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Abstract

The uppermost layer of the skin, the stratum corneum (SC), is the first human barrier against
chemical, thermic and biological stresses. It is composed of a brick and mortar system where
the bricks consist of dead corneocytes and the mortar of a dense and extremely lipophilic lipid
matrix. In particular is the lipid matrix that confers the typical physical chemical properties
responsible for the protection role. The main lipid species present in the matrix are ceramides,
free fatty acids and cholesterol, and it has been observed that the ceramides play a central
role in conferring the lipid matrix its peculiar characteristics. The ceramides consist of a
sphingoid moiety connected through an amide bond with a fatty acid moiety. Modifications in
the fatty acid and sphingosine moieties generate different subclasses for a total of 18
subclasses evidenced in the human SC. As well the alkyl chain length of these moieties can
change. An alteration of the lipid matrix composition can cause acute or chronic pathologies
due to the alteration of the SC barrier properties. Because of its relevant functions, the SC is
studied for characterizing its precise molecular structure and as well for the delivery of dermal
and transdermal formulations.

In this work, a simple SC in-vitro model consisting of CER[NP]:D-
CER[AP]:Cholesterol:Lignoceric acid (0.66:0.33:0.7:1 in molar ratio) was developed and
characterized via Langmuir monolayers by the application of relevant biophysical methods
such as: X-ray scattering based techniques, infrared spectroscopy, atomic force microscopy
and others. The selected lipids presented the fatty acid moiety with a C24 chain length,
fundamental feature since in the SC most of the lipids present long chains (between C20 and
C26). The characterized monolayer model was used for screening the potential application of
non-ionic surfactants as penetration enhancers. In addition, stratum corneum liposomes, i.e.
cerosomes, have been developed and characterized in order to define the mode of action by
which these formulations enact their observed skin repairing effect using as model the tested
SC monolayer.

In parallel to these studies, a detailed physical-chemical analysis of CER[AP] was devised.
CER[AP] can be produced synthetically in its D(2R)- and L(2S) forms. Although the native form
in the skin is the D-form, CER[AP] is often used for the development of in-vitro models in its
diastereomer mixture. By the use of X-ray scattering based methods in mono- and multi-layer
systems, the properties of the two diastereomers and of the 1:1 mixture have been we defined,
studying in parallel the effect of chain symmetry between the fatty acid and sphingosine

moieties.

Zusammenfassung

Die oberste Schicht der Haut, das Stratum corneum (SC), ist die erste menschliche Barriere

gegen chemische, thermische und biologische Belastungen. Sie besteht aus einem System
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aus Ziegeln und Mértel, wobei die Ziegel aus abgestorbenen Korneozyten und der Mértel aus
einer dichten und extrem lipophilen Lipidmatrix bestehen. Es ist vor allem die Lipidmatrix, die
die typischen physikalisch-chemischen Eigenschaften verleiht, die fir die Schutzfunktion
verantwortlich sind. Die wichtigsten Lipidarten in der Matrix sind Ceramide, freie Fettsauren
und Cholesterin, und es wurde festgestellt, dass Ceramide eine zentrale Rolle dabei spielen,
der Lipidmatrix ihre besonderen Eigenschaften zu verleihen. Die Ceramide bestehen aus einer
Sphingoideinheit, die Uber eine Amidbindung mit einer Fettsdureeinheit verbunden ist.
Modifikationen in den Fettsdure- und Sphingosinanteilen flhren zu verschiedenen
Unterklassen, insgesamt 18 Unterklassen, die in der menschlichen SC nachgewiesen wurden.
Auch die Alkylkettenlange dieser Anteile kann sich &ndern. Eine Veradnderung der
Zusammensetzung der Lipidmatrix kann akute oder chronische Krankheiten verursachen, die
auf eine Veranderung der Barriereeigenschaften des SC zurlickzufiihren sind. Aufgrund ihrer
wichtigen Funktionen wird das SC untersucht, um seine genaue molekulare Struktur zu
charakterisieren und um es fir die Verabreichung von dermalen und transdermalen
Formulierungen zu nutzen.

In dieser Arbeit wurde ein einfaches in-vitro SC-Modell bestehend aus CER[NP]:D-
CER[AP]:Cholesterin:Lignocerinsaure (0,66:0,33:0,7:1 im molaren Verhaltnis) entwickelt und
mittels Langmuir-Monoschichten unter Anwendung relevanter biophysikalischer Methoden wie
Réntgenstreuung, Infrarotspektroskopie, Rasterkraftmikroskopie und anderer charakterisiert.
Die ausgewahlten Lipide wiesen eine Fettsgureeinheit mit einer Kettenldnge von C24 auf, ein
grundlegendes Merkmal, da die meisten Lipide im SC lange Ketten (zwischen C20 und C26)
aufweisen. Das charakterisierte Monoschicht-Modell wurde fir das Screening der potenziellen
Anwendung von nichtionischen Tensiden als Penetrationsverstarker verwendet. Darlber
hinaus wurden Stratum-Corneum-Liposomen, d. h. Cerosomen, entwickelt und charakterisiert,
um die Wirkungsweise zu definieren, durch die diese Formulierungen ihre beobachtete
hautreparierende Wirkung entfalten, wobei die getestete SC-Monoschicht als Modell diente.
Parallel zu diesen Studien wurde eine detaillierte physikalisch-chemische Analyse von
CER[AP] durchgefiihrt. CER[AP] kann synthetisch in seiner D(2R)- und L(2S)-Form hergestellt
werden. Obwohl die native Form in der Haut die D-Form ist, wird CER[AP] flr die Entwicklung
von in-vitro Modellen haufig in seiner Diastereomerenmischung verwendet. Durch den Einsatz
von Réntgenstreumethoden in Mono- und Mehrschichtsystemen wurden die Eigenschaften
der beiden Diastereomere und des 1:1-Gemischs bestimmt und parallel dazu die
Auswirkungen der Kettensymmetrie zwischen der Fettsdure- und der Sphingosineinheit

untersucht.
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1. Introduction

1.1 Skin and epidermis, structure and function

Human skin (Figure 1) with an average surface area of 1.5-2 m? is the second largest organ of
the human body [1]. Because of its direct exposition to the external environment, the skin
provides protection against external agents such as bacteria and chemical xenobiotics, it
protects against heat, mechanical and physical (UV-radiation) stresses. It as well possesses
different types of receptors making the skin the largest sensory organ helping to differentiate
touch, temperature and pain signals. The skin also regulates the body’s water retention, also
called transepidermal water loss (TEWL), by inhibiting the loss of water and by secreting
solutes and/or water via sweating glands [2]. Finally, the skin fulfils a metabolic and endocrine
role by synthesising vitamin D which has hormone like functions. Therefore, the skin has
evolved as a complex organ capable of interacting with the immune system, muscles, and the
brain [3].

UVR,
microbial Transepithelial
pathogens water loss
Melanocyte Hair
Hair Langerhans
Dermal dendritic cell follicle/ cell / S e
- ! Keratinocytes
Stratum corneum & 3 4 Lipid matrix
- "G T I Merkel cell
el S 2
EPIDERMIS 1 iiistass 2 Smn I |7 s gland
' : : ' "'Qoermal matrix
P
3 Dermal
DERMIS % fibroblast
HYPODERM'S Adipocytes

Lymph
vessel

Sebaceous ;
loo Neutrophil :
foor Mast  gland Eosinophil
vessels

cell T cell

Figure 1. Overview of the skin layers and main function of the external layer, image adapted from [4].

The skin is divided in three layers (Figure 1): the hypodermis which is the site of fat cells
regulating the energy metabolism having a role in thermoregulation, the dermis which is the
site of the big majority of sensory nerves in the skin containing large blood vessels which
transport oxygen and important metabolites necessary for keeping the homeostasis of the skin,
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and finally the epidermis which has the protection role by continuously being regenerated
starting from the upper layers of the dermis.

The epidermis is a continuously renewing epithelium and it is the only compartment of the skin
where no blood vessels are present, and the main cellular type found is the one of keratinocyte.
The epidermis presents one of the highest turnover rates in the mammalian body and its
homeostasis is achieved by a balance of cell proliferation from basal layers and cell loss
through terminal differentiation. The epidermis itself is divided in four main compartments, each
one of them involved in the differentiation and migration of keratinocytes from basal layers
process which is also referred as cornification. Here the proliferation, differentiation and death
of keratinocytes occur sequentially and each process is regulated by the expression of specific
genes and proteins (Figure 2) [5].

Desquamation
Shedding of dead corneocytes

stratum Cornification
corneum Formation of the cornified envelopes
Lipid extrusion
stratum Expression of late differentiation markers
o ranulosum e.qg. filaggrin and loricrin
= g
S0
& .
g Reinforcement of
& stratum the cytoskeleton
spinosum
Exit from
the cell cycle
o
=
w® = stratum Constant cell renewal
- 0
e basale by proliferation
©°
S - =
o lamina I
basale
e Keratohyalin granule B Corneodesmosome f{ Desmosome \. Hemidesmosome

Figure 2. General structure of the epidermis and description of the upward differentiation of
keratinocytes. Image adapted from [6].

The cornification process begins from the stratum basal (SB), lowest layer of the epidermis,
where keratinocytes are excreted from the lamina basal, final layer between dermis and
epidermis. In here, the keratinocytes are detached from the basement membrane and the
cornification process starts differentiating while migrating in upper layers. Once keratinocytes
are detached from the SB they start to migrate into the stratum spinosum (SS) modifying their
gene expression, losing the mitotic activity and replenishing the dead and non-dividing cells.
Here, the cells start synthetizing proteins and enzymes necessary for the cornification such as
keratin and keratin filaments which contribute for the formation of desmosomes which holds
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the different cells together. The cells start to form Odland bodies which are enclosed
membrane granules containing hydrolytic enzymes, lipids and proteins necessary for the
following cornification steps and formation of a dense lipid matrix. From the SS the
keratinocytes continue to migrate upward in the stratum granulosum (SG) where they acquire
keratohyalin granules which contain profilaggrin, precursor of the protein filaggrin. Filaggrin
has the role to aggregate the keratin filaments into tight bundles that promotes the collapse of
the cells in flattened shape cells creating the corneocyte which finally migrate in the stratum
corneum (SC) and completing the cornification process. The corneocytes in the SC consist of
keratin filaments embedded in a filaggrin matrix surrounded by insoluble cornified envelop
produced by the release of the content from the Odland bodies. The cornified envelop of each
corneocyte is tightly attached to neighbour cornified envelopes via corneodesmosomes,
modified desmosomal structures, which in the latest layer of the SC are proteolytically
depredated in order to allow the final desquamation of the corneocytes from the skin. Together
with the formation of corneocytes, the content of the lamellar granules previously formed in the
SG is released. The expelled glycolyzed lipids are hydrolysed by enzymes in the SC and this
process, which alters the polar lipids to non-polar ones, is essential to constitute the
intercellular lipid matrix of the SC.

1.2 The stratum corneum

The SC is the last and uppermost layer of the skin. When the SC was studied for the first time
using a light microscope [7,8], it was observed that the organization of the SC could be
summarized by a “brick and mortar”” system (Figure 3) where 15-30 layers of corneocytes
with a thickness of 9-13 um are surrounded by a dense lipid matrix (LM). The corneocytes are
filled with water and microfibrillar keratin that is surrounded by a cornified envelope consisting
of a densely crosslinked layer of proteins (filaggrin, loricrin and involucrin) [9]. Moreover, a
monolayer of non-polar lipids (gamma-hydroxylated ceramides (CER) and free fatty acid
(FFA)) is esterified to the cornified envelope forming the so called lipid envelope. The lipid
envelope together with the cornified envelope minimize the uptake of substances into the
corneocytes and allow the proper formation of the LM [10,11].

