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Abbreviations and Symbols

[AP]
ATR
CE
CZE
Cer
Chol
Chs

e.g.
EOF
[EOS]
ESEM
FFA
FT
HPTLC

o-hydroxy phytosphingosine

attenuated total reflection

capillary electrophoresis

capillary zone electrophoresis

ceramide(s)

cholesterol

cholesterol sulfate

lamellar repeat distance

penetration depth

diffusion coefficient

exempli gratia (“for example”)
electroosmotic flow

w-hydroxy sphingosine

environmental scanning electron microscopy
free fatty acid

Fourier transform

high performance thin layer chromatography
inter alia (“among other things”)

id est (“that is”)

infrared

steady-state flux

partition coefficient between membrane and donor
permeability coefficient

wavelength

membrane thickness (diffusional pathlength)
long periodicity phase

mass/mass percentage

mid-infrared

refractive index

numerical aperture



OA oleic acid

PA palmitic acid

PBS phosphate-buffered saline

q scattering vector

Ry retention factor

RP-HPLC reversed-phase HPLC

SAXD small angle X-ray diffraction
SC stratum corneum

SEM scanning electron microscopy
SPP short periodicity phase

TEM transmission electron microscopy
Ty lag-time

0 scattering angle

u concentration

uv ultraviolet

1% wavenumber

v/v volume/volume percentage
X space coordinate

The rest of abbreviations and symbols is explained in relevant chapters.



1 Introduction

The skin is the largest organ of the human body in terms of area and mass. It covers
an area of approximately 1.7 m? and constitutes about 10% of the body mass of an
average adult person [1]. The skin provides many vital functions. Its principal function is
to separate the body fluids and tissues from the external environment and to act as a
protective barrier against harmful outside factors like chemicals, pathogens, UV-radiation,
temperature, as well as against uncontrolled water loss. It plays also a crucial role in the
regulation of body temperature (perspiratory function of sweat glands). The sensing
function of the skin (reception of external stimuli such as pressure, pain and heat) is of
major importance for the prevention of severe damage of the human body caused by e.g.
too long exposure of the skin to the heat source. Some of the minor functions of the
human skin are the synthesis of Vitamin D (as a result of a photochemical reaction taking
place within the keratinocytes), the elimination of biochemical wastes (in glandular
secretions) and the participation in the immune answer of the human body (Langerhans
cells present in the skin are an early-warning component of the immune system) [2-4].

The fundamental function of the skin, the skin barrier function, has been of major
interest for decades. First, it was discovered that it is provided by the outermost layer of
the skin, the stratum corneum (SC), and the barrier properties result from the unique
composition and organization of the SC [5]. Later, the SC intercellular lipid fraction was
proposed to play a key role in the formation and maintenance of the skin barrier [6]. This
discovery led to many studies trying to elucidate the organization of the SC intercellular
lipid matrix. As a consequence, a number of theoretical models of the SC lipid matrix
organization, along with the most important the stacked monolayer model, the domain
mosaic model, the sandwich model, the single gel phase model and the most recent
armature reinforcement model, were suggested [7-12]. However, none of these models
clarifies all structural aspects of the human SC organization.

The semipermeable character of the SC is responsible, on the one hand, for the
protection against exogenous influences and desiccation, and, on the other hand, limits
the penetration of drugs into the skin, both endodermal (the local treatment of skin
diseases) and transdermal drugs (the systemic effect, i.e. the drug is taken up by the
systemic circulation from the dermis after crossing the SC) [13]. The low ability of drugs to

pass the SC barrier constitutes a major problem and, at the same time, a challenge in the
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dermal/transdermal administration of drugs. This administration route offers many
advantages when compared to other more conventional ways of drug administration (e.g.
oral), namely the avoidance of the first pass effect in the liver, the reduction of side
effects, etc. In order to facilitate the absorption of topically applied drugs, the skin barrier
function needs to be temporarily weakened by the use of physical (e.g. sonophoresis,
iontophoresis, electroporation) or chemical (application of penetration enhancers)
methods [14]. Nevertheless, the mechanisms of action of the drug penetration
enhancement methods, especially modes of action of penetration enhancers, and their
impact on the SC structure are still not well understood.

The molecular organization of the SC lipid matrix, as well as the function of each
lipid species in the formation and maintenance of the SC barrier, are not yet fully
explained. A better comprehension of the SC lipids interactions is crucial for the
elucidation of the impact of all SC lipid species, especially ceramides, on the SC barrier
properties. In former studies focused on the investigation of the SC lipid organization,
native SC lipids isolated from the mammalian skin and lipid model membranes created
from the extracted SC lipids were used [15-23]. Since native SC membranes are very
complex, the use of such SC systems reduces the possibility to relate the differences in
the SC lipid composition to the alterations in the SC molecular organization. A perfect
solution to this problem is the use of SC lipid model membranes composed of artificial SC
lipids as they offer many advantages over the native ones. First of all, they can help to
overcome problems like the limited availability and high inter- and intra-individual
variability of native SC membranes [9]. Furthermore, the use of well-defined synthetic SC
lipid model membranes offers the possibility to alter their composition systematically,
hence it allows to study and elucidate the role of each individual lipid species in the SC
intercellular lipid organization and barrier function. In the recent studies, where artificial
SC lipid systems were used [11, 12, 24-28], the focus was placed on the investigation of
the SC lipid composition—organization relationship. However, no direct information about
the relation between the SC lipid composition/organization and the SC barrier function
was acquired. This thesis aims at getting a better insight into the SC intercellular lipid
matrix composition/organization—barrier function relationship. The purpose is to relate
the changes in the organization of the SC lipid model membranes, on a molecular level, to
modifications in their barrier function.

In the first part of this thesis, the current status of knowledge on the SC
composition and organization will be presented (Chapter 2). In Chapter 3, the methods of

drug penetration enhancement into the skin, as well as the use of in vitro diffusion and
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permeation experiments in the dermal and transdermal drug delivery studies will be
discussed. In Chapter 4, the fundamental principles of experimental techniques employed
for the purpose of this work will be described.
In the second part, the following objectives of this thesis will be elaborated and
discussed:
(i) Preparation of artificial SC lipid model membranes on a porous substrate to
enable the conduct of in vitro diffusion and permeation studies of model drugs
(Chapter 5).
(ii) Characterization and standardization of SC lipid model membranes prepared on
the porous substrate by means of various analytical techniques, i.a. small angle
X-ray diffraction, high performance thin layer chromatography, environmental
scanning electron microscopy and confocal Raman imaging (Chapter 5).
(iii) Diffusion and permeation studies of model drugs through SC lipid model
membranes designed for investigating the relation between their composition
and the barrier function (Chapter 6).
(iv) Investigation of the influence of the penetration enhancer on the barrier

properties of the SC lipid model membranes (Chapter 7).



2 The stratum corneum - its composition, organization and

function

2.1 The organization and function of the human skin

The skin is composed of three distinct layers: the outermost epidermis, the dermis
and the innermost hypodermis (the subcutaneous fat layer) [29, 30]. Its structure is

presented in Fig. 1.

Hair

Dermal papillae - Epiderrnis

Cold receptar 5 i

o - Drarmis
Heat receptor _d

Elood wessel

Connechive tzsue

- Subcutaneous layer
MHerwe

\
Fatlobules . } l /

Fig. 1. Structure of human skin (adapted from [31]).
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The hypodermis (subcutis) is a connector between the overlying dermis and the
body tissues situated underneath. It is typically several millimeters thick and its thickness
depends on the number of adipocytes (cells storing fat) located within it. The subcutis
provides isolation and, therefore, protection against cold and physical shock. It contains
principal blood vessels and nerves, which traverse to the overlying layers of the skin [32].

The next skin layer, lying over the hypodermis, is the dermis (corium). It is 1-5 mm
thick [33] and consists of a connective tissue with collagen and elastin fibers embedded in
a mucopolysaccharide gel [34]. The collagen fibers provide support to the skin and the
elastin ones — flexibility. There are numerous structures embedded within the dermis
such as blood and lymphatic vessels, nerve endings, hair follicles, sebaceous and sweat
glands.

The outermost layer of the human skin, the epidermis, ranges from about 0.06 mm

to about 0.8 mm in thickness (depending on the area of the body). It is a dynamic, self-
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renewing tissue layer, where cells that are separated from the surface in consequence of
the desquamation process, are replaced by new cells produced in its lowest layer [35].
There are no blood vessels within this skin layer, hence transdermal drugs must permeate
through the epidermis in order to get into the systemic circulation [32]. The epidermis
can be divided into four histologically distinct layers: starting with the stratum basale at
the dermo-epidermal interface, followed by the stratum spinosum, the stratum
granulosum and the stratum corneum. A schematic diagram of the epidermal layers as
well as a presentation of the changes within the cells undergoing during the cell

differentiation are displayed in Fig. 2.
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Fig. 2. Schematic representation of the structure of the epidermis and its cell differentiation
(adapted from [32]).

The stratum basale, also known as the stratum germinativum or the basal layer, is
the innermost epidermal layer. It is composed of a single layer of columnar basal cells
(keratinocytes), attached to the basement membrane by hemidesmosomes.
Keratinocytes, the major cell type within the viable epidermis, contain all typical cell
organelles such as nucleus, mitochondria and ribosomes [36]. A constant mitosis of these
cells in the basal layer compensates a loss of cells from the skin surface, causing a renewal
of the epidermis. The other cells present in the basal layer are: melanocytes (synthesizing
skin pigment melanin), Langerhans cells (antigen-presenting dendritic cells) and Merkell

cells (responsible for cutaneous sensation) [3].
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The next layer of the epidermis, the stratum spinosum (also referred to as the
spinous layer or the prickle cell layer) is made up of 2—6 rows of keratinocytes that start
to change their morphology and begin to differentiate. The synthesized keratin filaments
tend to aggregate and create tonofilaments. As a result of the condensation of
tonofilaments, structures called desmosomes are formed. They act as the connectors
between the cell membranes of the adjacent keratinocytes, and hence are responsible for
keeping the integrity of the tissue [37, 38]. In the upper layers of the stratum spinosum,
the keratinocytes contain two types of intracellular granules: keratohyalin granules and
membrane-coated granules (also known as lamellar bodies or Odland bodies [39]). The
Odland bodies are composed predominantly of polar lipids (i.e. phospholipids,
glucosylsphingolipids, free sterols) and catabolic enzymes (i.e. hydrolases) and their
contents are of major importance for the formation of intercellular lipid lamellae within
the stratum corneum [40-42].

By the continuation of the cell differentiation process and by moving upward, the
keratinocytes reach the stratum granulosum (or the granular layer), which consists of 1-3
layers of highly differentiated cells that start to flatten. Their viable cell constituents (such
as nuclei) are degraded by enzymes, and the Odland bodies, containing the lipid
precursors for the intercellular lamellae of the SC, migrate to the apical part of the
keratinocytes, being ready for a fusion with the cell membrane. As the cells approach the
stratum granulosum-SC interface, the contents of the lamellar bodies are secreted via
exocytosis to the intercellular space, where hydrolases transform them to ceramides, free

fatty acids, cholesterol and cholesterol esters [6, 43].

2.2 The stratum corneum

The outermost layer of the skin, the stratum corneum (SC, also referred to as the
cornified layer or the horny layer), is thought to constitute the main penetration barrier
for topically administered drugs and other substances, including water [44, 45]. It consists
of 10-25 layers of parallel to the skin surface dead, anucleated corneocytes
(keratinocytes in a terminal stage of cell differentiation), and ranges from 10 to 15 um in
thickness when dry, however, swells to several times this thickness in a fully hydrated
state [46]. The elongated and flat corneocytes are embedded in a lipid matrix. This

characteristic organization of the SC is often described as the “brick and mortar” structure
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(Fig. 3), where the corneocytes resembling the bricks are embedded in the mortar of the

SC intercellular lipid bilayers [47-50].

lipid phase
ceramides
fatty acids
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Fig. 3. Organization of the stratum corneum with a characteristic “brick and mortar” structure
(adapted from [51]).

The corneocytes, comprising keratin fibrils, are surrounded by a cornified cell
envelope, which is formed during the terminal stage of keratinization and is composed
predominantly of loricrin, involucrin and cornifine that are cross-linked as a result of the
action of calcium dependent transglutaminases [52, 53]. The cornified cell envelope is a
rigid structure, highly resistant to proteolytic enzymes and organic solvents. Its proteins
(mainly involucrin) are covalently bound to long-chain w-hydroxyacyl moieties of
ceramides of a lipid envelope [54-56]. The interaction between the cornified cell envelope
and the lipid envelope stabilizes the SC structure and provides the cohesiveness of
corneocytes with the SC intercellular lipids. The corneocytes are kept together by
corneodesmosomes, which are enzymatically degraded during the desquamation process
[30, 57]. Properly functioning desquamation process is of major importance for the
maintenance of the normal skin structure and function. It depends on the hydration state
of the SC and the content of cholesterol sulfate in its upper layers. It was found that
desquamation is inhibited in the excess of cholesterol sulfate and at low environmental
humidity [58]. The mechanism of the inhibition of the cell shedding process is not yet fully
explained, however, most probable reason is the reduced activity of desquamatory

enzymes at lower water content and/or higher cholesterol sulfate content [59].
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Disturbances in the desquamation process lead to the skin disorders like recessive X-
linked ichthyosis (caused by a deficiency of a cholesterol sulfatase) [60, 61].

The unique composition of the SC contributes to its barrier function. It consists in
75-85% (the SC dry weight) of proteins, whereas lipids constitute only 5-15% [34].
However, the proteins are mainly to be found in the corneocytes, enzymes and the
cornified cell envelope, while the lipids build up the lipid matrix located in the SC

intercellular space.
2.2.1 Penetration routes through the stratum corneum

Molecules can penetrate through the normal intact skin using two different
penetration routes: the transappendageal route and the transepidermal route (Fig. 4).
The former can be divided into the transglandular (via sweat ducts) and the transfollicular
(via openings of hair follicles and sebaceous glands) route. It is thought to be less
important than the transepidermal route, because of its relatively small area (~ 0.1% of
the total skin area) when compared to the latter [62]. However, recent studies point out
the importance of the shunt route for the transdermal drug delivery [63-65]. In the case
of the transepidermal route, two pathways can be distinguished: the transcellular (also
known as intracellular) and the intercellular. The intercellular route is considered to be
more preferable pathway for most molecules, although it is tortuous (compounds
penetrate through the intercellular lipid lamellae between corneocytes) and, in result,
much longer than the transcellular one. The reason for that is a highly impermeable
character of the cornified cell envelope, which molecules must pass frequently when

using the transcellular pathway [66].

Transepidermal Via pores

intercellular transcellular transglandular  transfollicular
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Fig. 4. Penetration routes through the stratum corneum (adapted from [67]).
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Because of the lipophilic nature of the SC and the low water content, it is believed
that the penetration of hydrophilic compounds is hampered when compared to the
penetration of the lipophilic ones. However, recent studies suggest the existence of two
distinct penetration pathways within the SC: lipophilic and hydrophilic one.

On the one hand, lipophilic molecules penetrate within the nonpolar tail-group
regions of the SC lipid bilayers; on the other hand, hydrophilic molecules penetrate within
their polar head group regions using the hydrophilic pathway [68]. Therefore, a further
insight into the composition and organization of the SC intercellular lipids is crucial for

better understanding of the human skin barrier function.

2.2.2 The stratum corneum intercellular lipid matrix composition

The key role in functioning of the skin barrier plays the lipid part of the SC.
Furthermore, the SC barrier function is determined not only by the individual lipid
species, but by the organization of different classes of lipid species and corneocytes [69].
As mentioned previously, the SC intercellular lipids originate from Odland bodies.
Following the exocytosis of their contents to the intercellular space at the stratum
granulosum—SC interface, phospholipids, glucosylsphingolipids and free sterols are
enzymatically converted to less polar ceramides, free fatty acids and cholesterol esters
that altogether form lipid lamellae [6, 43].

Therefore, ceramides (Cer), cholesterol (Chol) and long-chain free fatty acids (FFA)
are the major lipid classes present in the SC intercellular space [70, 71]. Interestingly, the
SC does not contain phospholipids, contrary to other biological barriers (e.g. cell
membranes). The SC lipid composition varies inter- and intra-individually [9, 72, 73].
Disturbances of the skin barrier function caused by changes in the SC lipid composition
can lead to skin diseases. Hence, the knowledge on the role each lipid class plays in the SC
lipid barrier function is of great importance.

Ceramides (Cer) are the main constituents of the SC intercellular lipid matrix and
are regarded as principal compounds in the formation and maintenance of the SC barrier
function [56, 74]. Cer belong to structurally heterogeneous sphingolipids and are
composed of a sphingoid base amide-linked to a long chain fatty acid. Only D-forms of Cer
are present in the native SC. The results of a recent study indicate the existence of 12
classes of Cer that have been isolated from the human SC [75]. The original nomenclature
of Cer was based on their polarity measured by the thin layer chromatography, where

each Cer was assigned a number. The higher number of Cer, the more polar molecule
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[76]. With the increasing number of identified Cer, this way of Cer labeling appeared to be
unsatisfactory. Therefore, nowadays, more preferred and more frequently used

classification of Cer is based on their molecular structure [77].
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Fig. 5. Chemical structures of ceramides with their nomenclature according to [77].

