of topical preparations are on the market, mainly containing azole
fungistatic agents such as ketoconazole, miconazole and clotrimazole (CLO)
(Figure 8) (Kyle and Dahl, 2004).

LT

Figure 8: Chemical structure of Clotrimazole
However, the vaginal administration of these drugs as creams, gels, ovules and

pessaries is often related to some drawbacks, such as leakage of the formulation
and low residence time at the vaginal cavity (A. O. Andrade et al., 2014).
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To solve these problems, a bioadhesive formulation should be able to increase the
residence time of the dosage form and/or to enhance local bioavailability (Aka-Any-
Grah et al., 2010; Santos et al., 2013). In addition, the inclusion of the antifungal
agent into a solid microparticulate system could control its residence time and
delivery. Among microparticulate systems, lipospheres (LS) represent an interesting
choice. Being constituted of lipids, LS possess attractive properties such as
biocompatibility and capacity to increase entrapment and bioavailability of poorly
water-soluble drug.
In this part of my investigation, LS were especially designed for CLO delivery on
vaginal mucosa to treat Candida albicans infection. CLO is widely employed to treat
fungal infections topically, indeed oral administration of this active is not convenient,
due to short half-life and side effects (Haller, 1985). Since CLO is a poorly water
soluble drug, it requires a proper vehicle to rise effective right levels of topical
absorption (Esposito et al., 2013). The lipid phase of LS was based on stearic
triglyceride namely tristearin (TRIST), a solid lipid commonly employed in foods, and
caprylic/capric triglyceride (TRIC) or the lactic acid derivative C12-C13 alkyl lactate
(AL). These liquid auxiliary components have been employed in mixture with TRIST
to possibly modulate and disorganize the ordered and compact solid LS
microstructure. Indeed, it has been demonstrated that lipid carriers based on
mixtures of solid and liquid lipids can encapsulate considerable amounts of drug,
controlling its release and expulsion (Jenning et al., 2000; Nastruzzi, 2005). In
addition, AL was chosen due the peculiar antimicrobial activity of lactic acid
derivatives which can exert antifungal effect based on their ability to reduce pH of
the milieu (Lind et al., 2005). To obtain adhesive formulations with suitable viscosity
for vaginal application, lipospheres have been added to a hydrophilic gel constituted
of the biopolymer xanthan gum, an anionic polysaccharide commercially obtained
by bacterial fermentation (Witczak, 1997). Spreadability, leakage and adhesion
were investigated in vitro to verify the suitability of the liposphere gel for vaginal

administration.

The present results have been the object of the published paper: “Production and
Characterization of a Clotrimazole Liposphere Gel for Candidiasis Treatment”
[Esposito E., Squizzato M., Bories C., Nastruzzi C., and Cortesi R.. “Production and
Characterization of a Clotrimazole Liposphere Gel for Candidiasis Treatment.”
Polymers 10, no. 2 (2018): 160. https://doi.org/10.3390/polym10020160].
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4.2. RESULTS AND DISCUSSION

4.2.1. Liposphere production and characterization

A preformulation study was performed to investigate the effect of lipid composition
on LS produced by melt dispersion technique (Cortesi et al., 2002). Particularly LS
matrix was constituted of sole TRIST, or TRIST in mixture with the liquid auxiliary
components TRIC and AL, as in Table 8.

Table 8: Composition of produced lipospheres in the preformulative study

Composition (% w/w)
Formulation caprylic/capric
tristearin alkyl lactate clotrimazole
triglyceride

LStrisT 100.00 - -
LStrisTrTRIC 70.00 30.00 - -
LStrisT/AL30 70.00 - 30.00 -
LStrisT/AL15 85.00 - 15.00 -
LStrisT/aL10 90.00 - 10.00 -
LStrisT/AL1 99.00 - 1.00 -
LStrisT-CLO 98.04 - 1.96
LStrisTrrRIc-CLO 68.69 29.35 - 1.96
LStrisT/aL30-CLO 68.69 29.35 - 1.96
LStrisT/aL15-CLO 83.34 - 14.70 1.96
LStrist/aL10-CLO 88.24 - 9.80 1.96
LStrist/aL1-CLO 97.06 - 0.98 1.96

The optimal AL concentration selected for LS production was 1% (w/w). Higher
amounts of AL namely 10-30% w/w hindered LS formation, resulting in collapsed
and aggregated particles. The aggregation phenomena could be attributed to
interchain bonds between the AL alkyl chains located on the surface of these LS.
Contrarily the presence of TRIC led to more regular and structured LS, probably due
to the affinity between TRIC and TRIST.

Generally, recovery yields ranged between 80 and 97% w/w as compared to the
total amount of lipid used for LS preparation, as described in Table 9.
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Table 9: Liposphere mean diameter, recovery yield and clotrimazole encapsulation
efficiency

Formulation mean diameter (um) Yield (%)? CLO EE (%)°
LStrist 50 + 28 92.0+1 -
LStrisTrTRIC 6.3+8 88.3+2 -
LStrisT/AL30 n.d.* 80.0+1 -
LStrisT/AL15 n.d.* 86.0+2 -
LStrisT/aL10 n.d. 89.7+3 -
LStrisT/AL1 54.2 +30 93.3+2 -
LStrisT-CLO 55.2+10 87.0+8 857
LStrisT/aL10-CLO 48.2+7 88.2+5 98 +2
LStrist/aL1-CLO 634+9 97.8+2 90+8

a: LS weight x 100/ total weight of lipids employed for LS preparation; b: amount of CLO detected by
HPLC x 100 / total amount of CLO employed; *not determined

Regarding CLO encapsulation efficiency (EE), values ranged between 85 and 98%
as compared to the total amount of CLO used (Table 9). As expected, AL presence
permitted to increase CLO encapsulation in LS. Indeed it has been demonstrated
that a binary mixture of two spatially different lipid matrices, i.e. a solid lipid and a
liquid lipid (or oil) results in the formation of structured lipid carriers able to solubilize
and encapsulate higher amount of drug with respect to the use of a single solid lipid
(Jenning et al., 2000; Nastruzzi, 2005; Igbal et al., 2012). The highest CLO EE value
was achieved in the case of LStris/aL10-CLO (98%), nevertheless this type of LS
was discharged because of aggregate formation.

Figure 9 SEM visualization enabled to observe that LS morphology is characterized
by a spheroidal shape and mean diameters comprised between 6 and 75 um.

Moreover, the presence of aggregated LS is detectable.
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Figure 9: Scanning electron microscopy images of LStrist (A), LStrist/tric (B), LStrIST/AL30
(C), LStristiaL15 (D), LStrisT/aL10 (E) @and LStrist/aLt (F). Bar represents 20 um in panels A, B
and 50 um in panels C-F

Particularly, LStrist were spherical, with 50 um mean diameter (Table 9 and Figure
9 A). The presence of TRIC (30% w/w) in mixture with TRIST (LStrisT/TRIC)
maintained the LS spherical shape (Figure 9 B) and involved a drastic decrease of
LS mean diameter (Table 9). Instead the addition of AL (30, 15 and 10 % w/w) to
TRIST resulted in formation of collapsed and aggregated LS, with mean diameters
difficult to measure (Figure 9 C-E, Table 9). On the other hand, a lower amount of
AL (1% w/w) (LStrisT/aL1) allowed the formation of spherical LS with 54 um mean
diameter and few aggregates (Figure 9F, Table 9).

LS constituted of TRIST or TRIST/AL mixture (AL 1 and 10% w/w) were produced
in the presence of CLO. Shape and mean diameter of LStristT-CLO and LStrisT/aL1-
CLO were almost unaffected by the presence of CLO (Figure 10 A, C and D, Table
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9) showing spherical shape and mean diameters around 50 um, while LStrist/aL10-

CLO were in large part aggregated (Figure 10 B).

Figure 10: Scanning electron microscopy images of LStrist-CLO (A), LStrist/aL10-CLO (B)
and LStristai-CLO (C, D). Bar represents 25, 50, 60 and 15 um in panels A, B, C and D

respectively

4.2.2. Anticandidal activity study

LStrisT-CLO, LStrisT/AL1-CLO and the corresponding LS produced in the absence

of CLO have been assayed against Candida albicans and the obtained minimum

inhibitory concentration values (MIC) are summarized in Table 10.