Two layers can be distinguished inside the SC. First, the stratum compactum is stabilized by
corneodesmosomes between the cells, which confer structural stability to the SC. Second, the
stratum disjunctum where the degradation of corneodesmosomes allows the process of
corneocyte desquamation completing the cornification process.

1.2.1 Origin of the SC lipids
Human LM consists of a mixture of CERs, cholesterol (Chol), FFA and by a small percentage
of cholesterol sulphate and cholesterol esters [12—14]. The lipids are originally synthesised
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and stored in the Odland bodies and extruded into the extracellular space in the upper granular
layer during cornification [15,16]. This lamellar bodies consist mainly of glycosphingolipids,
Chol and phospholipids (PL) which once extruded are enzymatically converted into lipophilic
product and assembled in order to surround the corneocytes and form the lipid matrix. The
PLs are catabolized to FFA and the glycosphingolipids are converted to CERs [17].

Lateral organization

e ——

Orthorhombic

) | M./’ (ordered, densely packed)
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Figure 3. (1) Representation of human skin. (2) Schematic representation of the SC and representation
of the brick and mortar system where the bricks are represented by dead corneocytes and the mortar is
the dense lipid matrix. (3) The lipids in the matrix are arranged in lamellae each presenting a distinctive
repeating distance (d), in particular the long periodicity phase (LPP) (d ~ 13 nm) and the short periodicity
phase (SPP) (d ~ 6 nm) are shown. In the lipid matrix, three types of lateral organization have been
observed. The dense and less permeable orthorhombic phase, the less dense and ordered hexagonal
phase and the disordered and permeable liquid phase. Image adapted from [18].

1.2.2 Lipids composition and role

As previously mentioned, the SC lipid matrix is constituted by a mix of 46 wt% CERs, 27 wt%
Chol and 27 wt% FFA [12,19,20]. The homeostasis of the SC and in particular of its lipid
composition is fundamental for keeping and maintaining the barrier properties of the skin, and
each lipid alone and collectively presents important roles.
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Chol is a hydrophobic molecule which possesses a very small hydrophilic group. In the SC, it
is reported to regulate the chain mobility of the lipids present in a gel state and to decrease
their mobility when present in the liquid-crystalline state [21]. This leads to a higher lateral area
of the SC lipids, thus lowering chain ordering which improves the intermixing of the lipids [22].
This process increases compressibility and mechanical stability of the LM and provides fluidity
below and rigidity above the phase transition temperature [23]. Together with Chol, small
fractions of cholesterol sulphate and cholesterol ester are found as components of the SC. The
cholesterol sulphate plays an important role in the cell cohesion helping the desquamation
process of the corneocytes [24,25]. The cholesterol esters may serve to prevent the
fluidification effect if residual unsaturated fatty acids on intercellular membrane domains [26].
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Figure 4. Chemical structure of the main sphingoid base and of the fatty acid chains.

The free fatty acids of the SC consist mainly of saturated chains which can have length
between C14-C30 with a prevalence of C24\26 and C16\18 alkyl chains [19,27]. The FFA
present an important role for the barrier property of the lipid matrix, and together with
cholesterol sulphate represent the only ionisable lipid having an important role for the
organization in bilayers of the LM [28]. Moreover, it was reported that in chronic model of
essential fatty acid deficient mice brought to a disturbed permeability barrier with increased
TEWL [29].

The dominant class of lipids in the SC is the one of the CERs which are constituting almost 50

% of the lipid weight. CERs are fundamental molecules with many properties, in the SC these
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establish and keep the barrier properties and present a role in the LM for the association of
membrane proteins. In other body compartments, they have physiological roles in signal
transduction and cell regulation relevant to apoptosis, cell growth arrest, differentiation,
senescence, and immune responses [30-33]. CERs consist of a sphingoid moiety which is
covalently bound by an amide to a fatty acid moiety. The current classification of CERs was
created by Motta [34] and then expanded by Robson, Masukawa and Rabionet [12,35,36],
CERs can be classified based on the presence of specific groups in the sphingoid and fatty
acid moieties. Currently, four sphingoid moieties are known to exist with variations in the head
group region at position C4 and C6. Different groups are distinguished with the use of a letter
such as (S) for sphingosine with a single double bond in position C4-5, (P) phytosphingosine
with saturated chain and hydroxy group in position C6, (H) for 6-hydroxy-sphingosine with
hydroxy group in C6 and double bond in C4-5 and (DS) dihydrosphingosine without any
modification. Different groups are also present in the fatty acid chains, the letter (A) indicates
the presence of alpha-hydroxyl group towards the carbonyl group, the (N) state for non-
hydroxy and (O) indicates w-OH fatty acids, a class which usually presents ester linkages
forming a new class indicated as (EO). In total 18 subclasses of CERs have been confirmed
in different studies were samples of human epidermis have been analysed with analytical
techniques such as LC/MS, TLC, MS/MS and NMR [12,20,34-38]. Not only the fatty acid and
sphingoid moieties can vary but also the chain length varies in the SC lipid matrix. The
sphingoid moiety can exist between C14 and C20 [39] while different studies based on LC/MS
showed that the length of the fatty acid moiety can vary in a range of C12 to C36 with majority
of the chains found between C24 and C26 [40—42]. All these different ranges of chain lengths
and CERs classes allow the presence in the LM of more than 1000 of different CERs in the
human SC [20].

1.2.3 Lateral organization of SC lipid matrix

The SC lipid matrix is the most important structure regarding the permeability properties of the
skin. Thanks to its peculiar composition, it represents an extreme hydrophobic environment
where the lipids exhibit ordered and densely packed lateral structures. As beforehand
mentioned, the CERs with two relatively long alkyl chains in all-trans conformation and a small
head group are the main determining factor for the organization of the LM [43]. Three types of
lateral packing have been observed (Figure 3), orthorhombic, hexagonal and liquid [44—48].
The prevalent packing of skin lipids is the orthorhombic subcell, characterized by densely
packed lipids with small rotational freedom and unevenly distributed lipids, which confers very
low permeability to the SC. The hexagonal subcell presents higher order with the lipids in a gel
state with medium permeability. Finally, the liquid subcell, where the lipids are present in a
disordered state, presenting high permeability [18]. The presence of specific classes of CERs
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is fundamental for stabilizing and forming specific types of subcells. For instance, the class of
the phytosphingosine has been proved to create intermolecular hydrogen bonding network
(HbN) and to favour the stabilization of the orthorhombic subcells [49].

Not only different subcells are observed but also different arrangements of the CERs alkyl
chains are possible. The three arrangements known (Figure 5) are the hairpin conformation,
where the two chains are parallel to one another forming a 0° angle [50], the fully extended
(FE) conformation, with the two chains pointing in opposite direction creating an angle of 180°
[51], and last the so called V-shape conformation, where the chains angle can range between
0 and 180° [52]. The most likely conformations existing in the LM are the fully extended and
the hairpin. The V-shape conformation was observed in studies with either single CERs [53]
or in simple models of the SC [54].

Hairpin conformation (0°)

m V-shape conformation
(0° - 180°)

Extended conformation
(180°)

Figure 5. Schematic of the possible conformations of ceramides in a multilayer organization, the ° is
referred to the angles between the two chains.

1.2.4 CERs polymorphism

CERs in comparison to other lipids present very peculiar physical-chemical properties which
are responsible for creating a tight and impermeable LM. CERs possess two chains originating
from a fatty acid and a sphingosine moiety, modifications in the head group or in the chains
lead to the creation of different subclasses, each class presenting unique characteristics,
moreover, in comparison to other lipids such as PLs, they possess very small head groups.
Studies with simplified models of SC or single CERs showed that the CERs are polymorphic
compounds. In a neutron diffraction study made by Kiselev et al. was shown how the amount
of water present in a SC in-vitro multilayer system can lead to a transition of the CERs alkyl
chains from a FE to a hairpin configuration [55]. The presence of excess water has the effect
to stabilize a configuration where the head group is directly exposed to the water rather than
the alkyl chains. Another work from Dahlen and Pacher [53] based on X-ray scattering studies
of the single CER[NP], showed how this CER possesses alone at least six different solid
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phases, five of them where the chains are present in V-shape conformation with different
possible angles, and a single configuration where the molecule presents a hairpin
configuration. Most of the polymorphic phenomena related to CERs are connected with the
ability of such molecules to create intermolecular HbN. In thermotropic, IR, molecular dynamics
and X-ray scattering experiments was shown that the CER subclasses created intermolecular
HbN which from a biological point of view are fundamental for the creation and stabilization of
the orthorhombic lateral organization in the SC lipid matrix [23,49].

1.2.5 Molecular models

The LM surrounds the corneocytes in the SC and it is reported to be responsible for the
permeability and barrier properties of the SC itself. The exact structure of LM has been not yet
completely clarified and since its discovery is still an important research topic.

Since the discovery in the early 70s that the SC extracellular space is filled with lipids [56], a
lot of progress has been made regarding the characterization and description of the LM
organization. One of the first pioneer works dates back to the 1985 where an electron
microscopy study from Madison et al. [57] using mice SC stained with RuQOs, allowed to
visualize for the first time the -~ 13 nm broad-narrow-broad based sequences proving the
complex organization of the LM. Few years later, Swartzendruber et al. [58] again visualized
the same pattern postulating the presence of a stacked monolayer model where stacked
monolayers of FE CERs were present with interdigitation of the alkyl chains which formed
planar multilamellar layers.

In the following years, Forslind et al. in 1994 postulated a new model which created great
debate in the scientific skin community [59]. This model, called domain mosaic model (Figure
6a), was based on the observations of Potts et al. where the coexistence of dense
orthorhombic domains and liquid-like gauche conformers was observed [60]. In this model, the
LM is organized in two main domains, a first domain where the lipids are organized in bilayers
of crystalline-gel lipids responsible for the typical permeability and mechanical properties of
the SC, and a second domain where the lamellae are embedded into a continuous liquid matrix
also referred as grain border domain. Such grains or pores would permit a certain degree of
water permeation allowing the lower layers of the skin to remain hydrated, nevertheless,
keeping the typical physical-chemical protection properties [59].

In 2001, Norlen contradicted the domain mosaic model with the idea that the presence of liquid
domains would allow not only water but also xenobiotics to permeate trough these grains,
permeation of xenobiotics in healthy skin was not observed [22]. Instead, a new model defined
as single gel phase (Figure 6b) was proposed. In this model, Norlen proposed that the LM is
organized in a single coherent lamellar phase with layers of heterogeneously distributed lipid

composition and chain length. In this model, the coexistence of orthorhombic and hexagonal
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lateral structures, stabilised by the presence of large amounts of Chol with the CERs that can
order both in a hairpin or FE conformation, is proposed. This structure would justify
simultaneously a broad phase transition range and a stabilized gel phase. The proposed single
layer possesses low water content, low permeability and high mechanical resistance.
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Figure 6. Schematic representations of the discussed LM organizations: a) domain mosaic model
representation (adapted from [59]), b) single gel phase model (adapted from [22]), ¢) sandwich model
(adapted from [61]) and d) asymmetric model (adapted from [51]).