Individual classes of Cer differ from each other by the type of a sphingoid moiety

(sphingosine [S], phytosphingosine [P], 6-hydroxysphingosine [H] or dihydrosphingosine
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[dS]) that is bound to a fatty acid moiety, which can be non-hydroxylated [N] or a-
hydroxylated [A] with its chain length of mostly 24 to 26 carbon atoms. In the case of
acylceramides that have unique, unusually long molecular structures, unsaturated linoleic
acid is ester linked to w-hydroxy fatty acid of 30-34 carbon atoms [EQ] [78, 79]. The
chemical structures of Cer found in the human SC are displayed in Fig. 5. As indicated
above, the Cer have a significant impact on the SC barrier function, however, the role of
each Cer class is not yet known or fully explained.

Cholesterol (Chol), which constitutes approx. 25% of the SC lipid mass [13], is the
most abundant individual lipid species in the SC. The SC cholesterol is synthesized mainly
in the epidermis. Its increased synthesis, as a result of skin barrier function disorders,
returns to normal when barrier function is recovered [80], which confirms the importance
of Chol for the maintenance of the SC barrier function. Chol molecule fits into the lipid
bilayer with its hydrophobic steroid ring and an adjacent short aliphatic chain oriented
towards the long hydrocarbon chains of Cer and FFA, while its hydroxyl group is located
close to the polar head groups of Cer [81]. Of great importance is the right content of
Chol in the SC intercellular lipid matrix. The optimal, for the SC barrier function,
concentration of Chol is just under its solubility in the lipid lamellae (~ 30 mol% [82]).

Higher concentrations of Chol may cause the creation of discontinuities within lipid
bilayers, as a consequence of the formation of pure domains of crystalline Chol. On the
other hand, low content of Chol within lipid bilayers increases their lamellar ordering by
promoting the trans conformation of hydrocarbon chains and reducing the tilt angle. This
effect limits the mobility of the hydrocarbon chains, and hence decreases the
permeability of the lipid membrane [83-85].

A minor component, in terms of concentration (typically 2—5% of the SC lipid mass),
of the SC intercellular lipids is cholesterol sulfate (ChS). Despite its small content within
the SC, it is considered to be a crucial factor in the desquamation process, where ChS is
responsible for the inhibition of desquamatory enzymes. As mentioned before, the
increased concentration of ChS in the SC, caused by the deficiency of sterol sulfatase,
leads to recessive X-linked ichthyosis (a skin disorder with characteristic scaly appearance
of the skin) [86, 87]. Interestingly, ChS improves the dissolution of Chol in lipid mixtures
(phase separated Chol disappears after addition of ChS to the mixtures of Chol, Cer and
FFA) [88].

Free fatty acids (FFA) present in the human SC are predominantly saturated,
straight chained and constitute approximately 10% of the SC lipid mass [13]. The chain
length of the SC FFA ranges from 16 to 30 carbon atoms with C22, C24 and C26 chains as
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the examples of the most abundant species in the SC [73, 89]. The unsaturated FFA found
in the SC are: oleic acid (C18:1) and linoleic acid (C18:2). The FFA are the only ionizable
molecules, apart from ChS, within the SC, and this might be relevant for the formation of
lipid lamellae [90]. The addition of FFA to the lipid mixtures increases the dissolution of
Chol in the lamellar phases, as well as the fluidity of the lipids at higher temperatures. The
importance of the FFA for the proper SC barrier function was confirmed in the study,
where the recovery of the SC barrier was significantly improved after the addition of

supplementary FFA [91].

2.2.3 The stratum corneum intercellular lipid matrix organization

The organization of the SC intercellular lipid matrix is of special interest, because of
its great importance for the skin barrier function. The freeze fracture electron microscopy
studies revealed that the SC intercellular lipids are organized in lamellar structures [92]. In
other electron microscopy investigations, it was found that the SC intercellular lipids are
arranged in repeat units composed of a broad-narrow-broad sequence of electron lucent
bands with a lamellar periodicity of 130 A [93]. Furthermore, small angle X-ray diffraction
studies confirmed the presence of this characteristic phase in murine, pig and human SC
[15, 20, 94]. Additionally, these studies revealed the existence of two lamellar phases in
the SC intercellular lipid matrix, one with a periodicity of 130 A (referred to as the long
periodicity phase, LPP) and the other with a lamellar repeat distance of 60 A (known as
the short periodicity phase, SPP). The former is suggested to play a significant role in the
SC barrier function. The LPP was also found in mixtures composed of isolated or synthetic
SC lipids [18, 95]. It is thought that one of the requirements for the formation of the LPP is
the presence of the acylceramide, Cer [EOQS], in a proper ratio with other Cer, Chol and
long-chain FFA [21]. Nevertheless, the results of recent studies show that the LPP was
formed only when lipid mixtures consisted of synthetic Cer, Chol and FFA, while in the
case of lipid mixtures composed of Cer isolated from the human SC, Chol and FFA, only
the presence of the SPP was confirmed [88, 95, 96]. Therefore, the existence of the LPP in
human SC in vivo is questionable. With the exception of some electron microscopy [7, 93]
and small angle X-ray diffraction studies [15, 20, 94], its presence within human SC was
not confirmed neither in cryo-transmission electron microscopy studies [97] nor in
neutron diffraction studies [98]. Taking these various results into account, it can be

assumed that the presence of the LPP within the SC lipid model membranes should not be
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regarded as a confirmation of the correct method used for the preparation of the SC lipid
model systems and their biological relevance.

Over the years, various theoretical SC models have been developed in order to
describe the organization of the SC intercellular lipids. The assumptions of the SC lipid
organization on which these models are based, as well as their suitability to explain the
organization and processes occurring in the SC in vivo, are still vigorously discussed [7-12,
18, 21, 23-25, 27, 99-101]. The most relevant models of the SC lipid matrix organization
are the stacked monolayer model, the domain mosaic model, the sandwich model, the
single gel phase model and the most recent armature reinforcement model.

According to the stacked monolayer model (displayed in Fig. 6), alkyl chains of Cer in
the stretched splayed chain conformation interdigitate, and Chol is uniquely distributed in
different layers [7]. Moreover, two adjacent lipid bilayers may form a lipid monolayer by
contributing lipid chains. Interestingly, this process is assumed to be reversible, so in

result, each monolayer can be expanded into a lipid bilayer.

"IN ANANNANNANS

Fig. 6. The stacked monolayer model (according to [7]).

As stated in the domain mosaic model [8], the SC intercellular lipids create a
multilamellar two-phase system with discontinuous lamellar crystalline gel domains
embedded in a continuous liquid crystalline phase (see Fig. 7). The gel domains are
surrounded by “grain borders” composed of lipids in the liquid crystalline state. This
model assumes that the fluid character of these borders enables diffusion of hydrophilic

and lipophilic compounds through the skin barrier.
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Contrary to the domain mosaic model,
Liquid crystalline

grsn border where the crystalline and liquid domains are

situated side by side in one layer, the sandwich

Gel domain

model (Fig. 8) suggests that these domains are
arranged in a trilayer [9]. Such lipid arrangement
is in accordance with the broad-narrow-broad
sequence of the LPP. A centrally situated liquid

layer is formed predominantly by the

unsaturated linoleate  moieties of the
Fig. 7. The domain mosaic model (adapted  gcylceramides (Cer [EOS], Cer [EOH], Cer [EOP],
from [10]) Cer [EOdS]) and Chol. In the two neighboring
layers, the crystallinity rises gradually due to the presence of less mobile saturated
hydrocarbon chains. Because of a discontinuous character of the fluid phase located in
the central unit, the substances permeating through the SC have to pass the crystalline
lamellar region and partly diffuse through the more loosely packed lipid regions [100].

The single gel phase model
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suggests that a single and coherent

skin barrier [10]. Moreover, neither

— Cholesterol
the liquid crystalline and gel phases @ 2 Ceramide 1
[ Ceramides 2, 3, 4and 6

nor the crystalline phases with g

Ceramide 5
hydrocarbon  chains arranged in Fig. 8. The sandwich model (according to [21]).
hexagonal and orthorhombic lattice

are separated. The lipid arrangement proposed is also characterized by a low water
content, a low degree of mobility and a dense packing of its constituents, which
altogether results in a low water permeability. In contrast to the domain mosaic and the
sandwich models, where Cer are organized only in the hairpin (two parallel oriented
hydrocarbon chains pointing in the same direction) conformation, in the single gel phase

model both hairpin and fully extended (hydrocarbon chains point away from a central

head group in the opposite directions) conformations are present (Fig. 9B).
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All the theoretical models of
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water excess. The most recent, so- 2

v

called armature reinforcement
model [11, 12] explains this E
phenomenon. In a partly dehydrat- O

ed state, the bilayer leaflets are in Fully extended Hairpin

the steric contact (the polar head Fig.9. (A) The single gel phase model (adapted from [10]),
(B) Fully extended (or splayed chain) and hairpin (or one-

groups of Cer from the adjacent sided) conformations of ceramides.

bilayers are close to each other)

created by the fully extended conformation of the short chain Cer [AP], as presented in
Fig. 10. The fully extended conformation of Cer [AP] is of great importance for the
formation of a stable structure of the SC intercellular lipid matrix. It keeps together and
tightens up the adjacent lipid bilayers and that results in the disappearance of the
intermembrane space. Therefore, Cer [AP] can be considered here as an “armature”. An
addition of water excess forces Cer [AP] to change its conformation from the fully
extended to the hairpin conformation (the so-called chain-flip transition [11, 12]).

Simultaneously, the intermembrane space is created between the polar head groups of

Cer.
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t t
Cer [AP] in fully extended Cer [AP] in hairpin
conformation conformation

Fig. 10. The armature reinforcement model (modified from [12]); (A) partially hydrated membrane,
(B) fully hydrated membrane after addition of water excess.

In conclusion, there are several theoretical models of the SC lipid matrix
organization. However, the models proposed do not elucidate all structural aspects of the

human SC organization. There are still many controversies, regarding this subject, that are
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under discussion. A detailed description of the molecular organization of SC lipids,
particularly of the function that each Cer species has in the formation and maintenance of
the SC barrier, is not yet available. Moreover, a better understanding of the physical
properties of the SC lipids and their interactions is crucial for the elucidation of the
influence of all SC lipid species (especially each Cer species) on the barrier properties of
the SC. In the first studies, native SC lipids isolated from the mammalian skin were used in
order to investigate the SC lipid organization [15-19]. The SC lipids used there were only
characterized in terms of their head group arrangement and the hydrocarbon chain
length distribution. The use of such SC lipid systems limits the possibility to relate the
alterations in the SC lipid composition to the changes in the SC molecular organization.
Therefore, a new approach with well-defined artificial SC lipid systems produced as
oriented multilamellar membranes was introduced [11, 12, 24-28]. The use of such
systems can help to overcome obstacles like the ones listed above. Additionally, the
impact of the individual lipid species, as well as the influence of external parameters such
as temperature, humidity and penetration enhancers, on the SC lipid organization can be
investigated on a previously unattainable level. Such approach allows also for a better
extrapolation of the in vitro obtained results to the in vivo situation, including the
possibility to study the impact of penetration enhancer molecules on the SC lipid
organization on a molecular level, as well as to relate the changes in the SC intercellular

lipid organization to a modification in its barrier function.
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3 Drug delivery into the skin

3.1 Enhancement of drug penetration into the skin

The highly effective barrier properties of the SC limit the transdermal delivery of
drugs. A way to overcome this limitation is the modulation of the drug penetration within
the SC. There are a number of mechanisms of the temporary impairment of the SC barrier
function. One approach to increase the drug penetration into the skin is the use of
physical SC penetration enhancement techniques (i.a. phonophoresis, iontophoresis). The
phonophoresis (also referred to as the sonophoresis) uses the ultrasound energy in order
to enhance the penetration of drugs [102]. In the case of the iontophoresis, a small
electric current is applied to the skin, what results in the facilitation of the drug
penetration via electrophoresis, electroosmosis or enhanced diffusion [103]. Additionally
to physical methods, a chemical penetration enhancement is of great importance for the
modulation of the penetration of drugs after a topical application.

To the group of widely investigated chemical substances promoting the drug
penetration into the skin (also known as penetration enhancers) belong water, alcohols
(e.g. ethanol), glycols (e.g. propylene glycol), sulfoxides (e.g. dimethylsulfoxide), azone
and its derivatives, urea and its derivatives, terpenes and terpenoids (e.g. d-limonene),
pyrrolidones (e.g. N-methyl-2-pyrrolidone), cyclodextrins, surfactants (e.g. sodium
dodecyl sulfate), fatty acids (e.g. oleic acid) and others (reviewed in [104, 105]). The
mechanisms of the action of penetration enhancers are very complex and not yet fully
understood. It is suggested that there are two distinct penetration pathways within the
SC intercellular lipid matrix, namely hydrophilic one and lipophilic one [105]. The
enhancers can influence either the arrangement of polar head groups of the SC lipids (i.e.
the hydrophilic pathway) facilitating the penetration of hydrophilic drugs, or the
molecular organization of their hydrocarbon chains (i.e. the lipophilic pathway), which
results in the enhancement of the penetration of lipophilic drugs. However, the
enhancers that affect the hydrophilic pathway, can also influence the ordering of the
hydrophobic tails of the SC lipids and vice versa. It explains the improvement of the
penetration of either lipophilic or hydrophilic drugs when using the enhancers for the
hydrophilic and the lipophilic pathway, respectively [104-108]. Possible modes of the

action of penetration enhancers are presented in Fig. 11.
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Fig. 11. Mechanisms of action of penetration enhancers on the SC intercellular lipid
matrix (modified from [109]).

3.2 Invitro diffusion and permeation studies

In order to acquire information about the barrier properties of the skin, in vitro
diffusion and permeation studies of model drugs are carried out. The in vitro studies are
often used to predict the drug transport through the skin in vivo. Although the use of
native skin samples in such studies offers evident advantages, artificial SC lipid systems
have been recently preferred, as the SC intercellular lipid matrix is thought to be the main
penetration route for topically applied substances. Besides overcoming problems like the
limited availability and the high inter- and intra-variability of native skin samples [13], the
use of well-defined SC lipid model membranes allows to investigate the impact of each
individual lipid species on the SC lipid organization, and thereby on its barrier function.

Drug transport into the skin is a complex process. Depending on the lipophilicity of a
drug, it can either diffuse (hydrophilic substances) or permeate (lipophilic ones) through
the SC. In the case of the permeation, after the liberation of the drug from the vehicle, it
needs to partition into the SC lipid bilayers before it can diffuse through it. The same
situation applies in the case of the SC lipid model membranes. Finally, the drug has to
partition from the lipophilic SC into the more hydrophilic viable epidermis and the dermis,
where it is absorbed to the systemic circulation. The process of drug diffusion through the

SC can be described by the Fick’s second law of diffusion [110]:
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ou _ . 0%u
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0<x<L;t=0 (1)
where u is the drug concentration, x is the space coordinate, D is the diffusion coefficient
and L stands for the diffusional pathlength (taken as thickness of the SC, for simplicity
reasons, or the thickness of the SC lipid model membrane). By fitting appropriate initial
and boundary conditions to Eq. (1) and using the Laplace transformation or the numerical
analysis, one can obtain an estimate for the diffusion coefficient (D). The exact
description of the mathematical model used to estimate the D value is presented in the
relevant sections in Chapters 5-7. D, as well as other permeability parameters like the
steady-state flux (J), the lag-time (T.) and the permeability coefficient (k;), are used to
describe and compare the diffusion behavior of different drugs. The lag-time occurs at the
beginning of the process of diffusion, when the gradient of the drug concentration across
the SC is established. It is followed by the steady-state phase, in which the flux of the drug
is constant, as long as the permeability of the SC and the drug concentration in the donor
compartment (infinite dose) do not change. In order to calculate J and T; values, the
cumulative amount of the permeated drug needs to be plotted as a function of time. The
slope of the linear part of the plot is taken as the steady-state flux (/) and its intercept
with the time-axis is the lag-time (T.). The permeability coefficient (kp) is calculated as a
qguotient of the flux and the initial drug concentration in the donor compartment [111-
113]. There are different types of diffusion cells used in in vitro diffusion and permeation
studies. The most popular ones are the static Franz-type diffusion cell and the flow-
through (also referred to as in-line) diffusion cell [114]. They consist of a donor
compartment and an acceptor compartment that are clamped together. A membrane
(e.g. the SC sample or the SC lipid model membrane) is placed between them. The main
difference between the static and the in-line diffusion cell is the continuous replacement
of the acceptor phase when using the latter, whereas in the case of the static cell, the
accumulation of the drug in the acceptor phase can influence its flux (by decreasing the
gradient of the drug concentration). However, this effect is reduced to minimum by use of
relatively large, in terms of volume, acceptor compartments. Therefore, the drug
concentration reached in the acceptor phase is relatively low, when compared to its
concentration in the donor phase. In result, it has either no or very small impact on the
flux. A diagram of the static Franz-type diffusion cell that was used in the diffusion and

permeation studies of model drugs is displayed in Fig. 12.