Table 10: Minimum inhibitory concentration values (MIC, ng/mL) of clotrimazole-loaded
lipospheres against Candida albicans ATCC 10231 strain

Formulation

MIC (ng/ml) £ sd

LStrisT-CLO
LStrisT/aL1-CLO
LStrisT

LStrisT/AL1

CLO

23+1.6

17+1.4
no activity
no activity

32+23
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A methanol solution of CLO has been employed as control. CLO containing LS
displayed lower MIC values with respect to CLO solution, namely 1.4 and 1.9-lower
than CLO for LStrisT-CLO and LStrisT/aL1-CLO respectively. In addition, in the case
of LStrisT/aL1-CLO, MIC values were lower with respect to LStrisT-CLO. As
expected, empty LS did not display anticandidal activity, confirming that LS did not
exert intrinsic antifungal activity (Haller, 1985; Murgia et al., 2010; Garcia-Bennett,
2011). The differences between MIC values were statistically significant in the case
of LStrisT-CLO versus LStrist/aL1-CLO (p<0.05) and high significant when both LS
were compared to CLO (p<0.01).

Summarizing, the encapsulation of CLO in LS improved its activity and on the other
hand the combination of CLO and AL in LS further increased the anticandidal activity

of CLO, supporting our hypothesis.

4.2.3. Production and characterization of Liposphere Gels

Since LS in their dry form can not be easily applied on mucosae, we firstly included
them in a xanthan gum gel to obtain viscous formulations and then verified their
suitability for vaginal administration. In Table 11 the composition of the used gels is

reported.

Table 11: Gel composition

Gel components (% w/w)

Formulation alkyl xanthan

tristearin clotrimazole water

lactate gum

Gel LStrisT-CLO 4.902 - 0.098 0.500 94.500
Gel LStris/aL1-CLO 4.853 0.049 0.098 0.500 94.500
Gel-CLO - - 0.098 0.500 99.402
Gela1-CLO - 0.049 0.098 0.500 99.353

Taking into account the physiological vaginal pH (A. O. Andrade et al., 2014), we
made choice to use citrate buffer pH 4 for dissolving xanthan gum with the aim to
prevent pH variation of activity and applicability formulations. Moreover, the
transparency of the obtained gel formulations enabled to verify the homogeneous
distribution of LS within the gel.
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i) Gel Viscosity

Formulation consistency is one of the most key features for application onto
mucosae or skin, thus the gel viscosity plays a key role in drug permeation control
(Karadzovska et al., 2013). The viscosities as a function of rotational speed of Gel
LStrisT/aL1-CLO and GelaL1-CLO, are displayed in Figure 11. The behavior of Gel
LStrisT/AL1-CLO and GelaL1-CLO was non-Newtonian shear thinning, indeed their
viscosity decreased as the shear rate increased.
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Figure 11: Viscosity of Gel LStris/aL1-CLO (m) and Gela1-CLO (o) as a function of rotational
speed. Data are the mean of three experiments and error bars represent standard deviation

This behavior suggests low flow resistance when applied at high shear conditions.
The curves obtained for plain and LS containing gels were almost superimposable,
indicating that the presence of LS slightly affected gel viscosity behavior.

This result suggests that the gel can be handled and, more importantly, it can easily
coat the vaginal cavity, remaining in the application site without draining (A. O.
Andrade et al., 2014; das Neves and Bahia, 2006), as demonstrated by the leakage

experiment.

ii) Gel Spreadability

Spreadability is an important parameter for topical forms since it affects patient

compliance, extrudability from the package, uniform application on skin or mucosae,
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dosage transfer and finally therapeutic efficacy of the active molecule (Garg et al.,
2002). As expected, LS presence in Gel LStris/aL1-CLO slightly decreased gel
spreadability with respect to GelaL1-CLO, as shown in Figure 12. Namely, the
spreadability ratio of GelaL1-CLO to Gel LStrisT/aL1-CLO was 1.4:1.
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Figure 12: Spreadability behavior of the indicated gels

iii)  Gel Leakage

Gel leakage potential from the vagina was explored. Indeed, it is known that a
vaginal formulation should display a minimal leakage from the vaginal walls, thus a
short running distance over the vertical plane, to assure a prolonged action (A. O.
Andrade et al., 2014). Particularly, the running distance of Gel LStrist/aL1-CLO,
Gelai-CLO and LStrisT/aL1-CLO are compared 1 min and 10 min after their
application on vertical pH 4.5 agar slides based on SVF or citrate buffer.

The former slides have been especially designed to mimic pH and composition of
the vaginal cavity, while the latter simulated only the vaginal pH. Figure 13 shows
the results of leakage test performed on agar slides and its quantification.
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Figure 13: Comparative leakage test performed on formulations coloured by rhodamine for
imaging. Namely Gel LStrist/a1-CLO (A, D), Gelai-CLO (B, E) and LStristiaL1-CLO (C, F)
were placed on pH 4.5 SVF (A-C) or citrate buffer (D-F) agar slides. Leakage distance was
measured 1 and 10 min after application of Gel LStrist/aL1-CLO (pink), Gela1-CLO (light
pink) and LStrist/aL1-CLO on pH 4.5 SVF (G) or citrate buffer (H) agar slides. A-F images
were taken 1 h after placing formulation on slides

In the case of application on SVF slides, the running distance of Gel LStris/aL1-CLO
was minor than Gela 1-CLO, while, in the case of application on citrate buffer slides,
the leakage trend was opposite. Namely, the leakage distance of Gel LStrist/AL1-
CLO applied on citrate buffer slides was almost double with respect to SVF ones.
This behavior suggests an affinity of Gel LStrist/aL1-CLO for SVF slides and thus for
vaginal fluid composition, allowing us to conclude that the sole pH value is not
enough to guarantee the permanence on vaginal mucosa. Dry LS remained fixed in
the applied site on both type of slides even after 1 hour from placement, suggesting

a high affinity for both pH and SVF composition.
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iv)  Gel Adhesion

Adhesion can be defined as the capability of a material to adhere to a mucosal
surface. A high adhesion is required to accomplish retention of a pharmaceutical
dosage form on the mucous membrane (Aka-Any-Grah et al., 2010; Boddupalli et
al., 2010; A. O. Andrade et al., 2014). After testing gel leakage, the adhesion of
GelaL1-CLO, Gel LStristai-CLO or dry LStristiaLi-CLO was evaluated by
comparing their residence time on agar slides immersed in pH 4.5 SVF or citrate
buffer for predetermined length of time (Figure 14).

Figure 14: Comparative adhesion test performed on pH 4.5 SVF (A) or citrate buffer (B)
agar plates immersed for 2 h in 10 ml of SVF or citrate buffer respectively. Images were
taken 1 (a, c) or 120 (b, d) min after application of Gel LStrist/aL1-CLO (a, b) and LStrist/aL1-
CLO (c, d)

After 2 h from immersion, the presence of LS was clearly detectable only in the case
of Gel LStrisT/aL1-CLO applied on SVF agar slide (Figure 14 A, panel b). Indeed,
only few LS were detectable in the case of citrate buffer agar slide (Figure 14 B,
panel b), confirming the suitability of Gel LStrist/aL1-CLO for vaginal application and
contact with vaginal fluids. Two hours after placement of dry LS on SVF and citrate
buffer agar slides, LStristaL1-CLO were almost absent (panels d of Figures 14 A
and 14 B), suggesting that the inclusion of LS in the gel is required to assure their
adhesion. Images of Gela 1-CLO are not reported because the gel instantaneously
dissolved after immersion in SVF or citrate buffer, indicating that LS presence was

essential to achieve gel adhesion.
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Leakage and adhesion results were in good agreement, both demonstrating the
suitability of Gel LStrisT/aL1-CLO for vaginal application. In fact, this gel exhibited a
minimal leakage and a long adhesion time when applied on SVF agar plate,

mimicking the vaginal cavity.