After the discovery of the broad sequence in the work of Madison [57], Bouwstra et al.
introduced the sandwich model (Figure 6¢) to justify the presence of such long sequence in
the LM [61]. This model was based on the results of X-ray diffraction studies on isolated human
skin which allowed the observation of perpendicular arrangement of lipids and to observe the
repeating distance of different lamellar domains [62,63]. This model reinterpreted the broad-
narrow-broad sequence considering the coexistence of gel and liquid domains present in a
trilayer arrangement which creates a lipid sandwich. In this work, two phases, a short 6 nm
sequence referred as SPP and a long 13 nm referred as LPP, were observed. In this model,
the fluid phase is mainly present in the narrow layer located in the centre of the LPP, where
mainly unsaturated linoleic acid, CER[AS] and Chol are present. The lipid packing in this
central layer gradually changes into more densely packed lipid layers on both sides of the
central layer. Later on it was found that the presence of long chain CERs such as CER[EOS]
is fundamental for the formation of the LPP and for the central narrow layer [44]. The sandwich
model is one of the most described and used models of the LM, however, may present a
limitation connected to the relative low amount of long gamma-OH CERs (10 %) which would
hardly explain the presence of such LPP domain over the whole thickness of the SC [12,64].
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Figure 7. The unified model of the native SPP (exact proportions of fully extended and hairpin-folded
CER are unknown, no broad-broad arrangements shown) according to [64].

With the development of microscopy techniques, the group of Norlen was able to visualize in
detail the LM organization in .2012 by using cryo-electron-microscopy on vitreous skin sections
combined with atomistic 3D cryo-EM model simulations. They visualized again an organization
that is closely connected to the bilayer organization found by Madison in 1987 with the typical
broad-narrow-broad sequence. In their model, instead of a bilayer arrangement based on the
influence of very long gamma-OH CERs, the bilayers were formed by CERs with long chains
in a fully extended configuration. A new arrangement of asymmetric (from here asymmetric
model) repeating unit with length of 11 nm consisting of a narrow unit (4-4.5 nm) plus a broad
unit (5-6.5 nm) was observed (Figure 6d). In these bands, the lipid layers are in full-extended
conformation but stacked in an alternate fashion as bilayers rather than stacked monolayers
[65]. It was also assumed that in this configuration the Chol molecules have to be associated
with the sphingoid moiety of CERs and the FFAs are associated to the fatty acid chains which
are longer therefore creating asymmetry in the model [51].

The organization of the LM is still today a topic of great discussion. Since the release of the
first pioneer work, new studies are published adding new perspectives about LM organization.
In 2020, Schmitt and Neubert analysed in a review the past and recent progresses of the LM.
An organization of the LM, which tries to unify the different findings regarding the LM
organization (Figure 7), has been proposed [64]. In this model, the coexistence of 3 main
domains is described. Lipids that have a short symmetric chain get concentrated in a narrow
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domain with shorter lamellae arrangement (4-4.5 nm). The long lipids/chains would get
concentrated in 5-6 nm broad lamellae forming a broad-narrow repeating unit which justifies

the presence of the - 11 nm broad-narrow pattern visualized in the asymmetry (splayed)

bilayer model. In this model is not clarified in which conformations the CERs chain are present.
The inner liquid like layer of the 5-6.5 nm broad SPP can be used by the lipophilic molecules
to penetrate the SC due to lateral diffusion.

1.3 Barrier function and permeation routes

1.3.1 Penetration routes

The SC constitutes only a small portion of the entire skin composition and yet is the main tissue
regulating its barrier properties. Although the SC possesses this protection role, dermal and
as well trans-dermal drug delivery has been extensively investigated with the objective to
deliver at a constant rate drugs into the systemic circulation. The theoretical advantages of
using the skin as administration route are multiple: avoidance of first hepatic passage effect,
painless administration, high compliance, readily accessible surface area. Hair follicles, sweet
and sebaceous glands of the skin can be used for the absorption of hydrophilic and high
molecular weight molecules and can retain these molecules (reservoir effect) up to 10 days
[66], however, since they occupy less than 0.1 % of the skin surface, the delivery is not
sustained over time. These characteristics and the fact that the SC is a natural barrier against
the permeation of xenobiotics, make the transdermal drug delivery extremely complicated.
The pathways across which metabolites can diffuse intact SC are an intercellular and an
intracellular route (Figure 8). In both cases, the permeant must diffuse through the intercellular
lipid matrix [67]. In the first route, the metabolites must cross only the hydrophobic LM, while
in the second one the metabolites diffuse also via the corneocytes. In general, molecules,
which diffuse more easily through the LM, have specific physical-chemical properties such as
low molecular weight and high hydrophobicity. Molecules with high molecular weight and/or
hydrophilic properties cannot diffuse via any of these routes [68,69].

1.3.2 Penetration enhancers

In order to facilitate transdermal drug delivery, different strategies based on physical and/or
chemical methods can be applied. Within the physical methods, different technologies such as
microneedles, electroporation, iontophoresis and thermal poration can be used. The main
advantage of these methods is an increased transport of active metabolites through the skin
coupled with a sustained delivery over time, however, each presents individual disadvantages
that will not be here discussed, for detailed studies refer to [68,70,71].
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Fiéure 8. Penetration pathways of drugs through the SC, adapted from [72].

In this work, we are interested in chemical penetration enhancers (PE). Chemical enhancing
methods are based on the use of different compounds which have the role to facilitate the
permeation of metabolites through the intercellular LM allowing to reach deep skin layers. The
rational selection of chemical enhancer should be based on the presence of specific properties:
non-toxic, non-irritating, work rapidly, activity and duration should be both predictable and
reproducible, should have no pharmacological activity within the body and should work
unidirectional [73]. The mechanisms of action by which PEs act are very complex and are
different depending on the class used. They can exert their influence on the SC by several
manners, by extracting lipids from the skin, creating defects which work as diffusion pathways,
by increased drug solubility in the skin, disruption of the highly ordered lipid matrix causing the
fluidization of the lipids or disruption of the skin water structure [73]. Different molecules can
be used as PEs, for instance water can be used as PE. By occluding the skin and avoiding
transepidermal water loss, the water amount in the SC is increased enhancing the permeation
of hydrophilic drugs. Skin occlusion demonstrated to be highly effective, nevertheless, it
presents high risk in causing skin irritation and/or local infections [74].

Classical PEs are surfactants. Surfactants are amphiphilic molecules that can be classified
according to the nature of the head group as cationic, anionic, non-ionic, and zwitterionic. In
general, charged surfactants have a stronger effect on enhancing the permeation of drugs in
comparison to zwitterionic and non-ionic ones [75], however, charged surfactants also present
higher potential of causing skin irritation [76]. Most studies evaluating enhancement activity
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have focused on the use of anionic and non-ionic surfactants (NIS). Anionic materials cause
the uncoiling of keratin filaments separating the protein matrix and allowing a higher exposition
to water in the skin [77]. However, they tend to permeate relatively poorly through the SC, but
permeation increases with application time [73]. NIS are promising chemical enhancers thanks
to their relatively low skin toxicity. Different studies showed that their mechanism of action can
consist in a fluidizing and extracting effect on SC lipids, and/or by interacting and binding
keratin filaments causing the disruption of corneocytes [78,79]. Nevertheless, these types of
chemical enhancers don’t find extensive use in pharmaceutical technology and currently are

mainly used in cosmetic technology for their solubilisation properties.

1.4 SC barrier disruption and repair strategies

Another important research topic in the skin field regards the restoration of the SC barrier after
being damaged by external and/or internal factors. Periodical exposure to external factors such
as cleansing and sanitation products, environmental pollutants and some pharmaceutical
ingredients may affect negatively the composition and organization of SC lipids [48]. The
degree of barrier disruption is dependent on the nature of the chemical and on the time of
exposure. Some of these chemicals may act as a contact allergen causing allergic reaction
with development of dermatitis [80].

An alteration of the natural composition of SC lipids can occur also from internal factors.
Genetic predisposition, mental state and age can be key factors that affect SC composition
[48]. The pathogenesis of different skin diseases derives from the up/down regulation of
specific enzymes that have fundamental roles in the synthesis of SC lipids. The depletion
and/or alteration of lipid composition can cause skin dryness and barrier disruption. As result
of this process TEWL is increased and different xenobiotics can more easily permeate causing
inflammations [81-83].

Two of the most common skin diseases are atopic dermatitis (AD) and psoriasis [34,84,85].
AD is a chronic inflammatory disease associated with a modified composition of CERs in
particular of CER[NP] and CER[EOS]. Their decreased levels were associated with high
expression of sphingomyelin/glucosylceramide deacylase enzymes which cleave the N-acyl
linkage of both sphingomyelin and of glucosylceramides destroying ceramides and causing
barrier abnormalities [84].

Psoriasis is a systemic chronic inflammatory disease with impaired skin function. Similarly to
AD, the CERs profile in psoriatic skin is altered. Not everything is yet understood about the
pathophysiology of psoriasis although the impaired barrier function could also be related to the
abnormal expression of enzymes involved in the synthesis and degradation of CERs.

The clinical strategies to treat diseased skin depend on the severity and on the
pathophysiology of the disease. The basic management for mild disrupted skin is by topically
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treating it with anti-inflammatory drugs, such as corticosteroids, in order to reduce irritation and
local inflammations [86,87]. The long-term administration of corticosteroids can be associated
with a variety of side effects including high blood pressure, headache and muscle weakness.
An alternative to conventional treatments in light and mild skin conditions involves supplying
the damaged skin with CERs based formulation. Studies have shown that the application of
formulations containing SC lipids in the proper ratio facilitates the process of barrier recovery
reducing the TEWL, enhancing skin hydration, decreasing bacterial colonization and improving
skin barrier function reducing the need for corticosteroids use [88]. Traditional formulations as
ointments or creams suffer of disadvantages connected to poor adsorption and patient’s
discomfort due to greasiness and stickiness of the product. On the other hand, new
formulations based on mimicking the SC structure appear to be more effective. In-vitro studies
with damaged skin models showed that the application of formulations based on SC lipids
vesicle was able to reduce the permeation of indomethacin [89] proving the potential of the
application of SC lipids based formulation as skin repairing agents.

1.5 Motivation and scope of this work

In scientific literature every year are published hundreds of publications regarding the effective
use of pharmaceutical formulation for restoring the skin barrier property and as well to show
the effective penetration of drugs through the SC, however, very few of these works showed
the mode of action by which these formulations acted their specific mechanism. Objective of
this work was to create and develop a simple and reliable SC monolayer model system and to
study on it the mode of action by which pharmaceutical excipients and formulations affects its
lipid organization.

The quaternary SC model was originally conceived by Schmitt [90] and here was further
characterized via mono- and multi- layer systems in order to study the lateral (in-plane) and
lamellar (long range order) organization of the lipids. The composition of the model was based
on a 0.66:0.33:0.7:1 mixture of CER[NP]:D-CER[AP]:Chol:LA with CERs presenting a C24
fatty acid chain and C18 sphingosine moiety. In parallel to the characterization of this model,
CERJAP] diastereomers were characterized in detail via X-ray scattering based techniques
and FTIR. In detail, a study based on chirality and chain symmetry was performed in order to
understand the biological relevance of the natural D(2R)-CER[AP] over the synthetically
available L(2S)-form.

The SC model once it was characterized was used for investigating the impact of different
pharmaceutical excipients and/or formulations on the organization of the lipids. PEs monomers
and micelles have been studied at the liquid-monolayer interface in order to observe the mode
of action by which these enact their disordering and fluidisation effect on skin lipids. On the

other hand, SC lipid based liposomes i.e. cerosomes, known to act as skin barrier repairing
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agents, have been as well studied in order to define the mode of action by which these enact
their skin repairing effect. The composition of the cerosome was based on the one of SC
monolayer, 0.66:0.33:0.7:1 CER[NP]:D-CER[AP]:Chol:SA with the CERs with symmetric C18
chains. In one formulation, PLs have been added as stabilizers in order to extend long term
stability and to reduce the pH of the formulation.