Chapter 3 Drug delivery into the skin 25

Donor Compartment

. Membrane

Acceptor Compartment

Sampling Port |

| Water Jacket
[_ —

Magnetic Stir Bar

Fig. 12. A schematic representation of a static Franz-type diffusion cell.

An interesting approach in the diffusion and permeation studies is the use of the
ATR-FTIR diffusion cell that has been recently introduced [115, 116]. This cell combines
the advantages of the Franz-type diffusion cell and the ATR-FTIR technique. The buildup
and other characteristics of the ATR-FTIR diffusion cell are described in more detail in

section 4.2.1.
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4 Basic principles of experimental techniques applied

4.1 X-ray diffraction

X-ray diffraction belongs to the scattering techniques. It is one of the most powerful
tools for studying the SC lipid organization. Diffraction occurs when a wave of
electromagnetic radiation is deflected after encountering an obstacle on its way. The
effect of diffraction is most pronounced when the size of the diffracting objects is of the
same order of magnitude as the wavelength of the radiation (0.01-10 nm for X-rays). In
the case of the X-ray diffraction, the electromagnetic radiation is scattered by the
electron clouds of atoms. The diffraction of electromagnetic waves from three
dimensional periodic structures (e.g. atoms in a crystal, lipid lamellar phases) is known as
the Bragg diffraction. The condition for the constructive interference of the
electromagnetic radiation reflected from successive planes of a crystalline sample is given
by the Bragg’s law [9]:

nldl = 2dsin @ n=123,.. (2)
where A is the wavelength of the radiation, 6 is the angle of incidence, n is an integer (i.e.
the order of the diffraction peak) and d is the repeat distance (i.e. distance between two
parallel, successive planes). The interference is possible only when the waves coincide.
The assumptions of the Bragg’s law are shown in Fig. 13.

In the case of the X-ray 2
diffraction, the electromagnetic

radiation produced by a source

(also referred to as the primary e o o " o ® 0
beam) is directed onto a sample. _ ‘ d

0 0
While passing through the e ® ¢ o ® ®

sample, a small part of the Fig. 13. Explanation of Bragg’s law (adapted from [117]).

primary beam is scattered and these scattered X-rays are sent to the detector. The
intensity of the scattered X-rays is measured as a function of the scattering angle, 6.
However, it is more frequently plotted as a function of the scattering vector, g, which is
given by: g = 4msinf/A. In the case of samples consisting of lipids organized in a
repeating structure (like in the SC lipid model membranes), the scattered intensity is
characterized by a series of peaks (i.e. intensity maxima of scattered X-rays). When the

scattered intensity is measured at a small angle (typically 0-5°), the technique is referred
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to as small angle X-ray diffraction (SAXD). &
o
In the case of wide angle X-ray diffraction <1‘>

(WAXD), it is measured at a larger angle

(Fig. 14) and this technique provides
. . i 6 = Scattering
information about smaller structural units angle
(e.g. lateral packing of lipids forming a WAXD

lamellar phase). Contrary to WAXD, SAXD

gives insight to larger structural units such
Detection plane

as the repeat distance (also known as the
Fig. 14. Diagram presenting the principles of the X-

periodicity) of a lamellar phase [118]. ray diffraction technique (adapted from [118]).

4.1.1 Small angle X-ray diffraction (SAXD)

As stated above, the intensity of the scattered X-rays in the case of organized
periodic structures (e.g. a lamellar phase) is characterized by a series of maxima. These
diffraction peaks are referred to as the 1*' order located at q1, 2" order located at qz, 3
order located at g3, etc. As the distance between sequential peaks is the same, the

relation between peak positions is

given by: qs = 3qy, q, = 2q,, etc. Molecular arrangement Mmﬁgﬁ(ﬂl
tection
(see Fig. 15). Using the positions of H ﬁﬁﬁ
the diffraction peaks, the repeat Z d, i $2t p |
b
distance (d) of a lamellar phase can HH f
be calculated by: d=2n/q, = SR peadieRp
4m/q, =61 /q3, etc. Interestingly, z Hr‘quHu
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when the distance between the Anene = 4
sequential peaks is smaller, the Sh°"pe"iz'°"y(sp)
lamellar repeat distance is larger LP +SP |
d+d
and vice versa. Furthermore, if the a*% = f

sample contains two lamellar phases

(e.e. LPP and SPP), the X-ray

Fig. 15. Small angle X-ray diffraction technique (adapted

diffraction peaks of these phases are from [118]). The diffraction patterns of two lamellar phases

additive, which often results in a  (LPandSP)are presented separately and together on one

. diffractogram.
formation of a broader peak [118].



Chapter 4 Experimental techniques 28

4.2 Vibrational spectroscopy

Infrared (IR) and Raman spectroscopies are referred to as the vibrational
spectroscopy, because of the nature of their action. Both techniques provide information
about vibrations of atoms of a molecule. In the IR spectroscopy, a beam of IR radiation is
directed onto a sample and the amount of incident radiation absorbed at a particular
frequency is analyzed. Contrary to the IR spectroscopy (absorption of the electromagnetic
radiation by the molecule), Raman spectroscopy is based on the Raman effect which is
inelastic scattering of monochromatic light (typically in the visible, near-IR or near-Uv
range) by the molecule [119]. The energy of this electromagnetic radiation causes
excitation of the molecule to the virtual energy state. After emitting a photon, the
molecule returns to a different energy state. However, the majority of scattered photons
has the same energy as incident ones (Rayleigh scattering). Only a small part of scattered
photons has a different, usually lower (Stokes Raman scattering), energy than incident
photons [120]. The difference in the energy between the incident and the Raman
scattered photon is equal to the energy required for an excitation of a vibrational mode
of the molecule. From the position and intensity of vibrational bands characteristic for
each bond in the molecule, conformations of atoms and their surroundings, the
information about the molecular structure of the sample can be revealed. In the case of
the IR spectroscopy, the mid-infrared (MIR, 4000400 cm™) region is of most interest,
because it corresponds to changes in vibrational energies within atoms of the majority of
compounds. IR and Raman spectroscopies are complementary to each other. A
vibrational mode of the molecule is IR-active, when it is associated with the change in
dipole moment of the molecule. On the other hand, an alteration in the polarizability of
the molecule is required for a vibrational mode to be Raman-active [119]. Therefore, IR
spectroscopy is generally used to describe polar groups of molecules (strong dipole
character), while Raman spectroscopy can be used to characterize the non-polar parts of
molecules. In general, two types of vibrational modes of the molecule can be
distinguished, namely stretching (v) and deformation (8) modes. The former occurs when
atoms move in the direction of their bond, to and from each other, and can be subdivided
to symmetric (veym) and antisymmetric (vasym) Stretching. In the case of the latter, the
angle between two bonds changes. The examples of deformation modes are: scissoring,
rocking, wagging and twisting. Using IR spectroscopy, one can investigate the amount of

urea (polar compound) in the acceptor phase of the ATR-FTIR diffusion cell (described in
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the next section) based on the characteristic vibrational band v(CN) at 1466 cm™. Raman
spectroscopy, as mentioned above, is preferably used to analyze the non-polar parts of
molecules. Therefore, it can be used to investigate molecules with long hydrocarbon
chains like SC lipids [121]. In confocal Raman imaging (described in section 4.2.2) studies
on the distribution of SC lipids within SC lipid model membranes, characteristic
vibrational modes of SC lipids occurring at a specific wavelength were chosen. The region
between 600-1300 cm™ contains the alicyclic v(CC) vibrations and the &(CH,) and
0(CH3)asym Vibrations are located in the range 1400-1470 cm™. The v(C=C) mode can be
detected between 1500-1900 cm™ and the v(CC) vibration at about 900 cm™.

4.2.1 ATR-FTIR diffusion cell

ATR-FTIR diffusion cell is a recently introduced real-time measuring device for the
investigation of the transport process of model drugs and other substances of interest
across membranes [115, 116]. Its schematic buildup is shown in Fig. 16. The ATR-FTIR
diffusion cell combines the advantages of the Franz-type diffusion cell and the ATR-FTIR
spectroscopy. It is a non-destructive procedure and requires only very little sample
preparation. As in Franz-type diffusion cell, the ATR-FTIR cell consists of two chambers
separated by a membrane, namely donor and acceptor compartment. The acceptor phase
is in direct contact with the ATR crystal, which is a prerequisite for conducting ATR-FTIR
experiments. ATR-FTIR spectroscopy is a widely used analytical technique (e.g. in the field
of chemistry, medicine and pharmacy). Attenuated total reflectance (ATR) is a technique
used in conjunction with Fourier transform IR (FTIR) spectroscopy.

Nowadays, FTIR spectrometers are frequently used instead of dispersive IR
spectrometers. The main advantage of the FTIR over dispersive IR spectrometers is the
use of a system called an
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Fig. 14. ATR-FTIR diffusion cell (adapted from [115]). wavelength at a time passes
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through the sample when using the monochromator. The signal registered by the
detector, an interferogram (representing the radiation intensity as a function of the
position of the interferometer’s movable mirror), is subsequently converted to a
spectrum by using a Fourier transform algorithm. By comparison of the sample spectrum
and the reference spectrum, the IR transmission spectrum of the sample is acquired. It
can be subsequently converted to the absorbance spectrum by taking the negative
common logarithms of the transmission data points [119].

In ATR technique, the IR beam is directed at a certain angle towards an optically
dense crystal with a high refractive index (e.g. ZnSe with n; = 2.4). A sample with lower
optical density nz (nz < ni) is placed on the surface of the ATR crystal. At the sample—ATR
crystal interface, the IR radiation undergoes total internal reflection. Nevertheless, the
evanescent wave, which in fact penetrates beyond the surface of the crystal into the
sample, is created at the same time (shown in Fig. 17). This is a fundamental principle of
the ATR technique. While penetrating through the sample, the radiation is partly
absorbed in some regions of the IR spectrum, which results in the attenuation of the

evanescent wave in these regions.

Sample

ATR crystal

Fig. 15. Principle of the attenuated total reflectance (adapted from [119]).

The penetration depth of the evanescent wave (dp) depends on the wavelength of
IR radiation (A), its angle of incidence (6), the refractive indices of the ATR crystal (nz) and

the sample (nz), and is given by:
yl

dp - 2mnq4/sin2 6—(n, /nq)? (3)

Of major importance is the angle of incidence, because the internal total reflection

occurs only when 6 exceeds the value of a critical angle given by: 6, = arcsin(n,/n,).
The d, amounts typically to 0.5-5 pm, so the sample must be in direct contact with the
ATR crystal. Moreover, the difference in the values of the refractive indices of the ATR

crystal and the sample has to be significant. The n; value must be larger than n; value.
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Otherwise, the internal reflection will not occur and the radiation will be rather

transmitted through the crystal, than internally reflected.

4.2.2 Confocal Raman imaging

Confocal Raman imaging technique represents a combination of the Raman
spectroscopy and the confocal microscopy. It is a powerful tool for a noninvasive chemical
imaging of biomaterials. A special feature of Raman imaging is that it provides the
information not only about the molecular structure of chemical moieties of a sample, but
also about their spatial arrangement. Generally, two types of imaging techniques can be
distinguished, namely direct (or parallel) imaging and series imaging (also referred to as
mapping) [122-125]. The former consists in a global illumination of a sample. A complete
two-dimensional (2D) image at a chosen wavelength, characteristic of the vibrational
mode of a molecule, is produced immediately. The main advantage of the direct imaging
technique is relatively short acquisition time, when compared to the series imaging
method, which results from the reduction of the signal collection time with respect to
point illumination (the whole area of the sample is subjected to the laser beam at one
time). On the other hand, only a part of spectral information can be acquired at a given
time. Moreover, the direct imaging technique is characterized by strong background
signals (fluorescence, stray light, etc.) and no possibility to benefit from the confocal
arrangement (the resolution is strongly influenced by out-of-focus light). The series
imaging technique is based on the image reconstruction. Individual images are recorded
point-by-point and line-by-line by scanning the sample with a finely focused laser beam.
Most frequently, it is achieved by the use of a motorized x-y stage. As the sample is
moved from point to point, a full spectrum is recorded. Subsequently, an image,
corresponding to each spatial location, is reconstructed by selecting vibrational bands of
compounds of interest. Because of its nature (collection of a complete set of
spatial/spectral data), the series imaging technique is very time-consuming and should be
applied only to the visualization of a small region of a sample. On the other hand, this
method benefits from the concept of the confocal arrangement. Here, the radiation is
focused on the sample and the reflected or scattered light is typically collected by the
same objective and finally directed through the pinhole to the detector. However, the
signal of interest is devoid of blurred signals from out-of-focus planes, because the
pinhole ensures that only light originating from the focal plane reaches the detector.

Using the confocal microscopy, a significant improvement in the spatial resolution can be
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achieved. Instead of the illumination of the whole area of the sample simultaneously, a
laser beam is directed onto a very small area of the sample. In result, the intensity of the
light scattered by this small fraction of the sample is measured at any one time by the
confocal system. Another advantage of the confocal microscopy is that a sample can be
analyzed along the optical axis (by means of a motorized z-focus stage), so in result depth

profiles or three-dimensional (3D) images can be also generated [125, 126].

4.3 Environmental scanning electron microscopy

In electron microscopy, a beam of electrons is used to illuminate a sample and
produce its image. Contrary to light microscopes, electron microscopes are capable of
magnifications of up to millions of times. The wavelengths of electrons are approx. five
orders of magnitude shorter than the wavelengths of light used in the optical microscopy.
Hence, much better resolution (down to the picometer range) can be achieved using the
electron microscopy [127]. There can be distinguished two main distinct techniques in the
electron microscopy, namely transmission electron microscopy (TEM) and scanning
electron microscopy (SEM). In TEM, a high voltage electron beam is transmitted through a
very thin sample. While passing through it, the electrons interact with the specimen and
these interactions are the basis for the formation of the sample image (the transmitted
electrons carry the information about the structure of the specimen). In SEM, on the
other hand, images are produced by probing the sample with a focused beam of electrons
(with energies typically up to 40 keV) that is scanned across an area of the sample. After
the electron—specimen interaction that causes the energy loss of the incident electrons,
various signals mainly in form of low-energy secondary electrons, high-energy
backscattered electrons, visible light (cathodoluminescence) or X-rays are generated. The
signals emerging from the specimen at a specific position are collected by detectors
located above the sample. The SEM image is created based on the intensity of these
signals that varies from one position to another as the electron—specimen interactions
change due to the alterations in the structure of the sample surface [128]. Although SEM
is characterized by lower image resolution (when compared to TEM), its ability to yield 3D
information from the surface of bulk specimens, over a considerable range of length-
scales, makes it an appealing technique for viewing samples especially in materials

sciences [127, 129].
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Unlike the conventional SEM, which operates in a high vacuum, the environmental
scanning electron microscopy (ESEM) technique allows the examination of any specimen
in the presence of a gas in the specimen chamber. This eliminates the need for a
troublesome sample preparation like e.g. critical point drying or freeze drying, in the case
of hydrated specimens that need to be dehydrated in order to be viewed in the high
vacuum SEM, as well as coating of non-conductive specimens to avoid charging during the
SEM imaging process [130]. To enable observations of specimens under gaseous
conditions, changes to conventional SEM microscopes had to be introduced. Namely, two
characteristic features of ESEM instruments are the use of a differential pumping, which
allows the separation of the gaseous specimen chamber from the electron optics column
sustained under the high vacuum, and new detection systems (e.g. gaseous secondary
electron detector or GSED). The low-energy secondary electrons emitted by the specimen
are selectively accelerated in the small electric field between the sample and the
detector. lonizing collisions between these electrons and gas molecules generate
additional electrons causing so-called cascade of electrons, which leads to the
amplification of the signal before it is collected by the GSED. The positively charged gas
ions, resulting from the collisions of secondary electrons with gas molecules, play an
essential role in the ESEM. They can balance the accumulation of negative charges on the
surface of examined specimens, thus enable imaging of insulators without the need for
the use of the conductive coating, which is required in the case of the conventional SEM
[127, 129, 130]. Water vapor is one of the most commonly used gases in the specimen
chamber as it provides strong signal amplification, as well as it permits the hydrated
samples to be observed in their natural state [130, 131], which is of major importance

when imaging biological samples (e.g. SC membranes).

4.4 Analytical separation techniques

4.4.1 High performance thin layer chromatography

High performance thin layer chromatography (HPTLC) belongs to commonly used
chromatographic separation techniques. It is a robust, simple, rapid and efficient
analytical method for the separation, identification and quantification of chemical
compounds [132-135]. HPTLC is an enhanced version of thin layer chromatography (TLC).