4.2.4. In Vitro CLO Release Kinetics

To investigate and compare the performance of Gel LStrist/aL1-CLO, Gel LStrisT-
CLO, LStristaL1-CLO and LStrisT-CLO as delivery systems for CLO, release
profiles were determined in vitro by a dialysis method (Cortesi et al., 2002). The
release kinetics, reported in Figure 15, were in general characterized by a biphasic
profile in which CLO was initially released linearly, followed by a slower phase, in

which the remaining drug was released.
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Figure 15: In vitro release kinetics of CLO from LStrist/aL1-CLO (o), LStrist-CLO (0) (A),
Gel LStrist/aL1-CLO (m), Gel LStrisT-CLO (o) (B). Experiments were performed by dialysis
method. For comparison, the profiles obtained using CLO in aqueous (X) (A) or xanthan
gum (V) (B) dispersions are also reported. Data are the mean of 6 experiments + sd

The encapsulation of CLO in LS or in gel enabled to slow down the drug release
with respect to the aqueous dispersion (Figure 15 A) or the xanthan gum gel (Figure
15 B), employed as controls. As expected, the inclusion of LStrist/aL1-CLO or
LStrisT-CLO in gels delayed CLO release. In addition, the presence of AL (1% w/w)
in the LS matrix enabled to better control CLO release, as can be noticed in the
LStrisT/aL1-CLO and Gel LStrisT/aL1-CLO kinetics, with respect to their counterparts
LStrisT-CLO and Gel LStrist-CLO (Figure 15 A,B).
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The control of CLO release should be attributed to (i) LS matrix, (ii) AL presence,
and (iii) xanthan gum network, described by other authors as a biopolymer able to
control drug release. Since LS are characterized by a matrix structure, as
demonstrated by VPSEM observation, it can be hypothesized that a slow LS and
gel dissolution in contact with vaginal fluids and a dissolution and diffusion of CLO
first through LS and then through the gel network take place.
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5. PROGESTERONE LIPID NANOPARTICLES: SCALING UP AND
IN VIVO HUMAN STUDY

5.1. INTRODUCTION

Recent research efforts have demonstrated that nanotechnology achieves dramatic
results in different scientific fields, including drug formulation and delivery.
Particularly, the advantages of lipid based nanoparticles, namely solid lipid
nanoparticles (SLN) and nanostructured lipid carriers (NLC), increase the ability to
solubilize lipophilic drugs. Moreover, the variation of lipid composition offers the
possibility to produce nanoparticles with different properties.

Hot homogenization technique is by far the most widely used nanoparticle
production approach; the method is based on dispersion of a melted lipid phase in
a hot aqueous surfactant solution under stirring by high-shear mixing device. The
obtained emulsion is then submitted to hot homogenization and cooling, finally
obtaining nanoparticles by re-crystallization of lipids (Dingler and Gohla, 2002;
Muller et al., 2000).

The homogenization step is mandatory to reduce size of droplets constituting the
inner oil phase of the initial emulsion. The homogenization can be achieved by
ultrasound, or by high pressure. Ultrasound homogenization (UH) is based on the
transmission of high power ultrasound waves in a liquid media by a probe.

High pressure homogenization (HPH) is an ongoing process widely used in
pharmaceutical and food industry, based on reduction of droplet/particle size and
uniformity under conditions of extreme pressure by a piston-gap homogenizer.
Notwithstanding its high cost, high-pressure homogenizer lab-scale and pilot-scale
models can operate with limited sample volumes and produce the same results as
large models, ensuring scalability of results. Thus, HPH enables to scale-up
nanoparticle volume from lab to pilot and industrial scale (Das and Chaudhury,
2011; Uner, 2006).

Progesterone (PRG) (Figure 16) is a steroid hormone present in different medicines
with various indications such as the control of habitual abortion, suppression and
synchronization of oestrus, regulation of ovulation and menstruation (e.g. to treat

amenhorrea), treatment of infertility by luteal phase support and prevention of
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endometrial hyperplasia (Lockwood et al., 2014; Tavaniotou et al., 2000). For these
applications, PRG is typically administered orally, rectally, intramuscularly,
subcutaneously or intravaginally (Lockwood et al., 2014; Tavaniotou et al., 2000).
In addition, PRG is included in cutaneous formulations (i.e. gels and creams) to treat
dermatological disorders such as acne and ageing (Burry et al., 1999; Holzer et al.,
2005).

Figure 16: Chemical structure of Progesterone

In this respect, this investigation describes a scaling up study aimed at producing
PRG containing nanoparticles in a pilot scale produced by UH and HPH methods.
These two techniques have been investigated and compared, in order to produce
nanoparticles without agglomerates, with smaller mean diameters, great stability
and high encapsulation efficiency. Dialysis and Franz cell methods were performed
to mimic subcutaneous and skin administration in vitro. The obtained nanoparticle
suspensions were further viscosized by xanthan gum (x-gum) addition. A human in
vivo study, based on tape stripping, has been conducted to compare the
performances of SLN and NLC gels applied on skin. Particularly PRG amount in
stratum corneum has been evaluated after cutaneous application of the different

nanoparticulate gels.

The present results have been the object of the published paper: “Progesterone
lipid nanoparticles: Scaling up and in vivo human study” [Esposito E., Sguizzato M.,
Drechsler M., Mariani P., Carducci F., Nastruzzi C., and Cortesi R. “Progesterone
Lipid Nanoparticles: Scaling up and in Vivo Human Study.” European Journal of
Pharmaceutics and Biopharmaceutics 119 (2017): 437-46.
https://doi.org/10.1016/j.ejpb.2017.07.015].
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5.2. RESULTS AND DISCUSSION

5.2.1. Effect of experimental set up on lipid nanoparticles

Scalability of lipid nanoparticle production from bench to pilot and large scale
represents an important challenge in view of industrial production (Paliwal et al.,
2014). Since production methods and conditions affect physico-chemical
characteristics of the nanoparticles, specific studies are needed to achieve the
highest product quality.

In this respect in the current chapter we have evaluated the effect of HPH process
parameters on nanoparticle characteristics.

Most of the experimental procedures for the preparation of lipid nanoparticles
intended as solid lipid nanoparticles (SLN) or nanostructured lipid carriers (NLC) are
characterized by small amount of lipid (80-250 mg) dispersed in a 5-50 ml water
phase (Esposito et al., 2008; Pooja et al., 2015; Yuan et al., 2007). Particularly, HPH
method was compared with UH protocol, that was previously studied by our
research group (Esposito et al., 2017a, 2017b, 2016a, 2015a).

Therefore, SLN and NLC have been prepared by UH and HPH methods. The
methods require two steps; the first one is common to both procedures and is
represented by an emulsification conducted by high-shear mixing. In the second
step, the obtained emulsion is treated by two alternative instruments, with the aim
to reduce and uniform the droplet size: (a) in the UH method by a probe ultrasound
generator and (b) in the HPH method by a high-pressure homogenizer.

The initial emulsion was obtained by dispersing the fused lipids in the aqueous
surfactant solution under high speed stirring at 15000 r.p.m. for 1-3 min.

Varying the emulsification time (in the 1-3 min range) caused only marginal
variations in mean diameter of the obtained particles (data not shown). Therefore,
to shorten the preparation time and save energy in view of an industrial production,
the high-shear emulsification step was limited to 1 min.

With respect to the UH step, the influence of the treatment length was investigated
on particle size; SLN and NLC dimensions were determined after treatment of 5, 10
and 15 min (Table 12).
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Table 12: Mean diameters of nanoparticles as a function of process parameters

Z average mean diameter (nm)
Process parameters
SLN NLC

Duration of UH (min)

5 200 £ 33 255 £ 45

10 180 + 28 230 £ 33

15 147 + 52 179 + 55

HPH (number of cycles)

1 68 + 15 86 + 18

2 88 +17 102 + 20

3 99 + 28 112 £ 14

Data are the mean of 4 determinations in independent experiments + sd

In further experiments, the 15 min UH treatment was selected, since it allowed the
production of the smallest nanoparticles (147 and 179 nm for SLN and NLC,
respectively), as compared to the others length of UH treatment.

For the HPH method, the effect of number of homogenization cycles was
investigated on nanoparticle size. As reported in Table 12, mean diameter of SLN
and NLC was affected by the number of homogenization cycles. Surprisingly, the
smallest dimensions were obtained using a single cycle, therefore in view of scaling
up the production procedure, the single homogenization cycle was selected.

In the case of HPH method, the influence of pressure was also considered, namely
the range 40-120 MPa was investigated (data not shown). Pressure level from 40
to 100 MPa decreased the size, while higher pressures, up to 120 MPa increased
the particle dimension. This behavior was attributed to particle coalescence induced
by high kinetic energy of particles. To limit this phenomenon, pressure was set at
100 MPa.