Simple SC models based on Langmuir monolayers were principally investigated. X-ray
scattering based techniques, Infrared Reflection-Absorption Spectroscopy (IRRAS),
epifluorescence, atomic force microscopy (AFM) and quartz crystal microbalance with
dissipation (QCM-D) were used on the monolayers to achieve a detailed study of the model.
For the characterization of multilayer systems, Small- and Wide- angle X-ray Scattering
(SAXS/WAXS), and Infrared (IR) spectroscopy have been deployed. Finally, the
characterization of liposomal formulation has been achieved via Dynamic light scattering
(DLS), Z-potential and Transmission Electron Microscopy (TEM).
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2.Methods and employed basic principles

2.1 Langmuir monolayers [91]

Langmuir monolayers are models used to study the physical-chemical properties of
amphiphiles at the air-water interface. These are versatile systems, different parameters can
be controlled simultaneously (ionic strength of water subphase, controlled pH, controlled
temperature) and many techniques can be coupled for obtaining information regarding the
structure and morphology of the monolayer. Molecules that can be studied via Langmuir
monolayers need to be amphiphilic (i.e. lipids), insoluble in water and able to order at the air-
water interface. Thanks to the presence of a Whilhelmy plate connected to a sensitive
electronic balance and the presence of two lateral barriers, a surface pressure (1) against the
area per molecule (A) plot is registered (Figure 9). This plot is also called isotherm since the
measurement is performed at constant temperature.

The water at a defined temperature presents a defined surface tension (y) that changes when
an amphiphile is present at the air-water interface. The variation of surface tension is defined

as surface pressure (17) and is described as:

Equation1: T = Vyater — Vmonolayer

The formation of a monolayer at the air-water interface leads to a decrease of the water surface
tension (ywater), therefore, an increase in .

Through an isotherm the phase transitions of a certain compound can be studied. As described
in figure 9b, at larger areas per molecule an amphiphile is found in its gas phase (G) where
each molecule can freely move at the surface causing no detectable variation of 1. Once the
barriers start to compress the film, the area per molecule will be reduced and neighbor
molecules will start to interact. Here the film passes from a G to a liquid-expanded (LE) phase.
The molecules have now less liberty of movement but the chains are still in a disordered or
gauche conformation. Upon further compression, the amphiphile transits from the LE to the
liquid-condensed phase (LC) with molecules much closer together, less liberty of movement
and with ordered alkyl chains. At this point, keeping compressing the monolayer it will be
reached a point in which molecules cannot be further compressed and as direct consequence
a drop in 1T can be observed representative of the collapse of the monolayer. Finally, phase
transitions can be of two types, first-order phase transition characterized by a plateau with

constant 11, and second-order phase transition characterized by a kink in the isotherms.
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Figure 9. a) Schematic representation of a Langmuir monolayer setup and b) generalized isotherm of a
monolayer. The phase states are indicated along the isotherm. Schematic molecular arrangements are
shown for gaseous, liquid-expanded, liquid condensed and solid phases.

Another property that can be measured via the isotherm is the so called surface compressional

modulus K calculated as:

1 dn
Equation2: K= _= -4 (
c dA T

where C is the compressibility of the monolayer, A is the molecular area, and AlN/AA is the
slope of the isotherm at a defined 11. The surface compressional modulus is used to understand
at a determined surface pressure how stiff and compressed a monolayer is, the compressibility
is different in the sequence G> LE> LC > S [92].

2.2 IR spectroscopy

IR spectroscopy is a well-established analytical field where the interactions of molecule
vibrations with electromagnetic vibrations are studied. The wavelength associated with IR
ranges from 14000 cm™ to 10 cm™ and the region used to study molecules vibration is
comprehended between 4000-400 cm™, also defined as mid-IR. The molecule vibration
absorbs part of the radiation which is then directed to a detector allowing to analyse an IR-
profile. Each wavenumber is characteristic of specific groups in a molecule providing structural
and/or interactions information. Not all the molecules are able to absorb such wave,
prerequisite is that the dipole momentum of the bond changes during this interaction. IR-
spectroscopy can be applied in different type of systems, in particular here IR-based methods
were used to characterize lipid monolayers and dry lipid powders.

2.2.1 Fourier-Transform infrared spectroscopy (FTIR) [93]
FTIR is a technique based on IR spectroscopy which allows to get insights on structural

properties of solid, liquid or gas. The three major parts are the source, the interferometer and
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the detector. The most important part is the interferometer which consists of a beamsplitter
which splits the light into two paths with half of the light going to the stationary mirror and the
other half going to a moving mirror (Figure 10a). The beams from the moving and stationary
mirror are then recombined at the beamsplitter and steered toward the sample. The beam hits
then the sample and goes onto a detector where the signal is converted to an interpretable
spectrum. The term Fourier-transform origins from the mathematical process necessary to
convert the raw data in an easily interpretable spectrum. In this technique, instead of using a
monochromatic beam, in a short time span consecutive beams containing light with different
frequencies are shined at once on a sample and what is measured is how much of each the
beam is absorbed. Afterwards, a computer takes the absorption data and works backwards to
infer what the absorption is at each recorded wavelength.

) Light source b) ]
IR light #
—— \ /4..~ -
/\
Sliding mirror . . 4
s Sample - Detector l '”.')H/Hi'

P

Beam splitter

Fixed mirror

Figure 10. a) Schematic representation of FTIR instrumentation and b) schematic representation of
IRRAS spectroscopy taken from [94].

2.2.2 IRRAS [95]

IRRAS is a technique that uses IR light to determine the conformation and orientation of
amphiphile chains in a monolayer and to study head group interactions via changes in
vibrational frequencies.

In IRRAS experiments the IR light can present a parallel (p-polarization) or perpendicular (s-
polarization) polarization to the plane of incidence and is focused on the surface at a defined
angle of incidence. The reflected light from the monolayer surface is then detected at the same
angle of incidence. The polarization of the light and the angle of incidence are controlled
manually via the computer software. The obtained signal represents the sum of all existing
molecules with enriched concentration at the interface.

In the setup introduced by Mendelsohn et al. [96], in parallel to the trough containing the

monolayer there is a second smaller trough where only the subphase is measured (Figure
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10b). This setup allows to subtract the spectral interference from the rotation-vibration bands
of the water vapor (1400-1800 cm™). The spectrum recorded at the surface reference (Ro) is
subtracted from the sample spectrum (R) allowing to eliminate signals coming from the
atmosphere and plotted as reflectance-absorbance (RA) vs. wavenumber. The IRRA spectrum
is interpreted by evaluating the intensities generated by molecular vibrations at different

wavenumbers.

2.3 X-ray scattering methods [97,98]

X-rays are electromagnetic radiations that can interact with matter giving rise to a multitude of
phenomena. Like all electromagnetic radiations, X-rays can be considered as waves or
photons. The photon energy is given by:

Equation3: E = hv

where h is the Planck’s constant and v is the frequency. Conventionally X-rays are obtained
by an electron bombardment of a water-cooled anode that depending on the material, can
originate X-rays with different wavelength. For instance, the emission of X-rays from Cu
anodes shows a wavelength of 0.1542 nm. In a Synchrotron, charged particles (electrons or
positrons) are accelerated to extremely high energy and then make them change direction
periodically. The electrons for the storage ring are produced in an electron gun (Linac). These
electrons are packed in “bunches” and injected into the synchrotron. Kept by bending magnets,
the charged particles travel around the ring, and in the process produce X-rays. The
synchrotron light covers a wide and continuous spectrum, from microwaves to hard X-rays,

0.3 nm > A > 0.02 nm. The characteristics of a modern synchrotron radiation are: collimated

radiation, high intensity, polarization, continuous spectrum and beams size from 1 ymto 1 nm.

ki K¢

Figure 11. Representation of Bragg’s law by an optical analogy to crystallographic planes reflecting X-
rays.
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Thanks to its small wavelength, X-rays interact with matter through the electrons contained in
the atoms, and the scattered radiation allows to analyse the structure of matter. This
phenomenon is described as X-ray diffraction that express the fundamental interaction
between X-rays and crystals which is based on the Bragg law. The Bragg law or Bragg
diffraction is described by:

Equation4: nA=2dsinf

where n (an integer) is the order of reflection, A is the wavelength, d is the interplanar spacing
and 6 is the angle of incidence. It occurs when a radiation is scattered in a mirror-like reflection
by a symmetrical arrangement of the system and it undergoes a constructive interference. In

the next section, the X-ray methods used for this work are described more in detail.

2.3.1 Grazing incidence X-ray scattering (GIXD) [99]

GIXD is an X-ray scattering technique that allows the precise characterization of molecules
lateral structure in condensed monolayers at the soft air-water interface. To obtain a good
enough signal to noise ratio, X-rays from a synchrotron source are needed. The method is
based on the phenomenon of total reflection. A monochromatic X-ray beam is directed onto
the surface of the monolayer at an angle of incidence smaller than the critical angle for total
reflection from the medium with lower refractive index. Such angle is for the used X-ray energy
~0.07°. The incidence angle used in such experiments is ~80% to reduce the penetration depth
and therefore the scattering from the background. Since the reflectivity index of matter for high
energy X-rays is slightly less than 1, the beam undergoes total reflection and only an
evanescent wave travels along the surface of the subphase. The illuminated area has to be
big enough to allow enough material in the monolayer to scatter the X-rays and usually is in
the order 100 mm?.

WAXS

a) k¢ b) Detector@

ki

ki SAXS

"~ monolayer Detector

Sample
Ol ,/’/’

Figure 12. a) Geometry of GIXD, ki is the incident beam with aithe incidence angle, ktis the reflected
beam and 26 is the horizontal scattering angle, b) schematic representation of a SAXS/WAXS setup,
the incident beam ki hits the sample in the sample chamber and the diffracted beam k: is directed to a
detector and depending the scattering angle SAXS or WAXS profile can be measured.
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In figure 12a the geometry of the X-ray diffraction under the grazing incidence angle is shown.
In GIXD experiment monolayers can be considered as a so called 2D powder” fulfilling the
Bragg condition. The diffracted intensity is often monitored by a linear position-sensitive
detector from which a horizontal in-plane component gxy (Bragg peak) and vertical out-of-plane
component g, (Bragg road) of the scattering vector q can be simultaneously measured using
the following equations:

2

. 20,y
Equation5: qx = — X Sln
y A 2

Equation6: ¢, = 2T x sinq
2

Analyzing the gxy and the g, positions of the peaks from a certain monolayer lattice allows to
obtain important structural information of the amphiphile such as the tilt angle (t), the cross-
sectional area (Ao), the area per molecule (A), and the thickness of the monolayer (L.). In order
to fit the peak center of gxy component the Lorentzian function is used while for the Q.
component a Gaussian function. From the full-width-half-maximum (fwhm) obtained from the
fitting of the Bragg rod is possible to determine the thickness L. of the diffracting layer by the

Scherrer formula:

21T

Equation7: L, = O'Q(W)

On the other hand, the fwhm obtained from the fitting of the Bragg peak can be used to
determine the correlation length €, i.e., which gives information about the homogeneity of the

monolayer using:

21

Equation8: L, =0.9( ))

fwhm(qu

In order to take into account, the in-plane divergence of the X-ray beam the fwhm of the
Lorentian peaks were corrected as follows:

Equation 9: fwhmeor = J(fwhmmeas2 — fwhmres2)
xy xy Xy

where fwhmyes = 0.012 A"
In a GIXD experiments with monolayers, usually the hydrophobic tails are the elements that

are creating the periodic structures which give rise to the observed diffraction peaks which
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correspond to the distances between neighbouring chains in a monolayer. Depending on the
number of Bragg peaks and the relative position of the Bragg rod, different geometries can be
observed.