The separation of a mixture of compounds is based on the migration of individual
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components at different rates, resulting from their different distributions between a
stationary phase (typically glass plates coated with silica gel) and a mobile phase (its
movement up the plate is determined by the capillary action). A number of
enhancements have been introduced to TLC technique in order to improve the sensitivity
of the method and the resolution of separated compounds, as well as to allow their
guantitative analysis. The procedures used in HPTLC are, on the one hand, very similar to
those used in TLC. However, HPTLC is characterized by the use of better quality materials
(HPTLC plates with finer particle sizes and narrower size distribution) and more
sophisticated methods of a sample introduction, chromatographic separation and
detection of substances, when compared to TLC [135]. The steps of the sample
application, the plate development and the quantitative analysis have been automated.
Samples are applied on the HPTLC plate by means of an automated instrument (e.g. ATS 4
from Camag), which provides the optimum resolution and the reliable quantification.
Moreover, the plates can be developed repeatedly using solvents of different elution
strength in each run, which leads to the better separation of components with improved
resolution. Finally, the quantitative analysis of separated compounds can be performed in
situ by means of a scanning densitometry (photometric measurement of absorbed light or
emitted fluorescence), which provides reliable and reproducible results. In contrast to
column chromatography (e.g. HPLC), in HPTLC many substances can be applied and run
simultaneously (up to 70 on one HPTLC plate [133]), which makes it a very rapid and
efficient method. Furthermore, the detection in HPTLC is separated from the
chromatographic step (so-called static detection), contrary to HPLC where the detection
time of separated compounds, passing through the detection device, is limited by the rate
at which they are eluted from the column (so-called dynamic detection). It is one of the
most important features of HPTLC, because it allows to use various post-chromatographic
techniques intended to enhance the sensitivity of detection (e.g. derivatization
performed prior to UV or fluorescence detection; wavelength selection), and hence to
obtain the optimal response for each examined compound [132]. The procedures of
separation and quantification of SC lipids by means of HPTLC were previously reported

[136, 137].

4.4.2 High performance liquid chromatography

High performance liquid chromatography (HPLC) is the most popular analytical

separation method of a mixture of compounds. HPLC is a form of a liquid
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chromatography technique in which a liquid mobile phase is mechanically pumped into
and passed through the column containing a densely packed stationary phase [138]. An
HPLC instrument consists of an injector (which injects a sample into the column), a pump
(which provides the high pressure required to move the mobile phase and sample
components through the column), a column (which contains different types of stationary
phases) and a detector (typically UV detector). Based on the retention mechanisms of
analytes on the column, five major liquid chromatographic methods can be distinguished,
namely partition chromatography, adsorption chromatography, ion exchange
chromatography, affinity chromatography and size exclusion chromatography [138, 139].
The most frequently used chromatographic mode is the reversed-phase HPLC (also
known as RP-HPLC). As the name suggests, RP-HPLC is the reverse of normal-phase HPLC
(or NP-HPLC), which involves the use of a polar stationary phase (e.g. silica) and a non-
polar mobile phase. In RP-HPLC, a non-polar stationary phase (typically chemically
bonded, e.g. silanol groups of silica bonded with a functional group R(CHs),SiCl, where
most commonly R is a straight alkyl chain group such as —C;gH3; or —CgHy7) and a polar
mobile phase are used. As a consequence, more polar compounds are characterized by
shorter retention times, while elution of less polar molecules is a slower process. The
retention times of examined compounds can be easily modified (increased or decreased)
by changing the polarity of the mobile phase. In the case of a hydrophobic substance, the
use of the less polar mobile phase results in the decrease of its retention time. The
retention mechanism of molecules on chemically bonded, non-polar stationary phases is
based on two main effects, so-called solvophobic and partitioning effects [138]. In the
solvophobic effect, the retention is mainly related to the hydrophobic effects between the
analytes and the mobile phase. The analyte binds to the surface of the stationary phase,
which results in the decreased surface area of the analyte exposed to the mobile phase.
The adsorption of the analyte on the stationary phase increases with the increasing
surface tension of the mobile phase. Hence, by reducing the surface tension of the mobile
phase in result of the addition of a less polar solvent to the mobile phase (as in the
gradient elution procedure), the retention of the analyte can be decreased (faster elution
from the column). While using the gradient elution procedure, the composition of the
mobile phase is changed during the separation process, contrary to the isocratic flow
procedure, where the composition of the mobile phase remains constant throughout the
experiment. The partitioning effect, on the other hand, assumes that the molecules of the
analyte are fully embedded in the stationary phase chains, hence are partitioned between

the mobile phase and the stationary phase. The retention mechanism in RP-HPLC is most
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likely the combination of both effects described, with the dominance of the adsorption
effect when using the stationary phase with shorter chain lengths and the partitioning

effect in the case of the stationary phase with longer chain lengths.

4.4.3 Capillary electrophoresis

Capillary electrophoresis (CE) is an analytical technique based on the separation of
charged components of a mixture under the influence of an electric field in the interior of
a capillary filled with an electrolyte [138, 140]. The basic set-up of CE instrumentation is
relatively simple (see Fig. 18). It consists of an injection system, a small-diameter capillary
(20—100 um ID), inlet and outlet vials, a high voltage power supply (up to 30 kV and 200-
250 pA), electrodes and a detector [141, 142].

High-voltage
power supply

Detector |—

capillary

buffer buffer

Fig. 16. Schematic presentation of CE system (adapted from [142]).

A sample can be injected into the capillary (most frequently used are fused silica
capillaries) by using either hydrodynamic or electrokinetic technique (application of
pressure or potential, respectively, while the injection end of the capillary is located in the
sample vial). There are several modes of operation in CE that are based on the different
separation mechanisms, all of which can be carried out using the same CE
instrumentation (by simply changing the electrolyte and/or the capillary). Besides the
most simple and widely used mode in CE, namely capillary zone electrophoresis (CZE),
other modes of CE such as micellar electrokinetic chromatography (MEKC or MECC),
capillary gel electrophoresis (CGE), capillary electrokinetic chromatography (CEC),
capillary isotachophoresis (cITP), capillary isoelectric focusing (clEF) and chiral capillary
electrophoresis (chiral CE) are also applied in order to separate investigated compounds

[138, 140-142]. In CZE, the separation mechanism is based on mobility differences of
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compounds in the electric field that depend on the size and charge-to-mass ratio of
analyzed ions. The migration of analytes under the influence of the electric field is
characterized by their electrophoretic mobility. The other important factor influencing
the movement of the compounds in the capillary is the electroosmotic flow (EOF), which
together with the electrophoretic mobility gives the apparent mobility of the analytes. In
the case of a fused silica capillary, the acidic silanol groups attached to the interior wall of
the capillary dissociate to the silanoate groups at pH values higher than 2. The negatively
charged wall of the capillary attracts the positively charged ions, which results in the
formation of a double layer of cations inside the capillary (so-called compact and diffuse
layer [138]). When the electric field is applied, the cations from the diffuse layer move
towards the negatively charged cathode, pulling the bulk solution of the electrolyte along
and thus creating the flat flow EOF [138, 140-143]. Typically, the EOF is directed toward
the negatively charged cathode, accordingly to the electrolyte flow within the capillary
from the inlet to the outlet vial. Since the EOF is generally larger than the electrophoretic
flow of the analytes (under the electric field applied, anions are attracted to the positively
charged anode, counter to the EOF), all analytes (cations, anions and neutral compounds)
migrate with the electrolyte toward the cathode, and hence can be detected [142]. Small
multiply charged cations migrate very fast to the detector, unlike small multiply charged
anions which are carried along very slowly. The identification and/or quantitation of
separated analytes takes place mostly at the end of the capillary by means of various
detectors (so-called on-capillary detection [140]). Most frequently applied detection
techniques in CE are UV absorbance (single- and multi-wavelength, e.g. photodiode array
detector, PDA), fluorescence (e.g. laser-induced fluorescence, LIF), electrochemical
detection (amperometry, conductivity) and mass spectrometric (MS) detection (off-
capillary detection by online coupling of CE with MS). The conductivity detection
technique is based on the measurement of the solution conductivity by placing a pair of
electrodes in the capillary and measuring the current passing between the electrodes as a
function of potential. When the analyte passes between the electrodes, the change in the

current in the sensing circuit will be observed [138, 140-143].
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Abstract

The stratum corneum (SC) intercellular lipid matrix plays a crucial role in the skin barrier
function. In the present study, lipid model membranes mimicking its phase behavior were
prepared and characterized using different analytical techniques (i.a. SAXD, HPTLC, ESEM,
confocal Raman imaging, ATR-FTIR spectroscopy) in order to obtain well-standardized
model membranes for diffusion and penetration studies. The lipid model membranes
should be used in the future for studying the impact of each ceramide species on the
diffusion and penetration of drugs. The SAXD study confirmed that the lipids within
artificial lipid systems are arranged similarly to the lipids in the human SC. The
polarization microscopic and ESEM images showed the homogenous deposition of lipids
on the polycarbonate filter. Both the HPTLC and confocal Raman imaging studies proved
the homogenous distribution of individual lipid classes within the lipid model membranes.
First in vitro diffusion experiments (performed using an ATR-FTIR diffusion cell) of the
hydrophilic compound, urea, revealed that the lipid model membrane represents even

stronger diffusion barrier than the human SC.
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1. Introduction

The main penetration barrier for topically administered drugs and other substances
(e.g. water) is formed by the outermost layer of the skin, the stratum corneum (SC) [1]. It
consists of 10-25 layers of parallel to the skin surface corneocytes embedded in a lipid
matrix and ranges from 10 to 15 um in thickness in a dry state, however, swells to several
times this thickness in a fully hydrated state [2]. Of special interest is the organization of
the SC intercellular lipid matrix, since the intercellular route of transport through the
normal intact SC is thought to be the most preferable one [3]. Unlike other biological
membranes, the SC does not contain phospholipids. In return, the SC intercellular lipid
matrix is enriched in ceramides, free fatty acids, cholesterol and its derivatives organized
in lamellar phases [4]. One of its main components are ceramides, which are regarded as
fundamental compounds in functioning of the SC barrier [5]. Recent reports indicate the
existence of 12 classes of ceramides that have been isolated from the human SC [6]. As
found in the former studies, a crucial role in the internal membrane structure formation
plays ceramide [AP] due to its headgroup polarity [7-9]. It is assumed that the other
constituent of the SC intercellular lipid matrix, which influences to a high degree the lipid
assembly and the barrier properties of the SC, is the acylceramide, ceramide [EOS] [10].
To deliver insight into the role of each individual lipid species on the functioning and
maintaining of the SC barrier, well-defined artificial SC lipid systems have been produced
as oriented multilamellar membranes [8, 11, 12]. Similar approach was also presented in
other studies [13-16], however, lipid systems used there were much more complex.

In the present study, basic lipid model membranes composed of only 4 constituents
(including Cer [AP] and Cer [EOS]) were prepared on porous substrates. Use of such
elementary systems helps to elucidate the impact of each lipid compound, particularly
the different ceramide species, on the diffusion and penetration of drugs and other
substances of interest. This routine is complementary to the previous studies on the
influence of each lipid component on the nanostructure of the SC intercellular lipid matrix
[10-12, 17]. Therefore, it is very important to characterize and to standardize such lipid
model membranes. The lamellar organization of the prepared lipid model membranes
and distribution of lipids within them were examined using various analytical techniques,
including small angle X-ray diffraction, high performance thin layer chromatography and
microscopic methods (i.a. environmental scanning electron microscopy and confocal
Raman imaging). The barrier properties of these systems were investigated by means of a

comparison of diffusion of the hydrophilic compound, urea, through lipid model
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membranes and the human SC isolated from the full thickness skin. The diffusion
experiments were conducted using the ATR-FTIR diffusion cell with online detection of
the diffusing and penetrating agents, constructed by the technical department of our

institute.

2. Materials and methods

2.1. Materials

Synthetic Cer [EOS] and Cer [AP] were generously provided by Evonik Goldschmidt
(Essen, Germany). Palmitic acid, sodium cholesteryl sulfate and urea were purchased
from Sigma-Aldrich Chemie GmbH (Steinheim, Germany) and cholesterol from Sigma
Chemical CO. (St. Louis, USA). Methanol, ethanol, chloroform, acetone, ethyl acetate and
n-hexane were obtained from Merck (Darmstadt, Germany). Nuclepore polycarbonate
membrane filters (diameter 25 mm, pore size 50 nm) were purchased from Whatman
(Kent, UK). Solvents used for the sample preparation, extraction and the high

performance thin layer chromatography procedure were of analytical grade.

2.2. Preparation of model lipid membranes

Two used quaternary lipid mixtures were composed of: Cer [AP]/Chol/PA/ChS
(55/25/15/5, m/m), referred to as Membrane |, and Cer [AP]/Cer [EOS]/Chol/PA
(10/23/33/33, m/m), referred to as Membrane Il. Chemical structures of these lipids are
presented in Fig. 1. Appropriate quantities of individual lipids were dissolved in a mixture
of chloroform/methanol (2/1, v/v). Because of the incompatibility of chloroform and
Nuclepore polycarbonate filters, the organic solvents were evaporated under a stream of
nitrogen, and the lipids were re-dissolved in a mixture of n-hexane/ethanol (2/1, v/v). A
total lipid concentration was 5 mg/ml. Afterward, the lipid mixtures were applied onto
the filter using Automatic TLC Sampler 4 (Camag, Muttenz, Switzerland) with a specially
built holder, at a very low flow rate (80 nl/s) and under the stream of nitrogen. It resulted
in an immediate evaporation of organic solvents from the filters and a fast arrangement
of lipid bilayers. The sprayed area was a square with dimensions 13 x 13 mm (i.e. area of
169 mm?), and the volume of lipid solution used was 100 or 200 pl. The prepared
membranes were subjected to an annealing procedure, which consisted of heating the

samples at 80 °C or 70 °C (Membrane | and Membrane I, respectively) for a period of 30
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min and a subsequent cooling down step (to room temperature, 25 °C). It enhanced the

multilamellar orientation of lipids and decreased the mosaicity of samples.

. /\/\/\/\/\/\/H\N)/ or
Ceramide 1 [EOS] X0OH
A

Palmitic acid
OH
\/\/\/\/\/\/\/\)\?O
R R=0H — Cholesterol OH

OH
R =080, —= Cholesterol sulfate Ceramide 6 [AP]

Fig. 1. Chemical structures of constituents of lipid model membranes.

2.3. Small angle X-ray diffraction studies

The lamellar organization of artificial lipid membranes was investigated using small
angle X-ray diffraction (SAXD). The X-ray diffraction experiments were carried out using
the Stoe Stadi MP Powder diffraction system (STOE & Cie GmbH, Darmstadt, Germany) in
the Bragg—Brentano mode with the linear PSD detector. The measurements were taken at
standard ambient temperature (25 °C), by placing a sample in vertical position. The
intensity of the scattered X-rays (in arbitrary units) was plotted as a function of the
scattering vector q (in A™). Its relation to the scattering angle is given by the equation: q-=
(4m sin 6)/A, where 0 is the scattering angle and A is the wavelength of the primary beam.
Each diffraction pattern consists of a series of equidistant peaks. The lamellar repeat
distance (or lamellar periodicity, d) is calculated by using the equation: d = Z2nm/qn, where

n is a diffraction order of the peak and g» gives its location [18].
2.4. High performance thin layer chromatography studies

The distribution of lipids within the synthetic model lipid membranes was examined
using high performance thin layer chromatography (HPTLC) technique. Membrane | and
Membrane Il were divided into five parts by cutting out five pieces (Area 1 = 16.6 mm?,

Area2=31.2 mmz, Area3=20.1 mmz, Area 4 = 37.8 mm?®and Area 5 = 63.3 mmz) using a
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puncher (Fig. 2A). Next, an extraction of lipids was conducted by shaking the samples for
60 min in n-hexane/ethanol 2/1 (v/v) mixture. Afterward, the solvents were evaporated
under a stream of nitrogen, and the lipids were re-dissolved in chloroform/methanol 2/1
(v/v). The samples prepared in this manner were then applied on the HPTLC plate using
ATS 4 (Camag, Muttenz, Switzerland). Next, the plate was developed using AMD 2 device
(Camag, Muttenz, Switzerland). The principle of this procedure is that the HPTLC plate is
developed repeatedly (in successive runs) in the same direction, and each successive run
uses a solvent of lower elution strength than that of the one used before, so in result a
stepwise gradient elution takes place. In this study, the HPTLC plates were developed in
16 runs (Fig. 2B). After the development, the plates were immersed in 10% CuSO,
solution and charred for 20 min at 150 °C (derivatization). Finally, the densitometric
evaluation was performed using TLC Scanner 3 (Camag, Muttenz, Switzerland).
Integration of peaks’ areas and quantification of lipids’ amounts in each area of the lipid
membrane were performed using CATS software (Camag). A similar HPTLC procedure was

previously described by Farwanah et al. [19] and Opitz et al. [20].
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Fig. 2.  (A) Graphical description of a lipid model membrane deposited on a filter
marked with 5 areas used in HPTLC studies. (B) HPTLC elution system composed of
16 gradient steps.
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2.5. Microscopic studies

The arrangement and deposition of lipids on the filters were also determined by
using three different microscopic techniques, namely: polarization microscopy,
environmental scanning electron microscopy (ESEM) and confocal Raman imaging.