Taken together, the data obtained from the analysis of UH and HPH methods
resulted in the selection of the set-up for both methods, summarized in Table 13.
It has to be underlined that, HPH method enabled to 20-fold increase production
volume of nanoparticle with respect to UH. Indeed, by HPH it was possible to obtain
1 liter of nanoparticles dispersion corresponding to a lipid amount of 50 g.
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Table 13: Experimental set-up for nanoparticle production

Second step

First step
method Duration Energy input
1 min
UH high shear 15 min 6.75 Hz
homogenization
1 min
HPH high shear 1 cycle 100 MPa

homogenization

5.2.2. Nanoparticles characterization

The effect of production method and of the presence of PRG has been evaluated
with respect to nanoparticle dimensions, presence of agglomerates, EE and LC. All

these data are summarized in Table 14.

Table 14: Dimensional characteristics and encapsulation parameters of nanoparticles
produced by UH or HPH method

UH HPH

Nanoparticle

SLN- NLC- SLN- NLC-
type SLN NLC SLN NLC

PRG PRG PRG PRG
Z average
(nm) 147 £52|216 £22|{179+£55|125+£10| 68+ 15 (181 +14|86+18 | 137 £ 18
nm
Dispersity 0.26 0.35 0.27 0.22 0.30 0.31 0.22 0.25

Agglomerate?

(%)
EE® (%) - 82+4 - 88+ 10 - 97 +2 - 99 + 1
LC® (%) - 1.64 - 1.76 - 1.94 - 1.98

Data represent the mean + sd of 6 independent experiments.

a: loss of lipids (lipid phase) due to the partial coalescence of the lipid phase during the formation of
the O/W emulsion. After cooling the coalesced lipid phase appeared as a small flake floating on the
surface of the NLC dispersion; b: percentage (w/w) of PRG with respect to the total amount used for
the preparation; c: percentage (w/w) of PRG with respect to the amount of lipid used for the
preparation

Dimensions were measured by PCS and expressed by Z average. Data reported in

Table 14 indicate that: (i) nanoparticles produced by HPH have consistently smaller

dimensions than those produced by UH; indeed, the former are comprised between
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68 and 181 nm while the latter span between 125 and 216 nm, (ii) the Z Average
diameters of NLC-PRG are smaller than those of SLN-PRG, particularly in the case
of nanoparticles produced by UH and (iii) the presence of PRG appears to have an
important effect on nanoparticles size; both methods resulted in drug loaded
nanoparticle with larger dimensions with respect to the empty counterparts.
Regarding agglomerates, SLN and NLC produced by UH method displayed a
presence of 5-8 % agglomerate, on the contrary with the HPH method, no
agglomerates were detected.
EE and LC values, reported in Table 14, revealed that both methods gave rise to
high EE (higher than 82%) and LC (higher than 1.64%). For instance, PRG
encapsulated in lipid nanoparticles produced by HPH was generally stable, even if
NLC resulted in a superior stability with respect to SLN (Pardeike et al., 2009).

5.2.3. Morphological analyses of lipid nanoparticles

The morphology of SLN and NLC produced by HPH has been investigated by cryo-
TEM and x-ray diffraction. It is important to underline that nanoparticles imaged by
cryo-TEM visualizations appear different depending on their orientations. Generally,
in the case of top view, both SLN and NLC display a low electron dense discoid
structure; while in the case of edge-on view they appear as high electron-dense rod
like structures (Figure 17 A, B). This feature is well detectable in the
microphotographs relative to the SLN samples (Figure 17 A, C), in which the edge-
on viewed nanoparticles have an electron dense rod-shape morphology, without
any appreciable structured architecture (at least in the cryo-TEM analysis). On the
contrary, NLC display a different internal organization; particularly in the edge-on
view, they are characterized by the presence of stacked lamellae capped by semi-
elliptical structures (Figure 17 D). Importantly, (a) the presence of the drug does not
alter the morphology of both SLN and NLC (see insets in Figure 17 C, D) and (b)
the general morphology of nanoparticles produced by HPH is almost identical to that
of nanoparticles produced by UH (images not shown) (Esposito et al., 2017b).
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Figure 17: Cryo-TEM images of lipid nanoparticle produced by HPH method, containing
PRG. SLN-PRG (A, C) and NLC-PRG (B, D) are imaged at low (A, B) or high magnification
(C, D). For comparison in the insets of panels C and D the microphotographs relative to
empty SLN and NLC are also reported. Bar corresponds to 300 nm in panels A and B and
150 nm in panels C and D

Nanoparticles produced by HPH have been further characterized by X-ray
diffraction analyses. The low-angle region was considered to investigate the
structure of SLN, NLC, SLN-PRG and NLC-PRG. The results are reported in Figure
18, showing that both SLN and NLC display an internal lamellar organization; the
calculated unit cell values were 4.52, 4.6, 4.55 or 4.75 nm, for SLN, SLN-PRG, NLC
and NLC-PRG respectively. Data indicate that the presence of PRG slightly

increased the unit cell dimensions in both type of lipid nanoparticles.
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Figure 18: X-ray diffraction profiles observed for SLN and NLC, in the presence and absence
of PRG. From the bottom: SLN-PRG, SLN, NLC-PRG and NLC. The vertical black line indicates
the peak position of the first order of the Lamellar Phase Symmetry. Nanoparticles were
produced by HPH method

5.2.4. Stability studies

In view of an industrial application, specific studies have been undertaken
comparing nanoparticles produced by HPH and UH. Particularly, physico-chemical
studies have been conducted, to determine the dimension (expressed as Z
Average) and the stability of PRG up to 6 months from the production.

The dimensional results show that lipid nanoparticles were quite stable in term of
size, since the formulations produced by both methods maintained their dimensions

almost unvaried during the 6 months period analyzed (Figure 19 A, B).
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Figure 19: Effect of aging on Z Average (A, B) and PRG content (C, D) of lipid
nanoparticles. SLN-PRG (filled symbols) and NLC-PRG (empty symbols) were produced
by UH (A, C) or HPH (B, D) methods. The formulations were stored in glass containers at
25°C for 3 months. Data are the mean of 5 analyses on different batches of the same type
of formulations

To investigate the stability of drug in nanoparticle formulations, PRG content has
been determined as a function of time and expressed as percentage with respect to
the total amount of drug loaded in the formulation. From the data reported in Figure
19, it is evident that the drug in NLC-PRG was more stable with respect to that in
SLN-PRG. Regarding the production method, nanoparticles produced by HPH were
quite stable than those produced by UH. Particularly, in the case of NLC-PRG
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produced by HPH and UH, PRG residual content after 6 months was 80% and 66%
respectively.
Table 15 reports shelf life (too) and half-life (t12) values calculated by equations (5)
and (6). The longest shelf life values were found in the case of NLC-PRG produced
by HPH. Notably SLN-PRG and NLC-PRG produced by this method displayed tgo
and t12 values respectively 3-fold and 2.5-fold longer with respect to nanoparticles

produced by UH method.

Table 15: Shelf life values of nanoparticles produced by UH method or HPH method

Parameter Nanoparticles produced by UH | Nanoparticles produced by HPH
SLN-PRG NLC-PRG SLN-PRG NLC-PRG

K 0.004 0.0031 0.0014 0.0012

too (days)® 26.11 33.87 73.80 81.51

ti2 (days)® 173.25 223.54 495.00 577.50

The reported results represent the average of 4 independent experiments + SD
a: Time at which the drug concentration has lost 10 % with respect to drug recovery at 0 day;
b: Time at which the drug concentration has lost 50 % with respect to drug recovery at 0 day

5.2.5. In vitro PRG release kinetics

PRG release profiles from nanoparticles produced by HPH were determined in vitro
by a dialysis method. Namely SLN-PRG and NLC-PRG were compared; as
reference a free drug formulation based on a suspension of the drug in poloxamer
188 (2.5 % w/w in water) was taken.