2.3.2 Total reflectance X-ray fluorescence (TRXF) [100]

TRXF is an analytical method for the quantification of ions at the air-water interface. The
technique is based on the principal that synchrotron monochromatic X-ray beams at the
air/liquid surface are energetic enough to expel tightly held electrons from the inner orbitals of
the atom. The removal of an electron in this way makes the electronic structure of the atom
unstable, and electrons from higher orbitals jump into the lower orbital to fill the hole. Therefore,
energy is released in the form of a photon, the energy of which is equal to the energy difference
of the two orbitals involved. This energy depends on the type of element to be detected. Low
energy X-rays are absorbed more than high energy photons, however, with low energy X-rays
certain elements with low atomic weight cannot be detected. In a TRXF experiments in the
simplest case the elements to consider are a charged Langmuir monolayer which is
represented by two sublayers, an organic layer with thickness L+ (the lipid molecules) and the
ion-rich layer with thickness L. (containing the counter-ions from the subphase). The

fluorescence intensity Ii of an element | with a concentration profile ci(z) can be written as:

Equation 10: ’=b [I (z2) (2)dz
C

i l ex i

where lex(z) is the exciting X-ray intensity at a distance z from the surface and b; is a constant.
The concentration profile ci(z) can be evaluated theoretically.

2.3.3 Small- and Wide- angle X-ray scattering (SAXS/WAXS) [101,102]

SAXS and WAXS are complementary scattering techniques that give information regarding
the organization of lipids in bulk in particular about the lateral structure of lipids (WAXS) and
the long range order of lipids (SAXS). The X-ray beam hits the sample and the diffracted beam
is measured by a detector as a function of scattering angle relative to the incident beam (Figure
12b). The scattered intensity is expressed in terms of scattering vector g which represents the

modulus of the change in momentum of the scattered radiation and is calculated by:

4
Equation11: q = , sin@
2

where Ais the wavelength and 8 is the scattering angle. The representation of the X-ray

scattering vector are peaks. The method is based on the Bragg law which defines the
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constructive X-ray waves in the presence of periodic structures scattered from lattice planes
separated by an interplanar distance d. The d can be calculated using the Bragg law (Equation
4).

A SAXS profile allows the determination of the symmetry and long range order of a lipid phase.
Different SAXS profile patterns can be observed. Regarding lipids, the most common one is
the lamellar (L) profile where each lipid bilayer is divided by an adjacent water layer and the
SAXS peaks are characterized by an equidistant pattern (1: 2: 3:...). Nevertheless, other types
of organizations can be observed like the hexagonal and inverted hexagonal with a pattern
expected of 1: V3: V4: ... Many other types of crystalline phases can be observed.

In order to calculate the repeating distance d (lipid bilayer with adjacent water layer) of each
lamellar phase, the Bragg law can be applied using the following equation:

21T 1
d= =1

q S

Equation 12:

with q being the scattering vector connected with the scattering angle 26 and s is the reciprocal
spacing.

The WAXS pattern complements the SAXS data since it gives information regarding the lateral
organization of lipid bilayers (short-range ordering of the lipids). By analyzing the position of
each peak, similarly to GIXD in monolayers, the molecular packing of the lipids can be
deduced, however, information regarding the out of plane component, therefore the tilt of the
chains, cannot be obtained.

2.4 Microscopy techniques

2.4.1 Epifluorescence microscopy [103]

Epifluorescence microscopy is an optical technique that uses fluorescence to generate an
image. This method coupled with Langmuir monolayers allows to study in detail the structure
and the domains shape formed in a monolayer at the air-water interface (Figure 13). To
generate the fluorescent signal, a fluorescent dye is used that is incorporated in the monolayer
at low concentration (0.05 %mol) to avoid an influence of the dye on the phase behavior of the
monolayer itself. The monolayer is illuminated with a light of specific wavelength which is
absorbed by a fluorophore which emits light of longer wavelengths. The emitted wave is much
weaker than the illumination light and the use of spectral emission filter are necessary to match
the spectral excitation and emission of the used fluorophore. The microscope and the trough
are decoupled allowing to mount the trough on a xy translation stage and investigate the entire

monolayer.
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The micrographs consist of an image where dark and bright areas can be visualized, the darker
areas (domains) represent regions with no or few dye molecule while the bright regions consist
of areas with large amount of dye molecules. This technique along an isotherm allows to study
the formation and modification of monolayer domains along the different phase transitions.

®
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Figure 13. Diagram of experimental setup for fluorescence microscopy with upright geometry with
monolayer illuminated from above, taken from [103].

2.4.2 Transmission electron microscopy (TEM) [104]

TEM is a microscopy technique in which a beam of electrons is transmitted through a specimen
to form an image. TEM works with the same principal of light microscopy but since electrons
have much lower wavelengths, the optimal resolution for TEM images is many orders better
than light microscopy.

The electrons are emitted by an electron gun and focused into a small, thin, coherent beam by
the use of condenser lens (Figure 14) while vacuum system is used to prevent the interaction
of the electron beam with air particles. The beam pass through the specimen and the
transmitted electrons are focused via objective lens into a phosphor screen which is going to
create an image, also called a micrograph, processed by the coupled camera device CCD.
The image created is black and white, the darker areas of the image represent those areas of
the sample that fewer electrons are transmitted (higher absorbance from the sample) while the
lighter areas of the image represent those areas of the sample that more electrons were
transmitted.
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A sample prepared for TEM experiment must be thin enough to transmit sufficient electrons to
form an image, the specimen should be less than 100 nm thick. Therefore, specific sample
preparation is an important aspect of the TEM analysis.
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Figure 14. Schematic representation of a transmission electron microscope adapted from [105].

2.5 Vesicle characterization

2.5.1 Dynamic light scattering (DLS) [106]

DLS also known as photon correlation spectroscopy, is a technique that allows the
measurement of particle sizes and distribution of different colloidal systems. One of the
advantages of the technique is that compared to other sizing techniques such as electron
microscopy or size exclusion microscopy, there is no physical disturbance to the system. A
laser beam passing through the sample should appear as a bright line which is well defined
throughout the entire scattering volume. The scattered light signal is collected with one or two
detectors, either at 90° (right angle) or 173° (back angle) (Figure 15). The inclusion of both
detectors allows more flexibility in choosing measurement conditions. The measurement is
based on the Brownian motion of macromolecules and colloidal particles. Such motion
depends on the particle size, the medium viscosity and the temperature. One important
assumption is that the vesicles used in this experiment, are spherical particles with a small
diameter compared to the molecular dimensions. If it is so, is possible to apply the Stokes-
Einstein relation and have a formula that easily gives the diffusion coefficient (D):

37



Methods Fabio Strati

K, T
Equation 13: b

i 6mtnt

where Ky is the Boltzmann constant, T is the temperature in Kelvin, n is the viscosity of the
liquid used and t the time. The intensity of light scattering depends on the dimension of each
particle. Bigger particles will have a smaller diffusion function than small particles and the
variation of scattering intensity will also occur more slowly. The analysis of scattering is carried
out by a correlator. This is done through a spectrum analyzer that obtains a power spectrum
(Pw) of a signal by using the Lorentzian function:

2Dq%/ i
w?+(2Dq?
)

Equation14: P(w) =

where q is the scattering wave vector, w is the frequency shift. The quality of the measurement
depends on the power of the laser used and on the agueous medium which should be free of
any dust contaminant. Particles can be dispersed in a variety of liquids. Only liquid refractive
index and viscgureosity are needed to be known for interpreting the measurement result.

Detector

Particle diameter Raw correlation

Correlator

Figure 15. Schematic representation of DLS apparatus.

2.5.2 Z-potential [107]

The term zeta potential refers to the charge of particles at the liquid/surface interface in a
specific liquid medium. Every particle in an ionic solution, will have a layer of ions of opposite
charge strongly bounded to its surface called the Stern layer. A second diffuse outer layer is
present with loosely associated ions. This second layer is balanced by random motion and
electrostatic forces. The two layers together form the so called electrical double layer. The
electrostatic potential of the slipping plane between the Stern and the diffuse layers is called
zeta potential and it is related to the surface charge of the particle. During the measurement
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an electrical field is applied across the solution facilitating an electrophoretic movement of the
particles, this is measured by laser Doppler velocimetry. The electrophoretic mobility (Ue) of
the particles is calculated applying:

1%
Equation15: U, = A

where V is the particle velocity (um/s) and E is the electric field strength (Volt/cm). The Z-
potential is then calculated from the obtained electrophoretic mobility by the Henry's equation:

2ezf (ka)
ST

Equation 16: [

where ¢ is the dielectric constant, n is the absolute zero-shear viscosity of the medium, f(ka) is
the Henry function, and ka is a measure of the ratio of the particle. Particles with a zeta potential
between -10 and +10 mV are considered approximately neutral and unstable, while
nanoparticles with zeta potentials greater than +30 mV or lower than —30 mV are considered

strongly cationic or anionic and thus form more stable dispersions.

2.6 Interaction studies

2.6.1 Subphase injection

Langmuir monolayers at the air-water interface allow to study the properties of an amphiphilic
monolayer and as well the interaction between the monolayer and a certain surface active
system. In the subphase injection method, a surface-active compound is injected underneath
a pre-formed monolayer, and the variation in surface pressure (All) against time (t) is
measured allowing to analyze the kinetic of interaction and the affinity between the two
systems.

In our setup, a modified Langmuir trough consisting of a PFA (perfluorether) petri dish and a
Whilhelmy balance connected to a sensitive electronic balance is used. The petri dish had a
diameter of 5.5 cm and a depth of 0.5 cm with an area of 23.8 cm?. In order to inject the surface
active system underneath the pre-formed monolayer, a syringe with the needle inserted

vertically through the monolayer was used to minimize membrane perturbations (Figure 16).

2.6.2 AFM [108]
Atomic force microscopy (AFM) is a powerful and multifunctional imaging method that allows
to characterize extremely tiny samples such as individual molecules and as well more complex

ones such as living cells. The technique counters a surface by controlling a conglomerate of
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forces acting between a probe mounted on a cantilever and the surface, these forces are then
measured as the deflection of the lever knowing the stiffness of the cantilever. For measuring
the force generated, the Hooke's law is used:

Equation17: F = -kz

where F is the force, k is the stiffness of the lever and z is the distance the lever is bent.
Different operating modes can be used such as the classical contact mode or dynamic mode,
which, however, present limitation connected to the possibility to directly damage the sample
and/or not being able to control vertical forces of soft and sticky samples.

To overcome such problems, in this work the quantitative image mode was used which is a
curve based imaging mode that allows to avoid sample damaging by reaching peak forces
down to 10 pN.