The images of lipid model membranes were obtained using a polarizing microscope
Axiolab (Carl Zeiss, Goettingen, Germany).

The ESEM measurements were performed using Philips ESEM XL30 FEG (FEl,
Hillsboro, USA) equipped with a unique gaseous secondary electron detector (GSED). The
samples were measured in so-called WET-Mode and at a voltage of 12 kV. The ESEM
technique is characterized by a very high spatial resolution (2 nm) and a possibility of the
observation of samples under dynamic conditions (at different pressures and
temperatures). Use of water vapor as a standard gas in the microscope chamber allows to
examine hydrated specimens in their natural state.

Raman imaging experiments were conducted using confocal Raman microscope
Senterra (Bruker Optics, Ettlingen, Germany). A diode laser (785 nm, 100 mW) was used
as an excitation source. Its beam was sent through a 20x Olympus MPlan LD objective (NA
= 0.4). The backscattered radiation collected and collimated by the same objective was
focused through a 25 um pinhole onto CCD (charge-coupled device) detector. Since only
light originating from the focal plane has its focus within the pinhole and thereby reaches
the detector, one can obtain a signal of interest without blurred signals from out-of-focus
planes. It is an essential feature of confocal imaging techniques. The Raman spectra were
taken in the range 75-3200 cm™ with a spectral resolution of 9 cm™. The integration times
of the Raman spectra amounted to 120 s (each point was measured twice). In order to
investigate the distribution of individual lipid species within the surface of the lipid model
membranes, areas of 0.107 mm? and 0.126 mm? in the case of Membrane | and
Membrane IlI, respectively, comprising 64 measuring points were scanned. The Raman
data evaluation was performed using the OPUS software (Bruker Optics, Ettlingen,

Germany).
2.6. Diffusion studies
Diffusion experiments were carried out using Vertex 70 FTIR spectrometer (Bruker

Optics, Ettlingen, Germany) with a built-in ATR-FTIR diffusion cell constructed by the

technical department of our institute. Its special features are diffusion area of 0.18 cm?



Chapter 5 Characterization of lipid model membranes 51

and maintenance of the constant temperature (32 °C) throughout the whole experiment.
An ATR crystal, ZnSe (n = 2.4, d = 20 mm), was horizontally oriented with an angle of
incidence of 45°. Each IR spectrum consisted of 32 scans taken in the range 680-4000 cm?t
with a resolution of 2 cm™. The ATR-FTIR diffusion cell combines the advantages of the
ATR-method with the Franz-type diffusion cell. It is a non-destructive procedure, which
provides online detection of permeating agents (“in situ”) and enables monitoring of
multiple species simultaneously. Other characteristics and a precise buildup of the ATR-
FTIR diffusion cell were reported previously [21-23]. As model membranes, human SC and
artificial lipid system, Membrane | (Cer [AP]/Chol/PA/ChS = 55/25/15/5, m/m) with
thickness of 3 um, were used. The SC was isolated from the full thickness human skin
(two female donors; samples taken from back, abdomen and thigh), which was acquired
after cosmetic surgery. Prior to the isolation of the SC, the subcutaneous fat tissue was
removed from the skin samples. The protocol of this study was approved by the Ethics
Committee of the Martin Luther University Halle-Wittenberg (Germany). The isolation
procedure was in accordance with a method depicted by Kligman and Christophers [24].
After separation of the SC from the epidermis (incubation in 0.1% trypsin solution in PBS
buffer, pH 7.4, for 12-24 h at 32 °C), the SC samples were stored at —26 °C until use. As
model drug, 10% (m/m) water solution of urea was used and the acceptor compartment
was filled with 50 pl of distilled water. Before adding the donor solution into the donor
chamber, a membrane (human SC or Membrane |) was mounted in the diffusion cell and
equilibrated for a period of 15 min. All diffusion experiments were conducted under
occlusive conditions. Permeability parameters were obtained from plotting the
cumulative permeated amount per cm? versus time. Diffusion coefficients were acquired
by fitting the normalized diffusion data using Eq. (1), which was derived from the Fick’s
second law of diffusion by fitting appropriate initial and boundary conditions and using

the Laplace transformation:

a

C = Cy Xerfc (ﬁ) (1)

where a = 1/(2VD), Cis the concentration of urea in the acceptor phase, Cy is the initial
concentration of urea, D is the diffusion coefficient and [ is the diffusional pathlength. A
partition coefficient between the membrane and the donor solution, K4, was calculated

using equation: k,, = K4 X D/l, where k; is the permeability coefficient.
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3. Results and discussion

3.1. Lamellar organization of lipid model membranes

The lamellar arrangement of lipid model membranes plays a key role in the SC
barrier function. To check the organization of lipids within lipid model membranes, SAXD
studies were carried out. The X-ray diffraction patterns of Membrane | are presented in
Fig. 3. In the case of both membranes (for both used lipid mixture volumes), two lamellar
phases were present, one with shorter lamellar repeat distance (referred to as the small
phase) and one with longer periodicity (referred to as the main phase). Membrane |
(spraying of 100 ul of the lipid mixture) showed the main phase with a periodicity of 46.53
+0.06 A, of which the 1%, 2", 3, 4™ 6™ 7" and 8" diffraction peaks were detected at g
= 0.14, 0.28, 0.41, 0.55, 0.81, 0.95, 1.09 A, and the small phase with the lamellar repeat
distance of 41.73 + 0.13 A, of which the 1%, 2", 3™ 5" and 6" diffraction peaks were
located at g = 0.16, 0.31, 0.46, 0.76 and 0.91 A, Use of 200 pl of the lipid mixture
(Membrane |) resulted in the similar lamellar organization, that is the main phase with the
periodicity of 46.50 + 0.03 A (1%, 2™, 3™ 4™ 6™ 7™ and 8" diffraction peaks at ¢ = 0.13,
0.27, 0.41, 0.55, 0.81, 0.95 and 1.08 A™) and the small phase with the lamellar spacing of
41.37 + 0.06 A (1%, 2", 3 5™ and 6" diffraction reflections at g = 0.15, 0.30, 0.45, 0.76
and 0.91 A'). Membrane Il (100 pl) showed the main phase with the periodicity of 45.62
+0.71 A, of which the 1%, 2", 3" and 4™ diffraction peaks were situated at g = 0.14, 0.28,
0.41, 0.53 A™ and the small phase with the lamellar repeat distance of 41.90 + 0.06 A, of
which the 1%, 2" and 3™ diffraction reflections were located at g = 0.15, 0.30 and 0.45 A,
The diffraction pattern of Membrane Il (200 ul) was also characterized by the presence of
the main phase with the lamellar spacing of 45.77 + 0.47 A (1%, 2™, 3 and 4™ diffraction
peaks at g = 0.14, 0.28, 0.41 and 0.53 A™Y) and the small phase with the periodicity of
42.21+0.06 A (1%, 2" and 3" diffraction peaks at g = 0.15, 0.30 and 0.45 A™). In addition,
in the case of both lipid model membranes, two reflections of phase separated crystalline
cholesterol were present at g = 0.18 and 0.36 A™. As can be deduced from the above
listed results, the periodicity of the main phase for Membrane Il was slightly shifted to a
lower value, approx. 45.70 A, when compared to Membrane | (dmain phase ~ 46.50 A). On
the other hand, the lamellar repeat distance of the small phase was reduced in the case
of Membrane | and amounted to approx. 41.55 A (for Membrane Il dmai phase ~ 42.05 A).
The next interesting features of X-ray diffraction patterns of both lipid membranes were

the number of diffraction orders and the intensity of diffraction reflections. The
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diffractogram of Membrane | showed eight peaks of the main phase and six peaks of the
small phase, except for the 5™ and the 4™ peak of the main and the small phase,
respectively, where the intensities were too low to make these reflections detectable.
Membrane Il showed only four peaks assigned to the main phase and three peaks
assigned to the small phase. The intensity of diffraction reflections was much higher for
Membrane | (by few factors when compared to Membrane Il). Moreover, the difference
in the peaks’ intensities for Membrane | prepared using 100 pl and 200 ul was also
apparent, namely Membrane | prepared using bigger volume of the lipid mixture showed
diffraction reflections with higher intensity. For Membrane Il, the intensity of the
diffraction peaks was similar for both systems prepared using different volumes of the
lipid solution. Additionally, the level of the phase separated cholesterol was similar in the

case of both lipid model membranes.
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Fig. 3. X-ray diffraction patterns of Membrane | (100 pl and 200 pul of a lipid mixture). Arabic and Roman
numbers denote orders of diffraction of the main and the small phase, respectively. Asterisks stand for
phase separated crystalline cholesterol.

The aim of this study was to investigate the lamellar organization of artificial lipid
membranes and thereby to standardize the preparation of the model membranes and to
confirm the similarity of the structure of these model systems to the native SC. Both
Membrane | and Membrane Il were characterized by the presence of two phases, the
main and the small phase. In terms of the lamellar periodicity, the differences between
those phases were statistically significant. Similar phase behavior of the lipid membrane
consisting of Cer [AP]/Chol/PA/ChS (55/25/15/5, m/m) was previously reported by

Ruettinger et al. [25], where d = 45.6 A. In the basic membranes used in this study, no
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long periodicity phase (LPP) was observed. The reason of the absence of the LPP might be
the simplicity of the model lipid membranes used in this project, which were composed of
only four individual lipid species and/or the absence or too low concentration of Cer
[EOS] within Membrane | and Membrane Il, respectively. From previous studies, it is
known that Cer [EOS] plays a crucial role in the formation of the LPP [10]. Groen et al. [16]
used equimolar mixtures of Chol:synthCer:FFA and have reported the presence of the LPP
with the lamellar spacing of ~ 120 A. However, in their study, the synthCer fraction was a
mixture of six different ceramides and FFA fraction was composed of seven different free
fatty acids. In the present study, it was proven that the lipid membrane consisting in 55%
(m/m) of Cer [AP] created a stable lamellar structure with a small amount of the phase
separated crystalline Chol, which appearance can be ascribed to the limited solubility of
Chol in the lipid phase. Lipids within Membrane Il that main characteristics were the
following: lower concentration of Cer [AP] (10%, m/m), the presence of Cer [EOS] (23%,
m/m) and the absence of ChS, formed similarly lamellar structures. Crystalline Chol
domains were also present, only here the reflections assigned to the main and the small
phase were much weaker and were not that numerous. It indicates that in the case of
Membrane Il, smaller fraction of the lipids contributed to the organization of the lamellar

phases.

3.2. Lipid distribution within lipid model membranes

The HPTLC procedure was performed to investigate the distribution of individual
lipid species within lipid model systems. Lipids extracted from all five parts of the lipid
model systems were separated and quantitatively analyzed by means of a comparison
with separated lipids from the control sample (i.e. lipid mixture used for the preparation).
All lipid species were present in all five parts of the lipid model membranes (Fig. 4A and
B). Individual lipid species were identified by comparing their retention factor (Ry) values
to the Ry of standard lipids. The retention factors of ChS, Chol and PA amounted to 0.11,
0.74 and 0.81, respectively. Cer [AP] was separated into two stereoisomers, namely D-
and L-isomers with retention factors of 0.26 and 0.31. The Ry of Cer [EOS] amounted to
0.49. The quantification of lipid amounts was based on the densitometric evaluation. The
calibration curves of all lipids were not linear and were fitted using the Michaelis—Menten
function [19]. The quantitative results are presented in Fig. 4A and B. The distribution of
lipids within Membrane | is shown in Fig. 4A. The quantities of lipids per mm? evaluated in

all parts of Membrane | amounted to 2.94 £ 0.46 pg, 1.08 + 0.24 pg, 0.80 £ 0.22 ug and
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0.27 + 0.05 pg (MEAN + SD, n = 4) for Cer [AP], Chol, PA and ChS, respectively. The
analysis of variance (ANOVA) with post hoc comparison made using Tukey’s test proved
that the means of the amount/area of all lipid species, within first three areas (total area
of 67.9 mm?), were not significantly different (o = 0.05). Fig. 4B shows the distribution of
lipids within Membrane Il. The amounts of lipids per mm? evaluated in all parts of
Membrane Il amounted to 0.48 + 0.04 pg, 0.63 £ 0.06 pg, 1.16 £ 0.13 pg and 1.29 £ 0.07
ug (MEAN + SD, n = 4) for Cer [AP], Cer [EQS], Chol and PA, respectively. The ANOVA (with
Tukey’s test) proved that the means of the amount/area of Cer [AP], within first four
areas (total area of 105.7 mm?) and in the case of other lipids in all five areas (total area

of 169 mm?), were not significantly different (a = 0.05).
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The aim of this study was to examine the distribution of lipids within lipid model
systems. To interpret the data properly, it has to be taken into account that only a small
part of the lipid membrane took part in the further diffusion studies. In the case of the
ATR-FTIR diffusion cell, it was an area of only 18.1 mm?. Therefore, it can be assumed that
in terms of the diffusion studies, the most important role plays the central part of the
artificial lipid system. Both Membrane | and Membrane Il showed the homogenous
distribution of individual lipid species within the central part of the lipid membrane. The
total area of homogenously distributed lipid species within the lipid membrane amounted
to 67.9 mm? and 105.7 mm? in the case of Membrane | and Membrane II, respectively. It
can be concluded that the lipid model membranes used in this study could have been
prepared in a standardized way in terms of the lipid distribution and, therefore, were
suitable model membranes to be tested and to be compared with the human SC in the
diffusion and penetration studies.

The deposition of lipids on the polycarbonate filters was investigated using
microscopic techniques: polarization microscopy and ESEM. The microscopic images of
Membrane | and Membrane Il obtained by a polarizing microscope are shown in Fig. 5A—C
and D-F, respectively. Fig. 6 displays electron micrographs of Membrane | (A), Membrane
Il (B) and a polycarbonate filter not covered with lipids (C and D). The polarization
microscopic and ESEM images complement one another. One can obtain the information
about the surface of the lipid membrane on both the macro- (polarization microscopy)
and the micro-scale (ESEM). Images shown in Fig. 5 confirm the homogenous deposition
of lipids on the polycarbonate filter. The lipids formed continuous layer with no areas not
covered with the lipid mixture. Moreover, the images show only a small number of
crystals originating from phase separated Chol. In the case of the ESEM images, the
difference in the surface appearance between the lipid membrane and the membrane
filter not covered with lipids is presented. In Fig. 6C and D, the pores of the filter can be
seen as small dark spots with white rings. On the other hand, Fig. 6A and B shows the
surface of the continuous structure composed of the lipid mixture with no apparent
pores. The surfaces of Membrane | and Membrane Il differ from each other (clearly
visible in polarization microscopic and ESEM images). It might be caused by the different
composition of the lipid membranes (the presence of Cer [EOS] in Membrane Il), resulting

in the distinctive phase behavior (confirmed earlier by the SAXD).
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Fig. 5. Microscopic images of lipid model systems: Membrane | (A-C) and Membrane Il (D-F) acquired by
a polarizing microscope.

Fig. 6. Electron micrographs of Membrane | (A), Membrane Il (B) and a polycarbonate filter not covered
with lipids (C and D).

The distribution of lipids within lipid model membranes was also examined using
confocal Raman imaging technique. The Raman spectra with indicated characteristic

peaks of individual components of lipid model membranes are given in Fig. 7.
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Fig. 7. Raman spectra of components of lipid model membranes: (A) PA, (B) Chol, (C)
Cer [EQS], (D) Cer [AP] and (E) ChS. Wavenumbers presented on the graph indicate
characteristic peaks used for the evaluation of individual lipid species.

The spectra of Chol and ChS show the peaks that can be assigned to the alicyclic
stretching vibrations at 607 cm™ and 617 cm™, respectively. The §(CH,) and §(CHs)asym
vibrations of PA are located around 1422 cm™, and the v(C=C) band of Cer [EOS] can be
found at 1658 cm™. In the case of Cer [AP], the characteristic peak is located at 891 cm™
and can be assigned to the v(CC) vibration. These characteristic bands were used for the
integration procedure and thereby the evaluation of the amount of the lipid species
within the surface of the lipid model membranes. The results of the evaluation procedure
are presented in Fig. 8A and B. This figure contains Raman images (contour maps)
displaying the distribution of individual lipid species within lipid model membranes. Fig.
8A shows the distribution of Cer [AP], Chol, PA and ChS within Membrane I, and Fig. 8B
demonstrates the distribution of Cer [AP], Cer [EOS], Chol and PA within Membrane II. A
normalized integrated intensity of lipids’ specific bands is reflected by means of a color
scale (starting with black = 0 and ending with red = 1). Raman images confirm the results
of the polarization microscopy and ESEM experiments. The whole area of the
polycarbonate filter is covered with lipid systems. Individual lipids are distributed
homogenously, with single spots characterized by bigger amounts of lipids. It has to be
taken into account that the color scale reflects the normalized intensity. Therefore, the
amounts of different lipids are relative. One can obtain only the information about the

distribution of lipids, not about their absolute quantities.
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Fig. 8. Raman images (contour maps) displaying the distribution of constituents of (A) Membrane I: (i) Cer
[AP], (ii) Chol, (iii) PA and (iv) ChS; and (B) Membrane lII: (i) Cer [AP], (ii) Cer [EOS], (iii) Chol and (iv) PA. A
normalized integrated intensity of lipids’ specific bands is color-coded.