The release of PRG from the different formulations are reported in Figure 20. In all
cases the obtained profiles are similar in term of general shape. They are
characterized by an initial phase in which 50-60% of the PRG is released, afterwards
PRG is released much more slowly. In addition, the obtained data indicate that PRG
is more slowly released from NLC-PRG. All considering, in the case of SLN-PRG a
fickian diffusive mechanism has been postulated, while a combination of dissolutive
and diffusive mechanism has been supposed for NLC-PRG.
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Figure 20: /n vitro release kinetics of PRG from SLN-PRG (e), NLC-PRG (o) and poloxamer

188 suspension (2.5% w/w) (V). Experiments were performed by dialysis method. Data
are the mean of 6 experiments + S.D

5.2.6. !(%)*+,-skin permeability of nanoparticles

In view of vaginal or cutaneous administration of nanoparticles, a thickened
formulation would be required since the low viscosity of SLN and NLC aqueous
suspensions do not allow the proper application. Therefore, to produce a semisolid
formulation containing PRG nanoparticle, the aqueous nanoparticle suspensions
were thickened by direct addition of x-gum powder (to a final 1% w/w concentration).
X-gum enabled to rapidly obtain gelled formulations, named SLN-PRG/G and NLC-
PRG/G.

The skin permeability of PRG included in SLN-PRG/G and NLC-PRG/G was
investigated by Franz cell experiments using SCE. To ensure sink condition, a
receptor phase constituted of a water/ethanol 1:1 (v/v) mixture was used (L. M.
Andrade et al., 2014; Touitou and Fabin, 1988). It should be considered that Franz
cell represents an in vitro model which is a reconstruction of the biological
environment, mimicking application on SCE membrane, without taking in
consideration the full skin and the physiological distribution of PRG through blood
capillaries in the dermis (Hazama et al., 2016).

Drug permeability and skin uptake were evaluated analyzing PRG content in the
receptor phase and in the SCE. The results of skin permeability experiments
indicate that PRG content in the receptor phase was below the detection limit of the
analytical method employed. This finding corroborates the idea that PRG, being a

lipophilic molecule, is strongly associated to the lipid matrix of the nanoparticles.
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The analysis of the PRG content in SCE, reported in Figure 21, demonstrated that
after 6 h similar amounts of PRG were present in the case of SLN-PRG/G and NLC-
PRGI/G. After 24 h the presence of PRG in SCE was statistically higher (p<0.001)
in the case of SLN-PRG/G with respect to NLC-PRG/G (1.5-fold higher), probably
because of a higher affinity and better accommodation of PRG in the liquid phase
of NLC (Kuchler et al., 2009).
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Figure 21: PRG skin uptake in SCE membrane from SLN-PRG (filled), NLC-PRG (empty)
after 6 and 24 h of permeation experiments in Franz diffusion cells (n = 6); error bars
represent the standard deviations; *** p < 0.001. Nanoparticles were produced by HPH
method

NLC appear as vehicle able to better retain PRG within lipid matrix with respect to
SLN.

5.2.7. Tape-stripping experiments

To overcome the above described limits of the Franz cell method and to investigate
more accurately the performances of lipid nanoparticle formulations applied on the
skin, in vivo experiments were performed. Tape stripping allowed to directly quantify
PRG in the stratum corneum after application of the gelled nanoparticle
formulations. After application of nanoparticle formulations on skin, the amount of
PRG in stratum corneum was assessed to compare the performances of SLN-
PRG/G and NLC-PRG/G (Esposito et al., 2014).
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Experiments were carried out as schematized in Figures 22 A-F. Figure 22 G and
Table 16 show the amount of PRG present in stratum corneum after application of

the different formulations and the relative AUC values, respectively.
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Figure 22: Tape-stripping experiment on lipid nanoparticle gels. Time setting (A) and major
steps of the tape-stripping experiments; application of a plastic mask on the internal forearm
(B), marking of the application sites by permanent ink pen (C), application of the gels by
needleless syringe (D), application of backing (E) and removal of stratum corneum layer by
tape-stripping (F). Analysis of PRG amount in stratum corneum after application of SLN-
PRG/G (o) and NLC-PRG/G (o) (G). Formulations were maintained on the skin for 6 h,
thereafter the PRG amount was measured at the indicated lengths of time. Comparative
evaluation of the PRG level present at t 3 (light bars) and t 6 (dark bars) in stratum corneum,
as determined by tape-stripping experiments; the reported levels represent the percentage
of PRG with respect to that present in stratum corneum att 1 (H). Data represent the mean
of 10 subjects + SD, *** p < 0.001. Nanoparticles were produced by HPH method
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Figure 22 G shows that, at t 1 from removal of the formulations, the amount of PRG
in stratum corneum was higher for SLN-PRG/G than NLC-PRG/G, possibly due to
a more pronounced occlusive effect induced by the solid nanoparticles (Uner and
Yener, 2007). Probably part of nanoparticles remained intact on the skin surface,
while another fraction penetrated the stratum corneum lipids (L. M. Andrade et al.,
2014; Khurana et al., 2013; Teeranachaideekul et al., 2008). The difference in PRG
content was confirmed at observation made at t 3 and t 6, as clearly appreciable
from the AUC value reported in Table 16. For all the time intervals considered (t 1-
3, 3-6 and 1-6), the content of PRG, expressed as AUC, follows the order SLN-
PRG/G > NLC-PRG/G. All differences were statistically significative (p<0.001).

Table 16: AUC values calculated after tape stripping experiments

Formulation AUC t1-3 AUC t 3-6 AUC t1-6
SLN-PRG/G 0.94 1.05 1.99
NLC-PRG/G 0.70 0.69 1.39

AUC values were calculated from the plot relative to the amount of PRG in stratum corneum versus
time (Figure 22G)

Finally, Figure 22 H shows that PRG values att 3 and t 6 (expressed as percentage
of PRG with respect to those found at t 1) display a similar depletion effect (i.e. the
reduction of PRG content in stratum corneum with time).

It has been reported that lipid nanoparticles applied on skin can interact with stratum
corneum constituents in reason of their lipophilic molecule composition, nanoscale
dimensions and bioadhesive properties (Pardeike et al., 2009; Wissing et al., 2001).
The skin absorption of drug delivered by lipid nanoparticle is in addition facilitated
by an occlusive effect, skin hydration and a drug penetration enhancement due to
the components of nanoparticles (i.e. short- medium-chain triglycerides) (Lippacher
et al., 2002; Uner, 2006; Wissing et al., 2001). Some authors suggested that
nanoparticle smaller than 200 nm form a monolayer on the skin surface, favoring
skin moisture, open intercorneocyte spaces and promotes drug penetration into
deeper layers of the skin, through the transappendageal pathway (Uner and Yener,
2007; Wissing and Miller, 2003). In this respect, tape stripping experiments indicate
that PRG penetrated into stratum corneum and deeper skin layers.
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6. PRODUCTION AND CHARACTERIZATION OF
NANOPARTICLE BASED HYALURONATE GEL CONTAINING
RETINYL PALMITATE FOR WOUND HEALING

6.1. INTRODUCTION

Wound healing is a biological process consisting of four phases (i.e. hemostasis,
inflammation, proliferation, and tissue remodelling) (Heng, 2011). In some cases,
associated for instance to stress, smoke, alcohol consumption, ischemia or diabetes
mellitus, impaired wound healing can occur, preventing the normal development of
healing process (Guo and Dipietro, 2010). Thus, wounds can get in a state of
pathologic inflammation, requiring the use of specific medications able to promote
proper tissue repair and to improve impaired wound healing (Bishop, 2008).

The aim of the present study was the design and the production of a nanoparticulate
based gel suitable for wound healing. Particularly we hypothesized the possibility to
include in the same product hyaluronic acid (HA) (Figure 23A) and the vitamin A
derivative retinyl palmitate (RP) (Figure 23B), in order to obtain a synergic wound
healing effect.

B
OH
A o) PH N X ™ X
o O Ho 0 0
HO o)
OH NH
o
<

Figure 23: Chemical structure of Hyaluronic Acid (A) and Retinyl palmitate (B)
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HA is a ubiquitous component of the extracellular matrix, therefore present in
connective, epithelial, and neural mammalian tissues. It plays a role in different
physiological processes like maintenance of water balance, wound healing and cell
differentiation (Brown and Jones, 2005; Chen and Abatangelo, 1999; Kakehi et al.,
2003).