2.6.3 QCM-D

Quartz crystal microbalance with dissipation monitoring is a highly versatile and sensible
technique to study processes occurring at the surfaces or within thin films. QCM-D can be used
to monitor processes in real time by measuring changes in frequency and dissipation of the
system adsorbed on a piezoelectric quartz sensor. By applying an alternated electric field on
a quartz sensor mechanical oscillation of characteristic frequency are observed. When a
change of mass occurs at the surface of the system, a frequency shift (AF) is measured.
Simultaneously, the viscoelastic properties of the film adsorbed to the quartz sensor can be
measured by recording changes in the dissipation energy (D). By using the Sauerbrey equation

it is possible to calculate the change in mass (Am) using the measured frequency shift:

Equation18: Am = - £
n

where C is the mass sensitivity constant at 5 MHz for a quartz sensor of area A=0.75 cm?and

n is the number of the harmonics.
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3. Materials
Material Source Purity (%)
Solvent
Chloroform VWR International >99.5
GmbH
Methanol VWR International 299.9
GmbH

Water (resistivity 18 MQ.cm at 25°C) Synergy ® Millipore

g device -
Salts
NaCl VWR International =99.9
ZnCl DON'T KNOW >99.9
EDTA BASF >99.5
PBS Sigma Aldrich GmbH
TRIS VWR International =995
Lipids
[NP] C18; N-(Stearoyl)-phytosphingosine Synthesis' =95
[NP] C24; N-(Tetracosanoyl)-phytosphingosine Synthesis’ > 95
D-[AP]C18; N-(D-a-Hydroxysteroyl)- Synthesis' =95
phytosphingosine
D-[AP]C24; N-(D-a-Hydroxytetracosanoyl)- Synthesis? =95
phytosphingosine
L-[AP]C18; N-(D-a-Hydroxysteroyl)- Synthesis' =95
phytosphingosine
L-[AP]C24; N-(D-a-Hydroxytetracosanoyl)- Synthesis? =95
phytosphingosine
Cholesterol Sigma Aldrich GmbH 295
Stearic Acid Sigma Aldrich GmbH =299.5
Lignoceric Acid Sigma Aldrich GmbH 2999
P100-3 Lipoid GmbH -
S75-3 Lipoid GmbH -
H100 Lipoid GmbH -
H90 Lipoid GmbH -
H80 Lipoid GmbH -
Dipalmitoylphosphatidylcholine Lipoid GmbH =>99.9
Rhodamine-DHPE Sigma Aldrich GmbH =99
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Polysorbate 80 Sigma Aldrich GmbH

Sucrose Laurate Glycon

Other

dichlorodimethylsilane Sigma Aldrich GmbH = 99.5

*1, gently provided by the group of Prof. Bodo Dobner from the department of Biochemical Pharmacy
of the MLUHalle-Wittenberg which purified them from technical grade mixtures from EVONIK GmbH
*2, gently provided by the group of Dr. Lukas Opalka from the Department of Organic and Bioorganic
Chemistry, Faculty of Pharmacy in Hradec Krélové, Charles University which synthesized and purified
them.
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4. Cumulative part

The following section contains three publications which were published as research articles in
international journals following the peer-review procedure. These articles constitute the basis
of this work and summarize the experimental results. Each one represents a chapter of this
work and the order in which they are presented is based on the temporal factor of acceptance.
In publication I, a quaternary SC model was for the first time developed and used to investigate
the effects of non-ionic surfactants (NIS) in order to analyse their potential use as penetration
enhancers for dermal and transdermal drug delivery. The surfactants selected were
polysorbate 80 (PL 80), a well-known and frequently used surfactant for cosmetic and
pharmaceutical purposes, and sucrose monolaurate (SL) a relatively new surfactant mainly
used in food technology. Main findings were that both surfactants were able to disorder the
monolayer by fluidizing the lipids of the system.

In publication Il, CER[AP] a fundamental CER class of the SC, was characterized by means
of X-ray scattering and IR spectroscopy. CER[AP] in the skin is present in its D(2R)- form while
synthetically the diastereomers mixture can be produced. Since in SC in-vitro model system
CERJAP] is often used in its diastereomer mixture and not in its natural form, in this work we
focused on the characterization of the single diastereomers and of the 1:1 mixture, both with
symmetric (18:0, 18:0) and asymmetric (24:0, 18:0) chains. Main finding was that D-CER[AP]
was able to create a strong intermolecular HoN while L-CER[AP] does not. Moreover, in the
1:1 mixture a complete immiscibility of the D-form was observed while the L-form in its lattice
was able to accommodate some molecules of the D-form.

In publication Ill, SC liposomes i.e. cerosomes have been formulated, characterized and
studied in contact with the SC monolayer. The cerosomes are known to be promising repairing
agents for pathological skin diseases associated with SC barrier disruption. In this work,
monolayers at the air-water interface and at the solid-liquid interface have been used to study
the mode of action by which these cerosomes interact with the SC itself. Main finding is that a
strong interaction between the two systems was observed due to the creation of HbN between
the CERs headgroups, although both systems are negatively charged and should repel each
other.
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41 ltemization of own contribution

Table 1. Specification of the percentage of own contribution to the publications. The own contribution is
made up as follows:

A: own contribution to the planning, the execution, the analysis of the experiments and the preparation
of the corresponding illustration

B: own contribution to the preparation of the manuscript

Publication | Non-ionic surfactants as innovative skin penetration enhancers: insight in
the mechanism of interaction with simple 2D stratum corneum model
system

Fabio Strati, Reinhard Neubert, Lukas Opalka, Andreas Kerth, Gerald
Brezesinski

Eur. J. Pharm. Sci, 157 (2021), 105620

A:70 % B:80 %

Publication Il 2D and 3D physical-chemical characterization of CER[AP]. A study of
stereochemistry and chain symmetry

Fabio Strati, Joana S.L. Oliveira, Tetiana Muhkina, Bodo Dobner, Reinhard H.
H. Neubert, Gerald Brezesinski

J. Phys. Chem,125 (2021), 9960-9969

A:70 % B:70%

Publication Il Cerosomes as skin repairing agent: Mode of action studies with a model
stratum corneum layer at liquid/air and liquid/solid interfaces

Fabio Strati, Tetiana Muhkina, Reinhard H. H. Neubert, Lukas Opalka, Gerd
Hause, Christian Schmelzer, Matthias Menzel, Gerald Brezesinski

Bbadva, (2021), 100039

A:70 % B:70 %
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4.2  Publication |

Non-ionic surfactants as innovative skin penetration enhancers: insight in the
mechanism of interaction with simple 2D stratum corneum model system

Link Publication:

https://www.sciencedirect.com/science/article/abs/pii/S0928098720304085

Cite: European Journal of Pharmaceutical Sciences, Volume 157, 2021, 105620

45-57


https://www.sciencedirect.com/science/article/abs/pii/S0928098720304085
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4.3 Publication Il

2D and 3D physical-chemical characterization of CER[AP]. A study of stereochemistry
and chain symmetry

Link Publication:

https://pubs.acs.org/doi/full/10.1021/acs.jpcb.1c05572

Link Supporting Information:
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c05572

Cite: The Journal of Physical Chemistry B, 2021 125 (35), 9960-9969

58-78


https://pubs.acs.org/doi/full/10.1021/acs.jpcb.1c05572
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c05572
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4.4  Publication Il

Cerosomes as skin repairing agent: Mode of action studies with a model stratum
corneum layer at liquid/air and liquid/solid interfaces

Link Publication:
https://www.sciencedirect.com/science/article/pii/S2667160321000387

Cite: BBA Advances, Volume 2, 2022, 100039

79-104


https://www.sciencedirect.com/science/article/pii/S2667160321000387
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5. General discussion and future perspectives

As reported by pubmed, in only the last 3 years more than 1500 scientific papers have been
published concerning SC research showing the importance and popularity of the topic. This
work gives a fundamental contribution to the SC research by elucidating the properties of
CER[AP] diastereomers, by developing a reliable in-vitro SC model and by unveiling the mode
of actions by which different excipients and formulations interact with the SC lipid matrix. For
this purpose, highly sophisticated biophysical methods applied mainly on monolayer model
systems have been deployed. In the next sections, the main findings of this work are discussed
in the context of achieved advancements in skin research in comparison to other relevant

works.

Orthorhombic
unit cell

5.4 nm

3.7 nm

D

- 39° —

Figure 39. Left: structure of the proposed quaternary model bilayer with lipids arranging in an
orthorhombic lattice, the CERs arranged in a hairpin configuration with chains overlapping in the
midplane. Right: proposed arrangement of CER[NP] in a V-shape configuration with 39° chain tilt in
accordance to Dahlen and Pascher [53].

5.1 Quaternary SC model characterization

First step of this work was the development of a SC lipid matrix model taking in consideration
the need of a cheap and reproducible system, which uses a reduced number of lipid species
and low amounts of raw material. In publication |, a quaternary SC model composed of
CERINP] (24:0, 18:0), D-CERI[AP] (24:0, 18:0), Chol and LA (0.66:0:33:1:0.7 mole fractions)
was for the first time studied via Langmuir monolayers. The use of CERs with C24 fatty acid
moiety and C18 sphingosine moiety is important considering that most CERs in the LM
presents asymmetric chains which are reported to overlap in the lamellar midplane [50].
CERI[NP] and D-CER[AP] were selected since these are two of the most abundant CERs in
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the skin (~22% and -~8.8% by weight) [20] thus can be expected to play substantial roles for
the overall structural arrangement of the LM itself. FTIR studies of ternary SC mixtures based
on CER[NP] and D/L-CER[AP] (18:0, 18:0) as model CERs [186] showed that these were able
to form homogenous mixtures in comparison to models based on sphingosine which showed
phase separation of the CER in their mixture, proving the suitability of phytosphingosines for
our model.

Monolayer studies of our quaternary mixture indicated that the lipids organization and behavior
closely resembled the native SC lipid matrix. Isotherm studies (publication I) evidenced the
presence of a stiff and condensed monolayer (Figure 17) with lipids arranging in two distinct
orthorhombic lattices as observed in GIXD experiments (Figure 33). One orthorhombic lattice
(defined in publication Il as phase 2) arranged in a structure which closely mimicked the
organization of native SC while the second orthorhombic lattice (indicated as phase | in
publication Ill) displayed the formation of a badly ordered monolayer filled with packing defects
as indicated by the low value of the correlation length L. A similar study performed via GIXD
of a monolayer composed of a ternary mixture composed of D/L-CER[AP] (18:0, 18:0), SA and
Chol, evidenced the formation of a monolayer organized in a hexagonal phase with high value
of the correlation length L,y indicating the presence of marginal defects in the monolayer [225]
similarly to phase I.

Further indication of phase-separated domains came from AFM experiments of the SC
monolayer transferred onto solid support (publication Ill). Results indicated that two domains
with different heights were present (Figure 38). As in GIXD, one domain could be connected
to the typical SC organization, which presented a height of 2.4 - 2.6 nm, the second domain
with a height of 1.2 — 1.4 nm was of unclear origin since in similar AFM experiments with SC
monolayers such heights were never reported.

In parallel to monolayers, dispersions in bulk of our quaternary SC model were analyzed by
means of SAXS and WAXS (publication Ill, supporting information). SAXS results (Figure S7)
evidenced the co-existence of two lamellar phases, one with a d-spacing of 54 A and the
second of 37 A. In addition, phase separated Chol (d-spacing of 34 A) was observed. The d-
spacing of 54 A featured the presence of CERs in a hairpin configuration with chains
overlapped in the midplain and adjacent layers separated by a layer of water (Figure 39). The
d-spacing of this lamellar phase was comparable to the SPP of native SC [44]. Similarly to
AFM results, the origin of the lamellar phase with d-spacing of 37 A was not easily predictable.
Since this d-spacing was similar to the one of Chol, a phase mainly constituted of Chol mixed
with a second lipid could be assumed, however, as proven by Ekelund et al. [226] Chol and
LA are not able to mix leaving as option the mixing of Chol with one of the two CERs. SAXS
and WAXS experiments of a 7:3 mixture of CER[NP] (24:0, 18:0) and Chol showed two phases
with d-spacing of 37 A and 34 A (Figure A1a) suggesting the phase separation between the
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two compounds. Nevertheless, this experiment clearly indicated the origin of the unknown
lamellar phase, which was again confirmed by SAXS analysis of the single CER[NP] (24:0,
18:0) (Figure A1b) which reported a single lamellar phase with d-spacing of 37 A. Such value
is in agreement with that found by Dahlen and Pascher [53] who reported an X-ray powder
diffraction (XRD) study of CER[NP] (24:0,18:0) with six polymorphic forms of CER[NP]. Five
of these polymorphs arranged in a V-shape configuration and one in a hairpin configuration. A
V-shape configuration with a small tilt (calculated to be 39°) and length of 37 A was observed,
thus confirming the composition of the second lamellar phase of our SC model in SAXS
experiments. The phase separated CER[NP] in a V-shape could also justify the GIXD results
regarding the observed phase | in publication Ill and therefore, justifying the presence of a
monolayer with defected and poorly packed regions as indicated by the calculated correlation
lengths. The GIXD profile of CER[NP] (24:0, 18:0) monolayer was studied (Figure S5c),
however, the precise peak positions could not be determined. Even though the phase | of our
SC model presents well defined peaks (Table 4), it cannot be excluded that a polymorph of
CERI[NP] was actually responsible for the formation of the observed phase.