3.3. Diffusion of urea examined using the ATR-FTIR diffusion cell

Fig. 9 shows the ATR-FTIR spectra of the water solution of urea in the range 1350—
1900 cm™ acquired in the time course of the diffusion process with indicated urea-specific
IR band at 1466 cm™, i.e. V(CN). At the beginning of the diffusion process, the IR spectrum
of the pure acceptor phase (distilled water) was observed. With the elapsing time of the
experiment, the absorbance of the urea-specific IR bands increased. A concentration of
urea in the acceptor phase was calculated using the multivariate analysis Quant2 OPUS
software in the spectral range from 1017 to 3718 cm™. The diffusion profiles of urea are
presented in Fig. 10. As can be clearly seen in this figure, the diffusion profiles of urea
through the isolated human SC and Membrane | are not alike. In the case of the artificial

lipid membrane, the diffusion was much slower with a well indicated lag time.
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Fig. 9. IR spectra of the water solution of urea in the range 1350-1900 cm’* with indicated urea-specific IR
band at 1466 cm™. The spectra were acquired in the time course of the diffusion process.
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The physical properties and permeability parameters of urea are summarized in
Table 1. The lag time (T.) in the case of the native SC was much shorter than the T, value
of Membrane |, whereas the steady state flux (Jss) and the permeability coefficient (kp) of
the model membrane were two times lower than the corresponding values in the case of
the SC. The values of the diffusion coefficient (D) of urea for the native and the model
membrane differed significantly. The D value of urea in the case of the human SC was
higher than the D of urea for Membrane | by a factor of 100 and was lower than the D
values of urea for the human SC reported by Guenther et al. [23] and Hartmann et al. [21]
by a factor of 23 and 55, respectively. The differences in the D values in the case of the
human SC are most likely caused by high inter- and intra-variability of the human SC
samples [1]. The low D values, both for the SC and Membrane |, show that the diffusion of
urea (small hydrophilic molecule) through the lipophilic membranes is a slow process.
Both membranes represent a strong diffusion barrier for small hydrophilic substances,
such as urea. From all permeability results, it can be concluded that the artificial lipid
membrane, i.e. Membrane |, represents the stronger diffusion barrier than the native SC.
It has to be stressed once more that the model lipid membranes used in this study were
very simple systems when compared to the SC. It seems that the artificial lipid membrane
containing Cer [AP] had tighter structure than the human SC and, therefore, showed very

strong barrier properties for hydrophilic compounds, such as urea.
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Fig. 10. Concentration of urea permeated through the human SC (two female donors; samples taken from
abdomen, thigh and back) and Membrane I. Error bars show the standard deviation (n = 3).
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Table 1 Physical properties and permeability parameters of urea - in vitro study.

Urea
Parameter human SC Cer [AP]/Chol/PA/ChS
Molar mass [g/mol] 60.06
log P -2.11
pK, (25°C) 0.18
Jss [ng/(cm’h)] 7.90 + 4.97 (E+02) 3.77 £ 0.47 (E+02)
T.[h] 2.95 +0.88 (E-01) 1.84 +0.34 (E+01)
ky [cm/h] 7.90 + 4.97 (E-03) 3.77 £ 0.47 (E-03)
D [cm®/h] 4.40 + 2.56 (E-08) 4.04 + 0.64 (E-10)
Ky 1.62 +0.36 (E+02) 2.86 + 0.60 (E+03)

Permeability data represent MEAN + SD (n = 3).

4, Conclusions

To sum up, it has been shown in this study that the lipid model membranes
prepared using a described preparation method are reproducible and of good quality. The
microscopic techniques confirmed that the lipids deposited on the polycarbonate filter
formed a continuous lipid layer covering the whole sprayed area of the filter. The HPTLC
and confocal Raman imaging experiments confirmed the uniform distribution of the
individual lipid species on the filter. From the SAXD results, it can be concluded that the
lipids formed the lamellar structure with two present lamellar phases. The diffusion
studies using small hydrophilic compound (i.e. urea) revealed that the artificial lipid
system used in the experiment (i.e. Membrane 1) showed very strong barrier properties,
even stronger than the isolated human SC, which can be ascribed to its very simplistic
composition, when compared to a very complex structure of the native SC. Proposed
approach with simple lipid model systems can be used in the future to study the impact
of the different ceramide species on the diffusion and penetration of drugs and other

substances of interest.
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Abstract

The barrier function of two quaternary stratum corneum (SC) lipid model membranes,
which were previously characterized with regard to the lipid organization, was
investigated based on diffusion studies of model drugs with varying lipophilicities.
Diffusion experiments of a hydrophilic drug, urea, and more lipophilic drugs than urea
(i.e. caffeine, diclofenac sodium), were conducted using Franz-type diffusion cells. The
amount of permeated drug was analyzed using either HPLC or CE technique. The subjects
of interest in the present study were the investigation of the influence of physicochemical
properties of model drugs on their diffusion and permeation through SC lipid model
membranes, as well as the study of the impact of the constituents of these artificial
systems (particularly ceramide species) on their barrier properties. The diffusion through
both SC lipid model membranes and the human SC of the most hydrophilic model drug,
urea, was faster than the permeation of the more lipophilic drugs. The slowest rate of
permeation through SC lipid systems occurred in the case of caffeine. The composition of
SC lipid model membranes has a significant impact on their barrier function. Model drugs
diffused and permeated faster through Membrane Il (presence of Cer [EOS]). In terms of
the barrier properties, Membrane Il is much more similar to the human SC than

Membrane I.
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1. Introduction

The outermost layer of the skin, the stratum corneum (SC) is considered as the main
penetration barrier for topically administered drugs and other substances (e.g. water) [1].
It is composed of 10 to 25 layers of parallel to the skin surface anucleated dead cells
(corneocytes) embedded in a lipid matrix and ranges from 10 to 15 um in thickness in a
dry state, however swells to several times this thickness in a fully hydrated state [2]. Since
the intercellular route of transport through the normal intact SC is thought to be the most
preferable one, of special interest is the organization of the SC intercellular lipid matrix
[3]. In comparison to other biological membranes, the SC does not contain phospholipids.
The main lipid classes in the SC intercellular lipid matrix are ceramides (Cer), free fatty
acids (FFA), cholesterol (Chol) and its derivatives organized in lamellar phases [4-7]. Cer
are regarded as fundamental compounds in functioning of the SC barrier [8]. To date, the
existence of 12 subclasses of Cer isolated from the human SC has been reported [9]. From
former studies, it is known that the constituents of the SC intercellular lipid matrix, which
influence to a high degree the internal membrane structure formation and the barrier
properties of the SC are: Cer [AP] (due to its head group polarity) and the acylceramide,
Cer [EOS] [10-13]. In order to characterize the SC lipid organization, an approach with
native SC lipids isolated from the mammalian skin was formerly used [14-18].
Nevertheless, to understand the role of each individual lipid species in the functioning
and maintaining of the SC barrier, a new approach with well-defined artificial SC lipid
membranes produced as oriented multilamellar systems has been introduced [11, 13, 19-
21]. These studies, however, were focused on investigating the relation between lipid
composition and the SC lipid system organization. No information about the SC barrier
function was acquired. The lipid organization—barrier function relationship was
investigated elsewhere [22-24]. The lipid systems used in those studies, however, were
much more complex and consisted of a number of Cer, FFA and Chol. In such complex
model systems, occurring alterations in the SC barrier function cannot be entirely
attributed to one lipid, but may be a result of interactions between different subspecies
of lipids. Therefore, the elucidation of the impact of each lipid compound, particularly the
different ceramide species, on the diffusion and penetration of drugs for such model
systems may be, in our opinion, complicated.

In the present study, the barrier properties of two quaternary lipid model
membranes (composed of i.a. Cer [AP] and Cer [EOS]) were investigated. As mentioned

above, use of such elementary systems facilitates studying the influence of individual lipid



Chapter 6 Diffusion and permeation of model drugs 66

species (e.g. various ceramide species), on the diffusion, penetration and permeation of
drugs and other substances of interest. In our previous study, these two lipid model
membranes were characterized in terms of the lipid organization using various analytical
techniques (i.a. SAXD, HPTLC, ESEM, confocal Raman imaging) [25]. It was confirmed that
the lipid model systems could have been prepared in a standardized way with regard to
the lipid distribution and organization. Therefore, they are suitable model membranes to
be tested and to be compared with the human SC in the diffusion and penetration
studies. In the present study, the barrier properties of these systems were investigated by
means of a comparison of diffusion and permeation of three substances with varying
lipophilicities (i.e. urea, caffeine and diclofenac sodium) across SC lipid model membranes
and the human SC isolated from the full thickness skin. The diffusion studies were
conducted using Franz-type diffusion cells. The amount of permeated drug was analyzed
using high performance liquid chromatography (HPLC) or conventional capillary
electrophoresis (CE) technique. A mathematical model was developed to fit the diffusion

profiles of model drugs and to estimate their diffusion coefficients.

2. Materials and methods

2.1. Materials

Synthetic Cer [EOS] and Cer [AP] were generously provided by Evonik Goldschmidt
(Essen, Germany). Palmitic acid, sodium cholesteryl sulfate, caffeine, diclofenac sodium
salt and urea were purchased from Sigma-Aldrich Chemie GmbH (Steinheim, Germany)
and cholesterol from Sigma Chemical CO. (St. Louis, USA). Methanol, ethanol, chloroform,
acetonitrile, formic acid and n-hexane were obtained from Merck (Darmstadt, Germany).
Urease (from jack beans, 9.0 U mg'l) was purchased from Fluka (Buchs, Switzerland).
Nuclepore polycarbonate membrane filters (diameter 25 mm, pore size 50 nm) were
purchased from Whatman (Kent, UK). Solvents used for the sample preparation and

analytical procedures were of analytical grade.
2.2. Preparation of model lipid membranes
For the preparation of SC lipid model membranes, two compositions of a lipid

mixture were used, namely: Cer [AP]/Chol/PA/ChS in the ratio 55/25/15/5 (m/m),
referred to as Membrane |, and Cer [AP]/Cer [EOS]/Chol/PA in the ratio 10/23/33/33
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(m/m), referred to as Membrane Il. The SC lipids used for the preparation of the lipid
model membranes are presented in Fig. 1. Appropriate amounts of individual lipids were
dissolved in a mixture of chloroform/methanol (2/1, v/v). Following the evaporation of
the organic solvents under a stream of nitrogen, the lipids were re-dissolved in a mixture
of n-hexane/ethanol (2/1, v/v) at a total lipid concentration of 5 mg/ml. Automatic TLC
Sampler 4 (Camag, Muttenz, Switzerland) with a specially built holder was used to apply
the lipid mixtures onto porous membrane filters. The spraying of lipids was performed at
a very low flow rate (80 nl/s) and under a stream of nitrogen. The sprayed area amounted
to 169 mm? and the volume of lipid solution used was 100 pl. Afterward, an annealing
procedure was carried out in order to enhance the multilamellar orientation of lipids and
to decrease the mosaicity of samples. It consisted of a heating step (30 min at 80 °C or 70
°C in the case of Membrane | and Membrane I, respectively) and a subsequent cooling

down step (to room temperature) at 100% relative humidity.

(0] HN OH
Ceramide 1 [EOS] MH
(@]
/\/\/\/\./\/\/\)LOH

Palmitic acid
Cholesterol OH

HO \/\/\/\/\/\/\/\/’\fo

/\/\/\/\/\/\/*&\OH
OH
OH
Ceramide 6 [AP]

Cholesterol sulfate

Fig. 1. Chemical structures of constituents of lipid model membranes.

2.3. Diffusion and permeation studies

In vitro diffusion and permeation experiments were carried out using Franz-type
diffusion cells (Rettberg, Goettingen, Germany). As model drugs, 2% (m/m) solution of
caffeine, 0.1% (m/m) solution of diclofenac sodium and 10% (m/m) solution of urea were
used. The specified concentrations of model drugs were used in order to provide infinite
dose conditions (i.e. the concentration of the model drug in the donor phase should not
diminish significantly in the course of the experiment), as well as due to analytical
reasons. Under the conditions of an infinite dose, the steady-state phase can be reached

and maintained, which enables the calculation of permeability parameters [26].
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Moreover, the mathematical model developed for the purpose of this study is only valid
for infinite dose conditions. All solutions were prepared in phosphate-buffered saline
(PBS, pH 7.4: NaCl, KCI, NaHPO,4 and KH,PO, in water in concentrations 8.0, 0.2, 1.44 and
0.24 g/l, respectively). For diffusion experiments with urea, PBS solution without
potassium ions was used (due to the analytical procedure of the urea determination in
the acceptor phase). The chemical structures of model drugs are presented in Fig. 2 and
their physicochemical properties are summarized in Table 1 (the pK, and log P values

were either adapted from [27, 28] or estimated using ChemAxon’s Marvin software).

Table 1 Physicochemical properties of model drugs.

Parameter Molar mass [g/mol] logP  pK,(25°C)
Urea 60.06 -2.11 0.18
Caffeine 194.19 -0.07 1.4
Diclofenac sodium 318.14 4.28 4.0

For all diffusion and permeation studies, the donor compartment was filled with 1
ml of the model drug solution in PBS. As the acceptor phase, approx. 5 ml of PBS (pH 7.4)
were used. A magnetic bar stirred the acceptor phase throughout the time of
experiments. At predetermined points in time, the samples were collected from the
acceptor compartment and subsequently quantitatively analyzed using a specific
analytical procedure developed for each drug. The removed volume of the acceptor
phase was replaced with fresh PBS solution. All diffusion and permeation experiments
were conducted under occlusive conditions (the opening of the donor compartment was
closed with adhesive tape). During diffusion and permeation studies, the model
membranes were kept at 32 °C by use of thermostated water baths in order to mimic the
in vivo conditions. As model membranes, human SC and artificial lipid systems,
Membrane | and Membrane Il, were used. The full thickness human skin was acquired
after cosmetic surgery from two Caucasian female donors (samples were taken from
back, abdomen and thigh). Prior to the isolation of the SC, the subcutaneous fat tissue
was dissected from the skin samples. The SC was isolated according to the method
depicted by Kligman and Christophers [29]. To separate the SC from the epidermis, the
skin samples were incubated in 0.1% trypsin solution (in PBS, pH 7.4) for 12—24 h at 32 °C.

The isolated SC samples were stored at —26 °C until use. The protocol of this study was
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approved by the ethics committee of the Martin Luther University Halle-Wittenberg

(Germany).
H,C ﬁ M
ﬁ 3 \N/\/l\I/N>
/
PN O%\N N
H,N NH, )
CHy
Urea Caffeine
Cl Q
ONa
NH
Cl
Diclofenac sodium
Fig. 2. Chemical structures of model drugs.
2.4. Analytics

The amount of caffeine in the acceptor compartment was analyzed by means of a
HPLC method using Agilent 1100 LC System (Agilent, Waldbronn, Germany) equipped
with a vacuum degasser, a binary pump, an autosampler and a diode array detector. A
stationary phase used was: Eurospher 100-5-RP18 column with dimensions: 100 x 2 mm
(Knauer, Berlin, Germany) maintained at a temperature of 30 °C. An isocratic mixture of
water/methanol (60/40, v/v) was used as a mobile phase. The flow rate of the mobile
phase amounted to 0.2 ml min™ and the injection volume of each sample was 5 pl. The
detection of caffeine was performed at a wavelength of 273 nm (its maximal absorption).
The limit of quantification was 0.07 ug mi™.

The quantitative analysis of diclofenac sodium was performed using the same HPLC
system, as depicted earlier for the caffeine determination in the acceptor phase. Nucleosil
C8 column with dimensions: 125 x 2 mm (Macherey-Nagel GmbH & Co. KG, Dueren,
Germany) kept at a temperature of 30°C was used as a stationary phase. An isocratic
mobile phase consisted of 0.1 % formic acid in a mixture of water/acetonitrile (50/50, v/v)
and its flow rate amounted to 0.2 ml min™. 5 pl of each sample were injected into the
HPLC column and the detection was carried out at a wavelength of 278 nm. The limit of

quantification was 0.2 pg mi™.
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The quantity of urea in the acceptor phase was investigated after an enzymatic
conversion of urea to ammonium, by conventional CE with contactless conductivity
detection. For diffusion studies of urea, the PBS solution without potassium ions was
used. The reason for that is a similarity of ammonium and potassium ions (similar size),
and hence a difficult separation of these ions by CE. To the samples taken from the
acceptor compartment, an appropriate amount of 2 mg ml™” urease suspension was
added. Next, the reaction mixtures were shaken for 2 hours to assure a completeness of
the enzymatic conversion. Afterward, all samples were passed through 0.2 um cellulose
filters (Wicom, Heppenheim, Germany). Samples prepared in this manner were analyzed
using PrinCE-C 750 CE System (Prince Technologies, Emmen, The Netherlands) with built
in-house contactless conductivity detector, which in contrast to other devices of this type
is equipped with a rectangular wave generator instead of a sinusoidal one (in order to
improve the amplitude stability). Separations were carried out in fused-silica capillaries
(CS-Chromatographie Service, Langerwehe, Germany) with 75 um ID and 53.5 cm length
(38.5 cm to detector). Capillaries were preconditioned with 1 M NaOH for 10 min and
water for 10 min, and subsequently flushed with running buffer (20 mM MES/HIS buffer)
for 20 min. After each run, the capillaries were rinsed with the MES/HIS buffer. In case of
observed peak distortions, the flushing with 0.1 M NaOH for 5 min, water for 5 min and
the MES/HIS buffer for 10 min was conducted. The separation voltage was 20 kV. The

limit of quantification amounted to 0.25 pg ml™.