HA is a linear biodegradable polysaccharide with viscoelastic properties. Due to its
peculiar structure, HA can create and fill space by organizing and modifying the
extracellular matrix, thus enabling several medicinal applications, e.g.
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dermatological fillers, visco-supplementation for osteoarthritis treatment and
surgical aid in ophthalmology. Moreover, HA based hydrogels are employed as
dermal drug delivery systems, providing controlled release through the skin (Fakhari
and Berkland, 2013; Salwowska et al., 2016).

Vitamin A and its derivatives (i.e. retinol, RP and retinoic acid) are important
regulators of epidermal keratinocytes proliferation and differentiation. Vitamin A and
its derivatives have antioxidant activity, exerting an important role in epithelial
growth, limbal stem cell differentiation and corneal wound healing.

Notwithstanding their common wound healing effect, the physico-chemical
properties of HA and RP are very different, being hydrophilic (log P -1.8) and
lipophilic (log P 11.62), respectively therefore it is possible that those substances
act at different tissue levels.

In this chapter, we investigated the potential of lipid nanoparticle dispersions as
vehicles able to solubilize at the same time both RP and HA, namely considering
the well-known nanoscale delivery systems solid lipid nanoparticles (SLN) and
nanostructured lipid carriers (NLC) (Battaglia and Gallarate, 2012; Shidhaye et al.,
2008). Particularly RP has been encapsulated within the lipid matrix of
nanoparticles, while HA has been dissolved into the aqueous phase of nanoparticle
dispersion, resulting in a nanoparticulate gel suitable for cutaneous administration.
After production and characterization, as a first approach, wound healing effect of
nanoparticulate gel was studied in an in vitro keratinocytes model of wound re-

epithelialization.

The present results have been the object of the published paper: “Production and
Characterization of Nanoparticle Based Hyaluronate Gel Containing Retinyl
Palmitate for Wound Healing” [Esposito E., Pecorelli A., Squizzato M., Drechsler
M., Mariani P., Carducci F., Cervellati F., Nastruzzi C., Cortesi R., and Valacchi G.
“Production and Characterization of Nanoparticle Based Hyaluronate Gel
Containing Retinyl Palmitate for Wound Healing.” Current Drug Delivery 15, no. 8
(2018): 1172-82. https://doi.org/10.2174/1567201815666180518123926].
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6.2. RESULTS AND DISCUSSION

6.2.1. Preparation and characterization of lipid nanoparticles

Chapter 6

In the present study lipid nanoparticles were produced by a previously assessed

method namely ultrasound homogenization method (Esposito et al., 2017b). SLN

and NLC were prepared using the composition described in Table 17.

Table 17: Composition of SLN and NLC

Composition % (w/w)
Acronym
tristearin miglyol poloxamer 188 water RP
SLN 5.00 - 2.37 92.63 -
NLC 3.34 1.66 2.37 92.63 -
SLN-RP 5.00 - 2.37 92.53 0.10
NLC-RP 3.34 1.66 2.37 92.53 0.10

Irrespectively of their composition,

RP did not affect nanoparticle appearance, nor presence of agglomerates.

both - SLN and NLC appear as milky
homogeneous dispersions, free from agglomerates (Figure 24). The presence of

Figure 24: Macro and microscopic analysis of SLN and NLC. Cryo-TEM top-on-viewed
images of to SLN (A, B) and NLC (C, D) produced in the absence (A, C) or in the presence
of RP (B, D). Bar corresponds to 100 nm
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The morphology of lipid nanoparticles visualized by cryo-TEM is reported in Figures
24 and 25. Since 3D nanoparticles are projected in 2D images, their aspect depends
on their position in the thin vitrified film of the specimen. Indeed, nanoparticles
appear as light flat discoids, if viewed from the top, or as darker thinner structures,
when viewed edge-on (Esposito et al., 2016¢). The images reported in Figure 24
suggest that RP does not modify nanoparticle morphology, differences between
SLN and NLC can be noted considering edge-on viewed structures, looking as
electron-dense “needles” in the case of SLN (Figure 24 B) and as elliptical or semi-
elliptical structures in the case of NLC (Figure 24 C, D).

Figure 25: Cryo-TEM edge-on-viewed images of SLN (A, B) and NLC (C, D) produced in
the absence (A, C) or in the presence of RP (B, D). Bar corresponds to 100 nm
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Figure 25 reports edge-viewed nanoparticles imaged at higher magnification, to
better visualize their internal structure. Remarkably, edge-on SLN (Figure 25 A) and
SLN-RP (Figure 25 B) appear as bi-layered lamellar structures, while NLC (Figure
25 C) and NLC-RP (Figure 25 D) evidenced a multilamellar inner structure,
surrounded by semi-ellipses. This last peculiar structure agrees with description of
NLC morphology by Jores and colleagues, suggesting that miglyol, being liquid at
room temperature, can form caps on the lamellar structure (Jores et al., 2004).
The dimensional distribution of SLN and NLC in the absence and in the presence of
RP was determined by PCS studies. Mean diameters of nanoparticles expressed
as Z average were comprised between 133 and 142 nm (Table 18) and were not
affected by lipid composition or RP presence. Polydispersity index (Pdl) were
always below 0.27, indicating a narrow size distribution and a homogenous particle
population.
The inner structural features of SLN, SLN-RP, NLC and NLC-RP were investigated
by X-ray diffraction, both in the low and the wide-angle region. Results are reported
in Figure 26 and in Table 19.

Table 18: Dimensional characteristics of SLN and NLC

Dimensional parameters*
Acronym
Z average (nm) N diam? (nm) Pdl
SLN 138 + 32 98 + 23 0.26 £ 0.01
NLC 139+ 15 106 + 20 0.27 £ 0.01
SLN-RP 132 + 46 105+ 12 0.27 £ 0.04
NLC-RP 133+ 22 99 +15 0.24 £ 0.03

*Data are the means + sd of 6 independent batches. a: number diameter

A lamellar organization was observed, both in presence and absence of RP,
confirming the preservation of the lamellar morphology. Thus, it can be asserted
that the presence of RP does not modify the structural organization of lipid
nanoparticles. The signal observed in the wide-angle region can be used to define
the type of polymorphic form. In Figure 26 B, for all the samples measured, there is
a strong main peak at 1.37 A related to the sub-cell crystalline organization of

nanoparticles, in a B-inner structure, triclinic parallel (Jenning et al., 2000).
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Figure 26: X-ray diffraction profiles observed both in the low-angle (A) and wide-angle
region (B) for SLN and NLC, in the presence and absence of RP. The vertical blue line in
panel A indicates the peak position of the first order of the Lamellar Phase Symmetry, the
red line panel B is related to the sub-cell crystalline organization of nanoparticles. q is the
modulus of the scattering vector, defined by the value 41rsin/A, here reported in A-1

Table 19: Structural organization obtained by X-ray diffraction experiments in the low and

wide-angle region on the indicated nanoparticles

Nanoparticle

Low angle region

Wide-Angle Region

type Unit Cell (A) | Morphology Peak Position Sub-cell

(A) Morphology
SLN 45.2 lamellar 4.6 B-triclinic parallel
NLC 45.5 lamellar 4.6 B-triclinic parallel
SLN-RP 45.3 lamellar 4.6 B-triclinic parallel
NLC-RP 45.9 lamellar 4.6 B-triclinic parallel
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In order to compare nanoparticle capability to encapsulate RP, EE and LC were
investigated. EE values were 55.1 + 2.7% and 72.3 £ 4.3% for SLN-RP and NLC-
RP respectively (Table 20), while the corresponding LC were 1.1 £ 0.1% and 1.4
0.2%.

Table 20: Content and shelf life values of RP in nanoparticles

Shelf life values
Nanoparticle type
RP content (%) too (days) t12 (days)
SLN-RP 551+27 213 36.56
NLC-RP 723143 14.11 247.50

As reported in Table 20, RP shelf life values in NLC-RP were longer with respect to
SLN-RP, indeed, RP t1,2 values were about 1 and 8 months for SLN-RP and NLC-
RP respectively. Thus, RP was better incorporated and retained in NLC-RP,
suggesting that in NLC-RP the presence of miglyol increases drug accommodation
with respect to SLN-RP, constituted of sole tristearin. This result agrees well with
previous findings of other authors who suggested that a combination of solid and
liquid domains within a carrier allows to solubilize lipophilic drugs, thanks to the
liquid regions, resulting in increased loading efficiency (Alam et al., 2015; Jenning
et al., 2000; Tapeinos et al., 2017).