Phase separated CER[NP] was also observed in the work of Kindlova [207], using different SC
models with different compositions studied by means of XRD and IR spectroscopy. All the
models, in which CER[NP] (24:0, 18) was used alone or together with other CERs, presented
phase separation of this component due to preferential formation of HoN within its own crystal
structure. Furthermore, studies with ternary mixtures composed of CER[NP] (18:0, 18:0), SA
and Chol analyzed by Small angle neutron scattering showed how CER[NP] phase separated
from the rest of the mixture forming a second lamellar phase with the lipids organized in a V-
shape configuration [54]. To conclude, WAXS analysis of the SC mixture (Figure S7) showed
the presence of only two peaks with centres at 1.51 and 1.67 A" (orthorhombic unit cell)
connected to the 54 A lamellar phase. Since CER[NP] is very tightly packed, one could expect
to see phase-separated CER[NP] also in the WAXS profile. One possible explanation to justify
the absence of these peaks is that the signal that this generated is not intense enough to be

visualized.

5.2 Hydrogen bonding network and CERs polymorphism

It is well known, and impressively demonstrated in this dissertation, that CERs are able to
generate intermolecular HoN. Considering that 18 classes of CERs have been confirmed in
the human LM, the selection of the correct CERs for the development of SC in-vitro model
systems is fundamental. Sphingosine and phytosphingosine, two of the main CERs classes,
have been both reported to establish HoN within the SC. In the work from Badhe et al. [227],
MD simulations of simple bilayers composed of individual CER subclasses were investigated.
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It was found that CER [NP] and [AP] formed at least 30% more HbN in comparison to other
classes such as CER[NS] or CER[AS].

As found in publication Il, the D-form of CER[AP] was reported to form a supramolecular lattice
(or subgel phase) (Figure 25 and 26), which demonstrated the presence of a strong
intermolecular HbN between headgroups. A simple change in configuration from D- to L- of
the alpha-hydroxy group led to the disappearance of the subgel phase (Figure 25 and 26)
proving that a simple change of the headgroup geometry can disrupt the HbN (Figure 30).
Some studies reported the development of SC in-vitro models using CER[AP] in its
diastereomer mixture [186,225]. This must be avoided since, how demonstrated in publication
I, these diasteromers showed in a 1:1 mixture an almost complete immiscibility. Therefore,
the use of the single and native D-form should be always preferred.

In the supporting information file of publication Il we reported the GIXD study of CER[NP]
(24:0, 18:0) which showed an extremely complicated diffraction pattern. From the two wide-
angle peaks dominating the in-plane component of the lattice (Figure 5b), a clear structure of
the lipid could not be determined. Such complicated lattice might origin from multiple
polymorphs of CER[NP] present in the same monolayer. The coexistence of two phases is
thermodynamically possible in the case of metastable phases, which are very common due to
the ability of CERs to form HbN. Surely, the presence of lipid crystals has been observed in
the lattice (peak at 1.69 A") indicating that the lipids interact strongly after spreading at the air-
water interface in the gas-analogous phase. The polymorphism of CER[NP] (24:0, 18:0) was
observed in SAXS, and the formation of two lamellar phases with slightly different d-spacings
(Figure A1b and A1c) was reported. The WAXS profile of CER[NP] is as well highly complex
and not easy to interpret.

Another case study is the one of CER[NS]. GIXD showed that this compound was able to form
two separated crystalline structures. In the work of Valknin and Kelley [181] hexagonal and
orthorhombic phases were found while in the work of Scheffer et al. [228] oblique and
hexagonal phases were observed. Since one source of metastability is the sample handling,
in the case of CER[NS] the presence of two different results proved the influence of sample
history.

In the present work, experiments with CER[AP] have been conducted and the polymorphism
of the diastereomers was analyzed via FTIR and DSC. In FTIR experiments performed at room
temperature with dry lipid powders before and after heating to 200 °C, variations in the amide
I and Il regions (Figure S5b) were observed showing the interplay of HoN necessary to stabilize
different polymorphic phases. In the DSC thermograms (Figure A7) was clearly visible that for
each studied sample different phase transitions were present, phase transitions that were

connected with rearranging of the molecules after the rearrangement of the HbN.
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Another important evidence of HbN between CERs was reported in publication Ill. In this work,
cerosomes were investigated in presence of our SC monolayer model to clarify the mode of
action by which these vesicles act as skin repairing agents. As observed in subphase injection
(Figure 36) and AFM (Figure 38) experiments, the two systems strongly interact. Since both
systems possess negative electrostatic charge (Table 5), the attraction between the systems
was connected to the ability of CERs to form a HbN. The ability to overcome the electrostatic
repulsion by the cerosomes might be connected to local fluctuations of charges in both
systems. In the SC monolayer and cerosomes the main lipid, which is responsible for creating
the charge, is the FFA, which constitutes 37% in mol of the systems (~23% in the cerosome
formulated together with PLs). Depending on the distribution of the FFA in each system, there
might be areas with higher or lower charge density which would allow the vesicles to reach a
certain distance to the monolayer allowing the establishment of HoN between the headgroups.

Chol LA D-CER[AP] CER[NP] DPPC

OH
HO

My,

Figure 40. Molecular structures of used lipids in publication Ill. The hydrogen bond donor groups are
marked red and in blue the hydrogen bond acceptor groups.

The same study performed with PLs liposomes pointed out a weaker and less relevant
interaction with our SC monolayer model (Figure 36) despite these liposomes were neutral or
only slightly negatively charged. PCs headgroups lack of hydrogen bond donor groups
presenting only acceptor groups (Figure 40) while CERs headgroup (especially
phytosphingosines) present both hydrogen donor and acceptor groups. As reported by Wang
and Klauda [229], in MD simulation studies of CER-PC bilayers was shown that these two
lipids can form extended HbN which become stronger with relative higher amounts of CERs in
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the bilayer. Nevertheless, in subphase injection experiments PCs liposomes interacted
markedly less in comparison to the cerosomes showing that the geometry of the PCs

headgroups didn’t allow to establish strong interaction with the CERs.

5.3 NIS and structure activity relationship for penetration enhancing

Transdermal drug delivery offers numerous advantages over conventional routes of
administration. As discussed in section 1.3, the SC can be used as administration site and the
penetration of actives can follow different routes, although the most reasonable is the diffusion
of actives through the lipophilic LM. Because of this extreme hydrophobicity, only a very limited
number of actives have the optimum physical-chemical properties to be able to cross the LM
at a constant and satisfactory level to reach their therapeutic concentration. Chemical
enhancement is one of the strategies to improve the transport of drugs through the SC itself.
In publication I, the mode of action, by which two classes of NIS enact their PE mechanism,
was investigated. Polysorbate 80 (PL80) and sucrose monolaurate (SL) have been selected
as model surfactants.

An important concept, that is not often discussed regarding the ability of surfactants to enact
a chemical enhancement effect, is the one of structure-activity relationship or SAR. Classically,
the SAR refers to the chemical structure of a molecule and its biological activity. The same
concept can be applied to NIS in order to determine systematically their potential penetration
enhancement effect.

SL consist of lauric acid connected via an ester bond to the disaccharide sucrose presenting
a medium length alkyl chain (C12:0). PL80 is derived from polyethoxylated sorbitan and oleic
acid (C18:1) where the hydrophilic groups consist of polyethers. Directly from their structures
is not possible to determine which of these has a bigger potential to enact a PE effect. One
easy way to describe surfactants and their physical-chemical properties is by using the concept
of Cc which stands for characteristic curvature [230]. This parameter describes the lipophilicity
of a surfactant. PL80 possess a Cc value of -3.7 while SL of 1 being the most lipophilic one
between the two. The concept of Cc describes better a surfactant than the HLB (hydrophilic
lipophilic balance) since this parameter depends on the solubility of surfactants in water [231],
being alone not enough descriptive for a surfactant behaviour.

In order to investigate the potential of the selected surfactants as PEs, simple monolayer
models were used for screening. This type of experiments is not very common for the study of
surfactants as PEs. Some experiments that investigated the influence of surfactants on the
order of the SC using monolayers have been performed [124,125]. In these works, the
surfactants were directly incorporated in a SC monolayer rather than injected underneath. As
already known in literature [119], the use of surfactants above their CMC did not lead to a
higher efficacy in its action and as shown in figure 18, at around 80% of each NIS CMCs, a
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plateau in the activity was reached. Different articles report that the CMC of the used
surfactants changes between producers [232]. Therefore, in figure A1 the CMC has been
determined by surface tension measurements. The obtained values are slightly smaller than
those reported in literature. As follow, the relative efficacy of the NIS was tested by analysing
the so-called MIP (maximal insertion pressure). The concept of MIP was introduced for the first
time by Calvez et. al [131] with the intent to study the insertion pressure of proteins and
peptides into lipid monolayers after injection underneath the PLs monolayers. The same
principal was used to study the ability of surfactants to penetrate our SC monolayer. As
demonstrated, SL possessed a higher MIP of 44.9 mN/m than PL80 with 38.6 mN/m.
Therefore, SL was able to penetrate the SC monolayer at higher SP than PL80. Since the SC
monolayer possessed a lipophilic structure, it might be argued that SL possessing a Cc value
higher than PL80 (being more lipophilic), a higher MIP could be expected due its higher
lipophilicity. Obviously, to make such assumption on the basis of only two surfactants is
insufficient. Therefore, similar experiments performed with different classes of NIS might be

useful to confirm or deny such assumption in future.

5.4 Future work

During this work, monolayers have been used as cost-effective models to obtain information
regarding the interaction between different systems with our SC model. Considering that the
SC consist of a multi-layered matrix with a complex structure, such simplified models are very
limited and cannot give information regarding interactions happening in deeper layers.
Therefore, first logical step for the future is by translating two-dimensional models in three-
dimensional ones.

In publication Ill, the bulk characterization of the quaternary SC model was performed showing
the formation of a system closely mimicking the SC SPP, however, the presence of phase
separated CER[NP] was observed. One simple strategy to solve this problem could be by
reducing the amount of this lipid until a completely miscible mixture is observed.

A simple way to produce multilayers in-vitro models is to use solid supports via different
methods (spray-drying, spin coating etc.). Multilayers on solid supports can be studied with
many techniques including X-ray and neutron scattering. Neutron scattering in comparison to
X-ray scattering has the advantage to distinguish between atoms of hydrogen and deuterium
and in multi-layered systems this can be used conveniently. For instance, the experiments
performed in publication | could be upscaled with SC multilayers using deuterated NIS and
study how deeply these penetrated the model and to observe how its structure is affected.
Similarly, liposomal formulations with a deuterated compound could be used to observe how
these are able to cross a SC multilayer making easier to predict which formulation can be used

for dermal and/or transdermal delivery. However, neutron scattering has some drawbacks.
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First, to perform such experiments special facilities are required and its access might be limited
to only few days in a year. Second, the synthesis of deuterated or perdeuterated compounds
is extremely expensive and needs specialized equipment, and finally, data analysis is
complicated, time-consuming and needs trained users.