2.5. Mathematical model (its schematic diagram is presented in Fig. 3)

The drug concentration u(t,x) within the membrane can be approximated by a

solution of a linear one-dimensional diffusion equation (Fick’s second law of diffusion):

ou o%u
E_Dﬁ 0<x<L;t=0 (1)
The changes in the concentration of the model drug in the donor up,(t) = u(t,0) and in

the acceptor phase u,(t) = u(t, L) lead to the boundary conditions:

’ D du(t,0)
wp() = — = (2)
D du(t,L)
u'p(t) = Zua_x (3)

where Ly, =V /s and Ly =V, /s are the effective lengths of the donor and the acceptor
compartment, respectively (Vp and Vx are the volumes of the donor and the acceptor

phase, respectively; s is the diffusion/permeation area).
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Fig. 3. A schematic diagram of the mathematical model.

The initial conditions are given by Eq. (4) and Eq. (5):
u0,x)=0 x>0 (4)
u(0,0) = up(0) (5)
where up (0) is the initial drug concentration in the donor compartment.
Replacement of the spatial derivatives in Eq. (1) by standard central differences leads to a
linear system of ordinary differential equations:

u'p(t) = DMuy(t) (6)
with a constant matrix M, where u,(t) stands for a vector of concentrations in the
membrane at some (numerical) grid points. The velocity of the drug permeation through
the membrane is determined by the slowest eigenmode of M corresponding to the
eigenvalue A;. We can therefore fit the model given by Eq. (7):

ua(t) = ueo (1 — exp(yt)) (7)
to the experimental data and obtain an estimate for the diffusion coefficient by:
D =y/A4. The eigenvalue A; depends on the geometry (L, Lp and L4) of the
configuration. Its value can be computed using the NumPy package.

The other permeability parameters were acquired from plots of the cumulative
permeated amount per cm? versus time. The steady-state flux (/) is the slope of the linear
part of the plot, whereas the lag-time (T1) is determined from the intercept of this linear
part of the plot with the time-axis. The permeability coefficient (kp) is computed using
equation: k, = J/up (0).

Comparisons of the estimated permeability parameters were performed using one-
way analysis of variance (ANOVA) followed by Tukey’'s test (post hoc analysis).

Significance was accepted when p < 0.05.



Chapter 6 Diffusion and permeation of model drugs 72

3. Results and discussion

3.1. Influence of physicochemical properties of drugs on the diffusion across SC lipid

model membranes

To estimate the influence of physicochemical characteristics of drugs on their
diffusion through SC membranes, the diffusion and permeation of three model drugs
covering a broad range of lipophilicities (Table 1) across SC lipid model membranes and
the human SC were investigated. Moreover, the other important factor which can affect
the rate of diffusion and permeation of substances of interest is their molecular weight. In
the present study, diffusion and permeation of model drugs with varying molecular
weight were examined, starting with a smallest compound (urea), a medium one
(caffeine) and ending with a largest one (diclofenac sodium).

Fig. 4 shows diffusion and permeation profiles of model drugs with the model
fittings across Membrane | (A), Membrane Il (B) and the human SC (C). The figure clearly
shows that the diffusion of urea was much faster than the permeation of caffeine and the
slowest rate of permeation occurred in the case of diclofenac sodium. The relationship
observed is characteristic for all membranes investigated (artificial lipid membranes and
native SC). The values of steady-state flux, lag-time, permeability coefficient and diffusion
coefficient are presented in Table 2.

In the present study, the impact of physicochemical properties of drugs on their
diffusion and permeation behavior was investigated. Three model drugs with different
lipophilicities (namely, urea with log P of —2.11, caffeine with log P of —0.07 and
diclofenac sodium with log P of 4.28, where log P stands for log partition coefficient
value) were selected to examine the influence of the partitioning characteristics of drugs
on the rate of diffusion. It is generally suggested, because of the lipophilic character of
the SC intercellular matrix, that the more lipophilic a drug is, the faster should it permeate
through the SC. It can be clearly seen in Fig. 4A—C that urea, which is a representative of
the hydrophilic drug, diffused through both artificial lipid membranes and the human SC
faster than the more lipophilic molecule, caffeine, and much faster than the most
lipophilic drug, diclofenac sodium. A comparison of permeability parameters shows that
the steady-state flux of urea was ~ 23 times larger than J of caffeine and ~ 194 times
larger than J of diclofenac sodium in the case of Membrane |. For Membrane I, J of urea
was ~ 51-fold and ~ 849-fold larger than the corresponding values of caffeine and

diclofenac sodium, respectively. A similar relationship applies for the J values in the case
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of the diffusion across the human SC, where J of urea was ~ 21 times and over 5000 times
larger than the | of caffeine and diclofenac sodium, respectively. The permeability
coefficient of urea in the case of Membrane | was higher than k, of caffeine and
diclofenac sodium by a factor of ~ 5 and 2, respectively. For Membrane I, k, of urea was
~ 11 times and ~ 9 times larger than k;, of caffeine and diclofenac sodium, respectively.
In the case of the human SC, kp of urea was higher than the corresponding values of
caffeine and diclofenac sodium by a factor of ~ 4 and ~ 53, respectively. A comparison of
diffusion coefficient values shows that D of urea for Membrane | was ~ 11-fold and ~ 4-
fold larger than D of caffeine and diclofenac sodium, respectively. In the case of
Membrane I, a similar relationship was observed, namely D of urea was higher than D of
caffeine and diclofenac sodium by a factor of ~ 10 and ~ 8, respectively. For the human
SC, D of urea was ~ 4 times and ~ 50 times larger than D of caffeine and diclofenac
sodium, respectively.

The D values in the case of permeation of caffeine and diclofenac sodium through
the human SC (0.66 x 107 cm? s* and 5.4 x 10° cm? 57, respectively) are in good
agreement with the previously published D values of caffeine (1.4 x 10”7 cm? s™* [30], 1.03
x 107 cm? s [31]) and diclofenac in the nonionized form (9.65 x 10”° cm? s [31]). The D
of urea in the case of diffusion across the human SC (2.71 x 10”7 cm? s) is significantly
larger than previously reported D values for urea (6.68 x 10" em? s [32], 2.85 x 10™° cm?
s?[33], 0.12 x 10" cm? s™ [25]). The reason for that is most likely the use of different
instrumentation in the previous diffusion studies, namely the ATR-FTIR diffusion cell,
associated with the different analytical method of urea amount determination in the
acceptor phase (i.e. ATR-FTIR spectroscopy in the previous studies, HPLC in the present
study). When comparing the lag-times, it can be clearly seen that the differences in the
mean values of T1 in some cases are not significant. T., of urea in the case of Membrane |
was ~ twice shorter than T, of caffeine, whereas T, of both caffeine and diclofenac
sodium and urea and diclofenac sodium were not significantly different (a = 0.05). For
Membrane Il, the differences in T, of urea and caffeine were not significant (o = 0.05) and
their values can be assumed to equal 0. On the other hand, T}, of diclofenac sodium was ~
1.2 hand ~ 0.6 h longer than T;, of urea and caffeine, respectively. A similar relation holds
for diffusion and permeation across the human SC, where, on the one hand, T. of urea
and caffeine were different, however, for both drugs had negative values which means
there was no lag-time at all. T;, of diclofenac sodium was ~ 1.7 h and 0.7 h longer than T,

of urea and caffeine, respectively.
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Fig. 4. Diffusion and permeation through the model lipid membranes, (A) Membrane | and (B) Membrane
I, and (C) the human SC (data shown with mathematical model fittings). Error bars show the standard
deviation (n = 4).

From the diffusion and permeation profiles of three model drugs and their
permeability parameters, it can be concluded that the most hydrophilic one, urea, is
characterized by the fastest diffusion through both SC lipid model membranes and the
human SC. One possible explanation of this phenomenon can be the molecular weight of

urea, which is much smaller when compared to the more lipophilic drugs (i.e. caffeine and



Chapter 6 Diffusion and permeation of model drugs 75

diclofenac sodium). From the Stokes-Einstein relation: D = kgT /(6mnr), where kg is the
Boltzmann’s constant, T is the absolute temperature, 1 is the medium’s viscosity and r is
the radius of a spherical diffusing molecule, it is known that D of the diffusing species is
inversely proportional to its radius [34]. Assuming the proportionality of the molecular
weight of the molecule to its volume and taking into account the differences in the molar
mass of used model drugs, the expected D values of urea, caffeine and diclofenac sodium
should occur in descending order. This relation is true for urea, however it does not apply
for other two model drugs in the case of SC lipid model membranes, where D and k,
values of diclofenac sodium are larger than the corresponding values of caffeine. The
other possible explanation for urea’s diffusion behavior can be its permeation enhancing
potential. Urea is a well-known penetration enhancer for the hydrophilic pathway and its
activity probably results from its keratolytic as well as hydrating properties [35-37]. The
mentioned permeation enhancing activity can be responsible for the acceleration of the
diffusion of urea across SC lipid model membranes and the human SC. The larger values
of D and k, of diclofenac sodium in the case of permeation across Membrane | and
Membrane Il, when compared to D and kp values of caffeine, may result from their
distinct partitioning characteristics. On the one hand, diclofenac sodium molecule has a
larger molecular weight than caffeine molecule; on the other hand, the latter is much less
lipophilic than diclofenac sodium. This results in slightly larger values of D and kj in favor
of diclofenac sodium. The larger as expected differences between the D values of caffeine
and diclofenac sodium in the case of the human SC can be caused by high inter- and intra-

variability of the human SC samples [1].

Table 2 Permeability parameters of urea, caffeine and diclofenac sodium - in vitro study.

Parameter JImgem?h™ T.[h] kp [em h™] D [x10% cm?s™

sc 42.23+1.66 1.01£0.24 0.42 +0.02 27.14+7.16
Urea Membrane | 1.36+0.13 2.88+1.13 0.014 +0.001 0.25+0.13
Membrane |l 19.52 +1.53 -0.47 £0.50 0.20 £ 0.02 1.59+0.16
sc 2.00£1.12 -0.01+0.15 0.10 £ 0.06 6.58 £ 4.02

Caffeine Membrane | 0.06 £0.01 5.89+1.12 0.003 +0.001 0.023 + 0.006
Membrane II 0.3840.04 0.15+0.26 0.019 + 0.002 0.16 £ 0.02
sc 0.008 + 0.004 0.73+0.94 0.008 + 0.004 0.54 £ 0.69

Dg‘;‘;ﬁ:fc Membrane|  0.007 0.002 3.56+1.69 0.007 + 0.002 0.060 + 0.014
Membrane Il 0.023 £ 0.001 0.77£0.23 0.023 +0.001 0.19 £0.01

Permeability data represent MEAN + SD (n = 4).
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3.2. Influence of the composition of SC lipid model membranes on their barrier function

To investigate the impact of the composition of SC lipid model systems on their
barrier properties, the diffusion and permeation of three model drugs across Membrane |
and Membrane Il were analyzed, and subsequently compared with their diffusion and
permeation through the human SC.

Fig. 5 presents diffusion and permeation profiles of urea (A), caffeine (B) and
diclofenac sodium (C) (and their model fittings) across SC lipid model membranes and the
human SC. The values of permeability parameters of model drugs are listed in Table 2. It
can be clearly seen in Fig. 5A that urea diffused faster across the human SC when
compared to its diffusion through SC lipid model membranes. The slowest rate of
diffusion occurred in the case of Membrane I. The steady-state flux of urea in the case of
the human SC was ~ twice and ~ 31 times larger than J in the case of diffusion through
Membrane Il and Membrane |, respectively. The same ratio applies for a comparison of
the values of the permeability coefficient of urea. In the case of diffusion across the
human SC, the diffusion coefficient of urea was higher by a factor of ~ 17 and ~ 109 than
D of urea for Membrane Il and Membrane |, respectively. Fig. 5A clearly shows that for
the diffusion profiles of urea across the human SC and Membrane Il, no lag phase was
observed. The values of T for the human SC and Membrane |l are both negative and not
significantly different (a = 0.05). The lag phase of urea in the case of Membrane |, on the
other hand, was well pronounced and its T, was ~ 3.4-3.9 h longer than for the other
two membranes.

A similar relationship, as presented for the diffusion of urea, was also observed in
the case of permeation of caffeine across both the human SC and SC lipid model
membranes (Fig. 5B). The fastest rate of permeation of caffeine occurred for the human
SC and the slowest one for Membrane |. Both the steady-state flux and the permeability
coefficient of caffeine in the case of the human SC were ~ 5-fold and ~ 33-fold larger
than J and k, for permeation through Membrane Il and Membrane |, respectively. A
comparison of diffusion coefficient values shows that D of caffeine for the human SC was
~ 41 times and ~ 286 times larger than the corresponding values in the case of
permeation across Membrane Il and Membrane |, respectively. The differences in the lag-
times of caffeine for the human SC and Membrane Il were not significant (a = 0.05) and
the values of T;, were close to 0. On the contrary, Ty, of caffeine in the case of permeation
across Membrane | was ~ 6 h longer than for the other membranes. Surprisingly, in the

case of permeation of diclofenac sodium, the fastest rate of permeation occurred for the



Chapter 6 Diffusion and permeation of model drugs 77

experiments with Membrane Il. The permeation profiles of diclofenac sodium across the
human SC and Membrane | are similar (Fig. 5C). Their similarity is emphasized by the
same values of | and k;, for these two membranes (a = 0.05). The values of J and k, of
diclofenac sodium in the case of permeation through Membrane Il were higher than for
the other membranes by a factor of ~ 3. The differences in the values of the diffusion
coefficient of diclofenac sodium in the case of diffusion across the human SC and both
Membrane | and Membrane Il were not significant (a = 0.05). On the other hand, D of
diclofenac sodium for Membrane Il was ~ 3 times larger than D for Membrane I. The lag-
time of diclofenac sodium in the case of Membrane Il was slightly longer than T}, for the
human SC. The longest lag phase occurred in the case of permeation across Membrane |
(i.e. ~ 2.8 h longer T. than for the other membranes).

Based on the results presented, it can be assumed that the composition of SC lipid
model membranes influences to a high degree their barrier properties. A comparison of
diffusion and permeation profiles, as well as the permeability parameters, of model drugs
across SC lipid model membranes and the human SC leads to the conclusion that, in terms
of the barrier function, Membrane Il is much more similar to the human SC than
Membrane I. The most unequivocal evidence confirming this theory is the comparison of
T: values of model drugs in the case of diffusion and permeation across the human SC
and Membrane Il, which are either very much alike (for diclofenac sodium) or the same
(for urea and caffeine; a = 0.05). The other permeability parameters of model drugs,
except for J and kp values in the case of permeation of diclofenac sodium across
Membrane | and the human SC, also point at higher degree of similarity of the barrier
function of Membrane Il and the human SC. A possible explanation for this phenomenon
can be the different lipid composition, hence the distinct lipid organization, of SC lipid
model membranes. From the previous studies on the lipid organization [12, 19, 25, 38], it
is known that the polar Cer [AP] (four OH-groups within the head group) is responsible for
the formation of a very stable system with a periodicity of ~ 45-46 A (Membrane 1). The
ability of short-chain Cer (e.g. Cer [AP]) to exist in the fully extended as well as the hairpin
conformation (transformation from one to the other conformation by the chain-flip
transition) is of major importance for the elucidation of the lipid arrangement within SC
lipid model membranes. Cer [AP] in the fully extended conformation keeps the lipid
bilayers together and can be considered as an armature (“armature reinforcement

model”, [12]).
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Fig. 5. Diffusion and permeation profiles of (A) urea, (B) caffeine and (C) diclofenac sodium (across model
lipid membranes and human SC) and their model fittings. Error bars show the standard deviation (n = 4).