In reason of their higher value of EE and longer chemical stability, NLC-RP were

selected to perform further experiments.

6.2.2. Preparation and characterization of nanoparticulate gel

In order to confer to NLC-RP a suitable viscosity for cutaneous administration, we
chose to modify its viscosity by the addition of HA in reason of its well-known wound
healing effect and its viscoelastic properties. Thus, HA is employed both for
biological and textural purposes (Berriaud et al., 1994; Chen and Abatangelo, 1999).
Different authors have reported on the influence of HA molecular weight on its
biological activity on wound repair (D’Agostino et al., 2015; Fouda et al., 2016). On
one hand, since low molecular weight HA generates low viscous gel, its application
enables delivery of a high amount of HA to the injury site, hastening the repair
process. On the other hand, high molecular weight HA gives rise to higher viscous
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gels, but it can accumulate on wounds and binds fibrinogen that is essential for clot
formation. In this study, HA with low, intermediate and high molecular weight were
investigated. Particularly, HAso, HA300, or HAsoo (0.5% w/w) was directly added into
the aqueous phase of NLC-RP after production and then allowed to completely
hydrate, thus forming a nanoparticulate hydrogel. After 12 h, NLC-RP-HA gel
reached a transparent and homogeneous appearance. Figures 27 A-C shows the
aspect of nanoparticulate gels based on HA with different molecular weights, while
Figures 27 D summarizes their spreadability behavior.
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Figure 27: NLC-RP gels based on HA with different molecular weights, namely HAsqo (A),
HAs00 (B) and HAso (C). Spreadability behavior of the indicated gels (D)

Spreadability of gels was measured because this parameter denotes the extent of
area to which formulation readily spreads on application to skin, affecting the
therapeutic efficacy of a formulation. As expected, the higher the molecular weight,
the lower the spreadability of the gel, thus, the spreadability of the nanoparticulate
gels follows the order NLC-RP-HAsp > NLC-RP-HA300 > NLC-RP-HAsgp. In the

present investigation in order to partially meet the properties of both high and low
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molecular weight HA, we chose to employ an intermediate molecular weight one
and NLC- RP-HA300 was selected for further studies.
Figure 28 reports the viscosity behavior of NLC-RP-HA and plain HA gel (both based
on HA3p0). The nanoparticulate gel behaved as a non-newtonian shear thinning fluid,
indeed, its viscosity decreased with increasing shear rate, while in the case of the
plain gel, viscosity remained almost unvaried (Stocks et al., 2011). The viscosity of
the gels at 100 r.p.m was 335.3 mPa-s for NLC-RP-HA and 142 mPa-s for the plain
HA gel.

Viscosity (mPa-s)
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Figure 28: Viscosity of NLC-RP-HA3q0 (closed circles) and HAsq gel (open circles) as a
function of rotational speed

NLC-RP viscosity is negligible, while in the case of NLC-RP-HA the addition of HA
to the nanoparticle dispersion generates a complex system in which the polymer
chains entanglement confers a shear dependent higher viscosity. Indeed, when
shear stress is applied, the nanoparticulate gel seems to become thinner, behaving
as a “pseudo-plastic” material (Fakhari and Berkland, 2013; Frykberg and Banks,
2015), thus its viscosity decreases under application, allowing to better spread on
the wounds.

FT-IR spectroscopy was employed to obtain information about possible interactions
between nanoparticle components, RP and HA. The main functional peaks present
in the spectra are summarized in Table 21.

The comparison between functional groups of the different spectra suggests the
absence of particular interactions between the lipids, HA and RP before and after
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NLC preparation. Noteworthy the poloxamer 188 solution spectrum was almost
superimposable to NLC-RP and NLC-RP-HA gel spectra, with two intense
characteristic peaks (3335 and 1635 cm™') ascribable to the O-H stretching mode of
water (data not shown). Indeed, it should be considered that the aqueous phase
represents ~92 % of the whole nanoparticle-based formulations. Since the spectra
of RP and of NLC lipid components are similar, no unmistakable evidence of RP

was identified in the NLC-RP spectra.

Table 21: FTIR peaks values of sole NLC components, their physical mixture, RP-
containing NLC with or without HA

Functional Groups?®

O-H -C-H Cc=0 C-OH CH3 C-0-C

RP - 2922 1736 - 1456 1160
HA300 3282 - 1738 1030 - -

Tristearin - 2915 1739 1097 1464 1172
Miglyol - 2915 1739 1097 1464 1172
Pol 188 sol® 3335*/1635 - - 1091 1366 1228
Physical mixture® - 2915 1739 1104 1366 1229
NLC-RP 3350%/1634 | 2916 1736 1092 1471 -

NLC-RP-HA gel 3342*/1639 | 2916 1737 1094 1471 1179

a: cm™’; b: aqueous solution of poloxamer 188 (2.5% w/w); c: tristerain+miglyol+RP+HA300; *strong
and broad peak

6.2.3. RP Diffusion Study

Franz cell was employed to compare the diffusion kinetics of RP from NLC-RP and
NLC-RP-HA gel. Nylon membranes and a non-physiological receptor phase with
50% v/v of ethanol were used, to allow the establishment of the sink conditions and
to sustain permeant solubilization (Siewert et al., 2003; Touitou and Fabin, 1988).
Figure 29 summarizes the obtained results, as expected, RP diffusion was faster
from NLC-RP than from NLC-RP-HA gel. The slope, which represents the release
rate, steady-state flux, was calculated by linear regression of the linear portion of
the curve. The RP calculated fluxes from NLC-RP and NLC-RP-HA gel were 1.076
and 0.480 x 102 cm/h respectively. Thus, the RP flux in the case of HA containing
gel was about 2.24-fold lower than those obtained by plain NLC-RP, resulting in a
better control of RP diffusion by NLC-RP-HA gel.
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Figure 29: RP diffusion kinetics from NLC-RP (square) and NLC-RP-HA (circle), as
determined by Franz cell experiment

6.2.4. Cytotoxicity

To determine the range of HA and RP concentrations nontoxic for HaCaT cells, the
LDH release in the media was assessed after 24 h of treatment with the different

vehicles.
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Figure 30: Cytotoxicity of the nanoparticulate gels evaluated by LDH release from HaCaT
cells in the media after 24 h of treatment. Data are expressed as percentage LDH release
as compared to the maximum release of LDH from Triton-X100-treated cells. Data are
means = sd, representative of three independent experiments with at least three technical
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replicates each time. *indicates statistically significant difference to untreated control cells
(unpaired t-test, p < 0.01)
As shown in Figure 30, HA- and RP-induced cytotoxicity occurred in a dose-

dependent manner, starting at the 50 pyg/ml HA and 7 pg/ml RP concentrations
onward. Based on these cytotoxicity data, the nanoparticulate gels containing HA
25 yg/ml, RP 3.5 pyg/ml RP were selected as the highest non-cytotoxic concentration

for the subsequent scratch wound assay.

6.2.5. Wound healing assay

To test whether nanoparticulate gels could improve the delivery of RP and HA in
keratinocytes, thus promoting cutaneous wound healing, an in vitro scratch-wound
assay was performed. As shown in Figure 31, HA, NLC-HA, NLC-RP and NLC-RP-
HA gels significantly increased the recovery of the wound area during the different
time points: almost 20%, 37.5%, 46% and 58%, respectively, at 12 h; almost 43%,
56%, 72% and 80%, respectively, at 18 h; almost 50%, 76.5%, 89% and 96%,
respectively, at 24 h.
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Figure 31: Effect of nanoparticulate gels containing both RP and/or HA in recovering the
scratch wound in a model based on HaCaT cells. The graph shows the quantitative
measurement of wound closure rate in HaCaT cells treated with the nanoparticulate gels at
different time intervals (0, 12, 18 and 24 h) after the scratch wound. Gap area is expressed
as a percentage of the original wound at O h for each treatment. Data are mean * sd of
triplicate batches in three independent experiments
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No significant difference appeared in wound closure rate between HA gel and NLC-
HA, except at 24 h (p<0.05). Furthermore, at each examined time point, the cells
treated with the nanoparticulate gels containing alone RP and both RP and HA (i.e.
NLC-RP and NLC-RP-HA) showed the most significant reduction in relative wound
size compared to the other treatments, reaching the complete wound closure at 24
h. No difference was observed between untreated control cells and cells treated with
NLC vehicle during the various time points post-scratch.
Our results demonstrated that nanoparticulate gels can represent an alternative and
valid approach to promote the healing of wounds without any toxicity to the
cutaneous epithelial cells. Interestingly, in our 2D cell model, the association of RP
and HA showed an additive effect on the wound healing process, which could be in
part due to the simultaneous combination of their lipophilic and hydrophilic
properties. Thanks to these distinct features, two active compounds could act in
parallel on the different molecular mechanisms involved in the wound repair and
regeneration. Because the healing of a skin wound is achieved through a sequential
and highly programmed cascade of events that involve several different cell
processes and types (Martin and Nunan, 2015), further investigation is needed to
understand the mechanisms of synergy between RP and HA in our nanoparticle

gels.
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7. LIPID NANOSTRUCTURES FOR a-TOCOPHEROL DELIVERY:
A PREFORMULATION STUDY