Another interesting way to take advantage of SC multilayers systems is by using them in
permeability membranes such as the PAMPA. The parallel artificial membrane permeability
assay (or PAMPA) is a recent procedure developed for a rapid determination of passive
transport permeability that is gaining acceptance in pharmaceutical research [233] used as
early stage method in drug discovery. PAMPA membranes in comparison to Franz cells allow
to measure simultaneously more samples since a 96-well filter plate coated with an artificial
membrane is used. Moreover, artificial membranes can be used being more cost-effective and
efficient. It consists of two separated compartments, one containing a buffer solution with the
formulation to be tested defined as donor well and the other containing an initial fresh buffer
solution defined as acceptor well (Figure 41) [234]. With the intent to create quick, reliable and
cost-effective permeability models, in the 2012 the so-called skin-PAMPA was produced by
Sinko et al. [235] allowing to create a screening system that demonstrated high predictability
in comparison with data present into three different databases. Nevertheless, skin-PAMPA is
a relatively new method still under development and it's not yet recommended by public
authorities for the in-vitro permeability studies whilst Franz cells are still the golden standard.
Similarly, a PAMPA membrane coated with SC lipid matrix model could be prepared in order
to screen the permeability of drugs.

e e | —Donor Well
®©

Test compoud

- __Artificial Membrane

Buffer solution

» | _— Acceptor Well

Figure 41. Representation of a PAMPA system taken from [236].
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6. Conclusion and final remarks

The major purpose of this thesis was to develop a simplified SC monolayer model and to show
that it can be used as a reliable system for predicting the interaction of cosmetic and
pharmaceutical formulations with the native SC lipid matrix. In addition, the physical-chemical
characterization of CER[AP] was accomplished by studying the structure of its different
diastereomer forms.

The selected in-vitro SC model was composed of a quaternary mixture made of CER[NP]:D-
CER[AP]:Chol:LA (0.66:0.33:0.7:1 molar fractions). The model was thoroughly characterized
in mono- and multi-layer systems, however, only monolayers were used for further
investigations. The most relevant results are summarised as follows:

In publication I, the SC monolayer model was studied with the Langmuir-Blodgett technique
and by epifluorescence microscopy. The selected model was contacted with non-ionic
surfactants (NIS) to investigate their use as potential penetration enhancers. Thanks to their
low skin toxicity, NIS are proposed to be used as ideal excipients for improving the permeation
of hydrophilic drugs through the SC for dermal and transdermal delivery purposes. Polysorbate
80 and sucrose monolaurate were used as model surfactants, and the main objective was to
determine for each compound the MIP (maximal insertion pressure). It was found that sucrose
monolaurate has a higher insertion capability into the SC lipid layer in comparison to the
polysorbate 80.

In publication Ill, new SC liposomes (i.e. cerosomes) were successfully produced and
characterized. Two formulations, one consisting of SC lipids formulated at pH 10 and one with
the addition of PLs formulated at pH 7, showed uniform particle distribution and long-term
stability. The formulation with the added phospholipids presented some advantages in
comparison to the formulation without phospholipids since a buffer at neutral pH was used
(more tolerable in case of dermal administration) and presented as well a higher stability. The
developed cerosomes were studied together with our stratum corneum model in order to
observe for the first time the mode of action by which the cerosomes are able to enact their
skin barrier repairing effect. The mechanism behind this repairing effect is based on the
establishment of strong interactions between the headgroups of the cerosome to the
headgroups of the SC model, and the driving force of this interaction is based on intermolecular
HbN between CERs headgroups.

In publication Il, CER[AP] diastereomers with symmetric (18:0, 18:0) and asymmetric (24:0,
18:0) chains were studied in detail by X-ray scattering based methods. This CER is reported
to exist in the D(2R)-form in the SC. Since CER[AP] is often used for the development of in-
vitro SC models in its D/L diastereomer mixture, in this publication it was impressively
demonstrate that considerable differences exist in the packing and organization of the two
diastereomers. The main finding was that D-CER[AP] formed both in mono- and multi-layer
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systems a highly ordered subgel phase which is an indicator for strong intermolecular HbN. In
contrast, L-CER[AP] formed only an oblique chain lattice in both mono- and multi-layers. The
disappearance of the subgel phase proved the absence of the HbN. A consequence of the
establishment of the subgel phase is reflected in the arrangement of the lipids in multilayer
systems. As proved in SAXS experiments, the D-form arranged in hairpin or FE configurations
while the L-form arranged in V-shape. The diastereomer mixture was as well analysed and
main findings were that in both mono- and multi-layers two lattices were observed. One lattice
consisted of the pure D-form while the second lattice consisted of the L-form which
accommodated some molecules of the D-form. To conclude, with and without chain symmetry
no relevant differences have been observed.

In summary, with this work we showed that by using simplified SC models and the
sophisticated biophysical techniques, is possible to obtain relevant information regarding the
molecular background, the strength of interaction and the mode of action by which complex
systems interact with monolayers. Of course such methodologies and models present as well
disadvantages: a single layer is not representative of more complex structures such as the LM,
only four lipids species for the development of the SC model are not representative of the
manifoldness of lipids present in the in-vivo skin, and the local variability can never be
reproduced in in-vitro systems. The final message is that the experiments here described
represent useful methods to study the molecular background behind the SC organization and
as well to characterize the interaction of these lipids with systems of different chemical nature.
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7. Appendices

Appendix A, surfactants CMC estimation and effect of SL on SC monolayer

The CMCs of the non-ionic surfactants used in publication | were determined by surface
tension experiments. By measuring the SP at different surfactant concentrations, the surface
tension of the water can be determined and from it the CMC value extrapolated. The found
values were for PS80 (Figure A1a)~9 uM and for SL ~ 260 uM. These values are slightly
smaller than the literature references.
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Figure A1. Plot of surface tension (y) versus natural logarithm of surfactant concentration of a)
polysorbate 80 and b) sucrose monolaurate.

Appendix B, CER[NP] (24:0, 18:0) SAXS/WAXS profiles and effect of cholesterol
addition on CER[NP]

CERI[NP] (24:0, 18:0) was tested via SAXS/WAXS with and without the presence of Chol. As
seen in figure A2, it was possible to observe that CER[NP] presents different polymorphic
forms. Un figure A2a) a d-spacing of 43.3 A was observed while in figure A2b) of 37.4 A. This
values were in agreement with those found by Dahlen and Pascher [53]. In figure A2c, the 7:3
CERI[NP]:Chol mixture was studied showing a clear phase separation of the compounds.

In figure A3, the GIXD study of 7:3 mixtures of CER[NP]:Chol was performed. As can be
observed, in comparison to the lattice of pure CER[NP] (Figure S5b) a different lattice with
clear and defined peaks was originated.
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Figure A2. SAXS and WAXS profile of CER[NP] (24:0, 18:0) a) polymorph with d-spacing of 43.3 A and
b) polymorph with d-spacing of 37.4 A, ¢) SAXS and WAXS profile of 7:3 CER[NP]:Chol mixture with
clear phase separation of the CER[NP] from the Chol.
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Figure A3. Lattice and in-plane component of 7:3 mixture of CER[NP]:Chol. In comparison to the lattice
of pure CER[NP] in figure S5b, the lattice presents more defined peaks.

Appendix C, Lecithin phospholipids characterization

The phospholipids, P100-3 and S75-3, used in publication Il for the formulation of the
cerosome and for the production of liposomes were characterized in detail via DSC in bulk
dispersion, via SAXS in bulk dispersion and via GIXD in monolayers. In each mixture, the
number indicates the w% of PC while the -3 indicates hydrogenated chains.

Both P100-3 and S75-3 exhibited in monolayers (at all measured SP) an orthorhombic lattice
(Figure AB) with parameters shown in table 1a. SAXS results (Figure A5) indicated that P100-
3 formed a lamellar phase with d-spacing of 68.4 A while S75-3 formed positionally
uncorrelated bilayers . Finally, DSC showed that P100-3 (Figure A4a) presented a pre-phase
transition at 45.3 °C and a main phase transition at 51.9 °C. Since P100-3 consists mainly of
a mixture of DPPC and DSPC such found value is justified. S75-3 presented a main phase
transition at 53.2 °C (Figure A4b) with additional peaks at higher temperatures indicating phase
separated lipids in the mixture. The precise composition of the mixture is not known, therefore,
could not be determined which lipids caused the phase separation.
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Figure A4. Heating and cooling DSC scans of aqueous dispersions a) P100-3 / sharp main phase
transition at 51.9 °C and a pre-transition at 45.3 °C) and b) S75-3 (main phase transition at 53.2 °C
followed by smaller peaks due to phase separation of components in the mixture).
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Figure A5. a) SAXS profile of P100-3, a single lamellar phase with d-spacing of 68.4 A and 4 orders of
reflection was observed, b) SAXS profile of S75-3, the presence of positionally uncorrelated bilayers
was observed.
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Figure A6. Diffraction patterns and in-plane component analysis of a) P100-3 and b) S75-3 measured
at 30 mN/m. Both monolayers presented a lattice with an orthorhombic unit cell but slightly different
packing parameters. P100-3 chains had a tilt of 31.6° while S75-3 chains of 27.2°.

Table A1. Peak positions (Qx, and Q), with full-width at half-maximum (fwhm) of the respective rods,
lattice parameters of the unit cell (a, b and c), tilt angle (f), cross-sectional area (A,) and in-plane chain
area (Axy) extracted from GIXD data of the different lecithins on CaBr: solution at 20 °C measured at 30

mN/m.
a b a B t fwh d Axy Ao OQxyr Qxy2 Qz1 Qz2
A A o ° ° m A2 A A+ A A A
P100-3 ‘ 545 508 115 122 316 031 009 234 199 1.36 1.46 0.71 0
$75-3 ‘5.24 500 116 121 272 032 006 224 199 1.41 1.47 0.62 0

Appendix D, calorimetry analysis of CER[AP] and of SC mixtures
D- and L-CER[AP] diasteromers with symmetric (18:0,18:0) and asymmetric (24:0, 18:0)

chains and the diastereomer mixtures were analysed by means of DSC on dry powder since
the temperature limit for DSC analysis in bulk dispersion is 95 °C. As can be observed in figure
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A7, each profile presented between two to four peaks. The last peaks represented the effective

phase transition from solid to liquid phase while the precedents could be connected to

transition in new metastable phases due to structure rearrangement.

The dry powders of the SC mixtures with C24 and C18 chains were as well tested with DSC.

The SC mixture with C24 chains presented a main phase transition at 77.3 °C (Figure A8a)

followed by a wider peak due to same phase separated component. The SC mixture with C18

chains presented a phase transition at 66.2 °C (Figure A8b).
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Figure A7. DSC curves of a) symmetric (18:0, 18:0) and b) asymmetric (24:0, 18:0) CER[AP]. Three
heating/cooling cycles (full line — 1th scan, dashed line — 2nd scan, dotted-dashed line 3rd scan) were
applied using dry powders. The heating scan rate was 10 K/minute.
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Figure A8. DSC curves of a) dried powder of the SC model with C24 alkyl chains, one main phase
transition can be observed at-75 °C and consequent presence of a broader peak at higher temperature
due to phase transition and b) dried powder of the SC model with C18 alkyl chains, the main phase
transition is observed at-65 °C.
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