7.1. INTRODUCTION

Air pollution increasingly affects industrialized urban areas with dramatic sequels for
environment and human health. Besides being the cause of respiratory diseases
(e.g. chronic obstructive pulmonary disease, asthma and lung cancer), pollution is
responsible of cutaneous pathologies, spanning from skin aging, inflammation and
allergy up to skin cancer (Rembiesa et al., 2018).

Cigarette smoke (CS) is one of the major toxic pollutant, exerting an important role
in the onset of many serious and fatal diseases. In the last 2 decades, the noxious
effect of CS on skin has been well demonstrated (Kennedy et al., 2003; Suehara et
al., 2006). For instance, the chronic exposure of skin to CS induces premature skin
ageing, psoriasis and inflammatory skin diseases and delays wound healing, (Onor
et al., 2017). Indeed, tobacco smoke is constituted of thousands of toxic
compounds, including benzene, formaldehyde, hydrogen cyanide, carbon
monoxide, arsenic and radioactive components producing free radicals that cause
oxidative stress (Hu et al., 2016). The release of reactive oxygen species from
tobacco smoke provokes a series of systemic immunomodulatory effects that leads
to a compromised inflammatory response. These destructive mechanisms affect
also collagen synthesis and the skin cellular reparative effects (Benowitz et al.,
2009; Bruno and Traber, 2005). It has been found that antioxidants play a key role
in the regulation of the deleterious activity exerted by CS in humans, nevertheless
CS alters the requirements of antioxidants, such as vitamins E and A (Bruno and
Traber, 2005; Dietrich et al., 2003; Handelman et al., 1996). In this respect, quitting
smoking is not always resolving the issue, since even more toxic effects have been
shown for second-hand smoke.

Recently many cosmetic producers have focused their efforts towards antipollution
dermocosmetics able to defend the skin against prolonged and repetitive daily
exposure to pollutants, for instance film-formers or skin rejuvenating excipients have
been developed. Nevertheless, these strategies offer merely a short-term

improvement of skin barrier function. Thus, in this respect there is an unmet need
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for an efficacious product, endowing skin protection from pollutants in long-term
exposure, as well as for antipollution test methods suitable for assessing product
efficacy and safety (Mistry, 2017).
Vitamin E is a potent antioxidant, able to counteract the reactive oxygen species
production during fat oxidation and free radical propagation, indeed it can protect
the cell membranes from free radical attack, acting against lipid peroxidation.
Vitamin E exists in 8 different forms, 4 tocopherols and 4 tocotrienols (Wolf, 2005).
Among them a-tocopherol (TOC) (Figure 32) can be mostly adsorbed and
accumulated, thus it is largely employed as antioxidant for edible oils and in anti-
aging products. Notably, TOC has been proposed for the treatment of cancer and
skin barrier improvement (Buettner, 1993; Chen et al., 2017; Vaz et al., 2019).

HO
o) )\/\)\

Figure 32: Chemical structure of a-tocopherol

Despite the enormous potential of TOC, some drawbacks are associated to their
topical use, such as photodegradation, poor water solubility and irritative skin effects
when employed in high dosage (MacGregor and Maibach, 2002). Thus, TOC need
to be loaded in specialized formulations suitable for skin application and able to
adequately protect them from degradation. In this respect, recently different lipid
nanoparticles have been proposed, including solid lipid nanoparticles (SLN) and
nanostructured lipid carriers (NLC) (Castro et al., 2007; Eiras et al., 2017; Saez et
al., 2018). The choice of type and concentration of nanoparticle lipid matrix is crucial
since it can affect the physico-chemical aspect of SLN and NLC, the encapsulation
parameters, as well as the long-term stability of the formulation. Thus, in view of an
industrial production, a preliminary formulative screening appears imperative
(Dingler and Gohla, 2002; Paliwal et al., 2014).

In the present chapter an investigation conducted to develop a nanoparticulate
approach for counteracting skin pollution is reported. Preliminarily, a preformulatory
study was performed to select the type and composition of lipid nanoparticles
suitable for encapsulating TOC. In addition, to assess the effect of antioxidant
loaded in nanoparticles, a Western blot analysis has been performed to evaluate
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heme oxygenase (HO-1) expression on human skin explants treated with

nanoparticles and exposed to CS.

The present results have been the object of the published paper: “Lipid
nanostructures for antioxidant Delivery: a comparative preformulation study”
[Esposito E., Sguizzato M., Drechsler M., Mariani P., Carducci F., Nastruzzi C.,
Valacchi G., and Cortesi R. “Lipid Nanostructures for Antioxidant Delivery: A
Comparative Preformulation Study.” Beilstein Journal of Nanotechnology 10 (2019):
1789-1801. https://doi.org/10.3762/bjnano.10.174].
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7.2. RESULTS AND DISCUSSION

7.2.1. Effect of lipid composition on nanoparticle macrostructure
In order to obtain a nanoparticulate system suitable for cutaneous administration of
antioxidant, different lipid compositions summarized in Tables 22 and 23 have been

considered.

Table 22: Composition of solid lipid nanoparticles (SLN)

Composition % (w/w)

preparation lipid phase water phase

tristearin | compritol | precirol | suppocire | poloxamer 188 | water
SLN T5 5 - - - 2.37 92.63
SLN T10 10 - - - 2.25 87.75
SLN C5 - 5 - - 2.37 92.63
SLN C10 - 10 - - 2.25 87.75
SLN P5 - - 5 - 2.37 92.63
SLN P10 - - 10 - 2.25 87.75
SLN S5 - - - 5 2.37 92.63
SLN S10 - - - 10 2.25 87.75

Table 23: Composition of nanostructured lipid carriers (NLC)

Composition % (w/w)

preparation lipid phase water phase

tristearin | compritol | precirol | suppocire | miglyol | poloxamer 188 | water
NLC T5 25 - - - 25 2.37 92.63
NLC T10 5.0 - - - 5.0 2.25 87.75
NLC C5 - 25 - - 2.5 2.37 92.63
NLC C10 - 5.0 - - 5.0 2.25 87.75
NLC P5 - - 25 - 25 2.37 92.63
NLC P10 - - 5.0 - 5.0 2.25 87.75
NLC S5 - - - 25 2.5 2.37 92.63
NLC S10 - - - 5.0 5.0 2.25 87.75

Lipids were selected on the basis of their not toxicity, commercial lipid availability,
similarity of chemical composition and different length carbon chains to tristearin

and caprylic/capric triglycerides (miglyol), previously studied by my research group
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(Esposito et al., 2008). Namely, SLN have been produced based on the use of solid
di- or tri-glycerides, with chain length ranging between 18 and 21 carbon atoms,
while for NLC production the same solid lipids were employed in mixture (1:1 ratio,
w/w) with the liquid miglyol, characterized by Cg-C1o chains.
With regard to the aqueous phase, a surfactant concentration based on poloxamer
was used. Namely a concentration of 2.5%, 3% and 4 % by weight with respect to
the aqueous phase have been tested, but the increase of poloxamer led to foam
formation during preparation causing irregular and inhomogeneous formulations,
thus 2.5% w/w of poloxamer was selected for the study.
The hot homogenization method followed by ultrasound (Esposito et al., 2008) lead
to production of milky and homogeneous dispersions, nonetheless, immediately
after cooling, in most