The presence of Cer [EOS] within the lipid system (Membrane Il) does not influence
significantly the lipid organization in terms of the periodicity of the lamellar phase (~ 46
A, [19, 25]). This finding leads to the conclusion that the long-chain Cer [EOS] is forced to
fit into the membrane created by Cer [AP] with its long alkyl chain traversing the bilayer
and expanding into the adjacent layer [19]. This phenomenon, however, can lead to a

relaxation within the lipid assembly, i.e. the lipids within the lipid systems are not
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arranged so tight as it was in the case of Membrane |. This assumption finds its
confirmation in the results of diffusion and permeation studies of model drugs through
Membrane | and Membrane Il. The model drugs diffused and permeated faster across
Membrane II, which is considered to be much more similar to the human SC, than

Membrane |, with regard to the barrier function.

4. Conclusions

Diffusion and permeation studies of three model drugs with varying lipophilicities
(urea, caffeine and diclofenac sodium) were conducted in order to acquire information on
both the impact of physicochemical properties of drugs on their diffusion and permeation
across SC lipid model membranes and the influence of the constituents of these systems
(in particular the different ceramide species) on their barrier function. Firstly, the fastest
diffusion through both SC lipid model membranes and the human SC occurred in the case
of the most hydrophilic model drug, urea. This can be attributed to its smallest molecular
weight, as well as its permeation enhancing potential for the hydrophilic pathway (hence
the acceleration of the process of diffusion). The differences in the permeation rates of
caffeine and diclofenac sodium can be explained by their distinct partitioning properties.
The most lipophilic drug, diclofenac sodium, permeated faster across lipophilic SC model
membranes than caffeine (larger values of D and k;, in the case of diclofenac sodium).
Secondly, the composition of SC lipid membranes has a significant impact on their barrier
properties. With regard to the barrier function, Membrane Il is much more similar to the
human SC than Membrane I. In the presence of Cer [EOS] (as in Membrane II) the lipids
within the SC model systems are not arranged so tight as it is in the case of Membrane |,
which results in the faster diffusion and permeation of model drugs across Membrane I

(similar diffusion profiles of model drugs through Membrane Il and the human SC).
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Abstract

The impact of the lipophilic penetration enhancer, oleic acid (OA), on the barrier
properties of stratum corneum (SC) lipid model membranes was investigated based on
diffusion and permeation studies of model drugs covering a broad range of lipophilicities.
Diffusion and permeation experiments of urea, caffeine and diclofenac sodium were
conducted using Franz-type diffusion cells. HPLC and capillary electrophoresis techniques
were employed to analyze the amount of permeated drug. An incorporation of OA to the
SC lipid model membranes did not change the relation between the diffusion and
permeation behavior of model drugs presented previously for SC lipid model membranes
without OA. The fastest rate of diffusion through SC lipid model membranes occurred in
the case of the most hydrophilic drug, urea. In the case of permeation studies of caffeine
and diclofenac sodium across SC lipid model systems, the permeability parameters were
either equal or slightly larger in favor of the most lipophilic drug, diclofenac sodium.

OA had a pronounced impact on the barrier properties of SC lipid model membranes. It
caused the impairment of the barrier function of the SC lipid model membrane with Cer
[AP] (phytosphingosine-based ceramide), however, surprisingly improved the barrier

properties of the SC lipid model system with Cer [EOS] (sphingosine-based acylceramide).
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1. Introduction

The outermost layer of the skin, the stratum corneum (SC) constitutes the main
penetration barrier for topically administered drugs and other substances (e.g. water)
(Wertz and van den Bergh, 1998). It consists of parallel to the skin surface anucleated
dead cells (corneocytes) that are embedded in a lipid matrix (Elias, 1983). The
intercellular route of transport through the normal intact SC is thought to be the most
preferable one (Williams and Elias, 1987). Therefore, the organization of the SC
intercellular lipid matrix is of special interest. The SC intercellular lipid matrix does not
contain phospholipids, contrary to other biological barriers (e.g. cell membranes). It is
mainly composed of ceramides (Cer), free fatty acids (FFA), cholesterol (Chol) and its
derivatives (e.g. cholesterol sulfate, ChS) that are organized in lamellar phases (Masukawa
et al., 2008; Robson et al., 1994; Schurer et al., 1991; Wertz et al., 1985). Cer, FFA and
Chol make up approx. 50%, 10% and 25% of the SC lipid mass, respectively, with ChS
comprising about 5% of the total Chol (Weerheim and Ponec, 2001; Wertz, 2000). FFA
found in the SC are mainly saturated, straight-chained species. Their chain lengths range
from 16 through 30 carbons and the most abundant species are C22:0, C24:0 and C26:0
(Weerheim and Ponec, 2001; Wertz and van den Bergh, 1998). A key role in the
functioning of the SC barrier play Cer (Coderch et al., 2003). Recent study reported the
existence of 12 subclasses of Cer isolated from the human SC (van Smeden et al., 2011).
In order to investigate the SC lipid organization, native SC lipids isolated from the
mammalian skin were used in former studies (Bouwstra et al., 1996; Mcintosh, 2003;
Mclintosh et al., 1996; Ongpipattanakul et al., 1994; White et al., 1988). Nevertheless, to
elucidate the role of each lipid species in the functioning and maintaining of the SC
barrier, a new approach with well-defined artificial SC lipid systems produced as oriented
multilamellar membranes has been recently introduced (Engelbrecht et al., 2011a;
Kessner et al., 2008; Kiselev, 2007; Kiselev et al., 2005; Raudenkolb et al., 2005; Schroeter
et al.,, 2009a; Schroeter et al., 2009b). The use of such systems can help to overcome
obstacles like the poor availability of human skin and the high inter- and intra-variability
of the human SC samples. In these studies, it was found that the short chain and polar
phytosphingosine-based Cer [AP] and the acylceramide, Cer [EOS], influence to a high
degree the internal membrane structure formation and the barrier properties of the SC.
However, the focus in these studies was placed on the relation between the lipid
composition and the SC lipid system organization, and no information about the SC

barrier function was obtained. The lipid organization—barrier function relationship was



Chapter 7 Influence of penetration enhancer 84

investigated elsewhere (de Jager et al., 2006; Groen et al., 2011). However, lipid systems
used there were much more complex and were composed of a number of Cer, FFA and
Chol. The use of such complex model membranes does not allow to assign alterations
occurring in the SC barrier function just to one lipid. On the contrary, they might result
from interactions between different subspecies of lipids. The investigation of the
influence of each lipid constituent (in particular the Cer species) on the diffusion and
permeation of drugs across such model systems may be hampered.

The process of drug diffusion and permeation across the SC can be modulated. The
facilitation of the drug administration into deeper skin layers or to the systemic
circulation is desired in the treatment of many diseases. There are a number of
mechanisms of the temporary impairment of the SC barrier function and they have been
extensively reviewed (Trommer and Neubert, 2006). In addition to physical methods (e.g.
phonophoresis, iontophoresis), a chemical penetration enhancement plays a crucial role
in the modulation of the SC penetration (Walker and Smith, 1996; Williams and Barry,
2004). The enhancement of the drug penetration into the SC or the permeation through
the SC is proven for a number of chemical substances called penetration enhancers.
However, their exact mechanism of action is not yet fully explained. cis-9-octadecenoic
acid (oleic acid, OA) belongs to the group of well-studied penetration enhancers
(Francoeur et al., 1990; Walker and Hadgraft, 1991). Francoeur et al. (1990) found that
following skin treatment with OA, the penetration of piroxicam was significantly
increased. This phenomenon was ascribed to a direct perturbing effects of OA on the SC
lipids, as well as a formation of phase-separated fluid domains in the presence of OA.
Similar findings were reported elsewhere (Naik et al., 1995; Rowat et al., 2006; Tanojo et
al., 1997). A number of studies on the effects of the OA action on the phospholipid-based
systems were also carried out (Funari et al., 2003; Prades et al., 2003; Separovic and
Gawrisch, 1996). It was found in these studies that the double bond of OA substantially
influenced the molecular arrangement of lipid alkyl chains and hence the lipid bilayer
arrangement. As a consequence, an increased chain disorder was produced. The model
lipid system composed of Cer [AP], Chol, PA, ChS and OA was investigated by means of
small angle X-ray scattering (Zbytovska et al., 2009) and neutron scattering (Engelbrecht
et al., 2011b). These studies confirmed the OA mode of action described earlier.

In the present study, the barrier properties of two quaternary lipid model
membranes (composed of i.a. Cer [AP] and Cer [EOS]) with additionally incorporated OA
were investigated. In our previous studies, two lipid model membranes (Membrane | and

Membrane Il, see Table 1) were, firstly, characterized in terms of the lipid organization
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using numerous analytical techniques (Ochalek et al., 2012a) and, secondly, the impact of
their composition on the barrier function was examined by conducting diffusion and
permeation studies of three model drugs (Ochalek et al., 2012b). The results of the first
study showed that regarding the lipid distribution and organization, the SC lipid model
membranes were prepared in a standardized way. Moreover, it was confirmed in the
second study that the composition of SC lipid model systems had a significant impact on
their barrier function. The objective of the present study was to investigate the impact of
the penetration enhancer, OA, on the barrier properties of SC lipid model membranes. As
stated previously, the use of simple, but well-defined artificial SC lipid systems elucidates
its investigation. It was analyzed by means of a comparison of diffusion and permeation
of three model drugs that cover a broad range of lipophilicities (i.e. urea, caffeine and
diclofenac sodium) across SC lipid model membranes with integrated OA. The studies
were carried out using Franz-type diffusion cells. Analytical procedures, HPLC and
capillary electrophoresis (CE), were employed to analyze the amount of permeated drug
through SC lipid model membranes. A mathematical model was used in order to estimate

diffusion coefficients of the model drugs.

2. Materials and methods

2.1. Materials

Synthetic Cer [EOS] and Cer [AP] were generously provided by Evonik Goldschmidt
(Essen, Germany). Palmitic acid (PA), oleic acid, sodium cholesteryl sulfate, caffeine,
diclofenac sodium salt and urea were obtained from Sigma-Aldrich Chemie GmbH
(Steinheim, Germany) and cholesterol from Sigma Chemical CO. (St. Louis, USA).
Methanol, ethanol, chloroform, acetonitrile, formic acid and n-hexane were purchased
from Merck (Darmstadt, Germany). Urease (from jack beans, 9.0 U mg™) was purchased
from Fluka (Buchs, Switzerland). Nuclepore polycarbonate membrane filters (diameter 25
mm, pore size 50 nm) were obtained from Whatman (Kent, UK). Solvents used for the

sample preparation and analytical procedures were of analytical grade.
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Fig. 1. Chemical structures of constituents of SC lipid model membranes.

2.2. Preparation of SC model lipid membranes with oleic acid

The SC lipid model membranes were prepared according to the method described
earlier (Ochalek et al., 2012a). Briefly, appropriate amounts of individual lipids (Table 1)
were dissolved in a mixture of chloroform/methanol (2/1, v/v). A distinguishing factor
from the previously used SC lipid model membranes (Membrane | and Membrane Il) was
a presence of a lipophilic penetration enhancer, OA (10%, mass percentage — also known
as m/m), in currently used SC lipid model membranes (Membrane la and Membrane lla).
The chemical structures of lipids used for the preparation of SC lipid model membranes
are presented in Fig. 1. Following the evaporation of chloroform and methanol under a
stream of nitrogen (because of the incompatibility of chloroform and Nuclepore
polycarbonate filters), the lipids were re-dissolved in a mixture of n-hexane/ethanol (2/1,
v/v) at a total lipid concentration of 5 mg/ml. The lipid mixtures were applied onto porous
membrane filters using Automatic TLC Sampler 4 (Camag, Muttenz, Switzerland) with a
specially built holder at a very low flow rate (80 nl/s) and under a stream of nitrogen. 100
ul of a lipid solution were sprayed on the filter area of 169 mm?Z. In order to enhance the
multilamellar orientation of lipids and to decrease the mosaicity of samples, an annealing
procedure was performed subsequently. It consisted of a heating step (30 min at 80 °C or
70 °C in the case of Membrane la and Membrane lla, respectively) and a subsequent
cooling down step (to room temperature) at 100% relative humidity. SC lipid model
membranes prepared in this manner were, afterward, a subject to diffusion and

permeation studies.
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Table 1 Composition of SC lipid model membranes.

Model membrane Composition Ratio (m/m)
Membrane I Cer [AP]/Chol/PA/ChS 55/25/15/5
Membrane II° Cer [AP]/Cer [EOS]/Chol/PA 10/23/33/33
Membrane la Cer [AP]/Chol/PA/ChS/OA 49.5/22.5/13.5/4.5/10
Membrane lla Cer [AP]/Cer [EOS]/Chol/PA/OA 9/20.7/29.7/29.7/10

® Membrane | and Membrane Il were investigated in a previous study (Ochalek et al., 2012b).

2.3. Diffusion and permeation studies

In order to perform in vitro diffusion and permeation experiments, Franz-type
diffusion cells (Rettberg, Goettingen, Germany) were used. 10% (m/m) solution of urea,
2% (m/m) solution of caffeine and 0.1% (m/m) solution of diclofenac sodium were used
as model drugs. Drug solutions were prepared in phosphate-buffered saline (PBS, pH 7.4:
NaCl, KCI, Na,HPO4 and KH,PO,4 in water in concentrations 8.0, 0.2, 1.44 and 0.24 g/I,
respectively). In the case of urea, PBS solution without potassium ions was used (owing to
the analytical technique of the urea determination in samples taken from the acceptor
compartment). Model drugs used in the study are shown in Fig. 2. Their physicochemical
properties are presented in Table 2. The pK, and log P values, where log P stands for log
partition coefficient value, were either found in the literature (Khazaeinia and Jamali,
2003; Kokate et al., 2008) or calculated using ChemAxon’s Marvin software. The log D
values (log distribution coefficient values) were calculated using equation: logD =
log P + log[1/(1 + 10%)], where x = pH — pK, or pH + pK, in the case of acids and
bases, respectively (Scherrer and Howard, 1977). As can be seen in Table 2, the log D
values of urea and caffeine equal their log P values. The reason for this was neutral
(unionized) character of these two drugs at pH used in the study, contrary to diclofenac
sodium which was mostly ionized in these conditions (negatively charged diclofenac ions).
For all diffusion and permeation studies, the donor phase consisted of 1 ml of the model
drug solution in PBS. The acceptor compartment was filled with approx. 5 ml of PBS (pH
7.4) that were stirred by use of a magnetic bar. The samples from the acceptor
compartment were collected at predetermined points in time. Subsequently, a
guantitative analysis of collected samples was carried out using a specific analytical
routine developed for each model drug. The reduced volume of the acceptor phase was

supplemented with the fresh PBS solution after each sample collection. All diffusion and
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permeation experiments were performed under occlusive conditions, provided by sealing
the opening of the donor compartment with an adhesive tape. In order to mimic the in
vivo conditions, the temperature inside the diffusion cells was maintained at 32 °C by use
of thermostated water baths. The artificial SC lipid systems with the incorporated
penetration enhancer, OA, (Membrane la and Membrane Ila) were used as model

membranes in diffusion and permeation studies.

Ci CH,
H,N NH HaCan N
29~ 2
c A |
U 0“ >N~ N
|
CHs

Urea Caffeine

Cl Q
ONa
NH
Cl

Diclofenac sodium

Fig. 2. Chemical structures of model drugs.

Table 2 Physicochemical properties of model drugs

Drug Molar mass [g/mol] log P log D;.4° pK, (25 °C)
Urea 60.06 -2.11 -2.11 0.18
Caffeine 194.19 -0.07 -0.07 1.4
Diclofenac sodium 318.14 4.28° 0.88 4.0

% values of log distribution coefficients at pH = 7.4
e log P value of the uncharged drug form

2.4. HPLC and CE assays; data modeling

The concentration of drugs in the samples collected from the acceptor
compartment was determined using either HPLC or CE technique (Ochalek et al., 2012b).
The HPLC method was developed to analyze the quantity of caffeine in the receptor

compartment. The Agilent 1100 LC System (Agilent, Waldbronn, Germany) equipped with
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a vacuum degasser, a binary pump, an autosampler and a diode array detector was used
in this study. Separations were carried out in a Eurospher 100-5-RP18 column with
dimensions: 100 x 2 mm (Knauer, Berlin, Germany) kept at a temperature of 30 °C. As a
mobile phase, an isocratic mixture of water/methanol (60/40, v/v) was used, at a flow
rate of 0.2 ml min*. The injection volume of each sample amounted to 5 pl. The detection
of caffeine was carried out at a wavelength of 273 nm and its limit of quantification
amounted to 0.07 pg ml™.

The amount of diclofenac sodium in the receptor phase was found using the same
HPLC system, as described in the case of caffeine determination. As a stationary phase,
Nucleosil C8 column with dimensions: 125 x 2 mm (Macherey—Nagel GmbH & Co. KG,
Dueren, Germany) was used. 0.1 % formic acid in a mixture of water/acetonitrile (50/50,
v/v) with a flow rate of 0.2 ml min™ was applied as a mobile phase. 5 pl of each sample
were injected into the HPLC column maintained at a temperature of 30 °C. The detection
was performed at a wavelength of 278 nm and the limit of quantification of diclofenac
sodium amounted to 0.2 pg mi™.

A conventional CE with contactless conductivity detection method was developed
to quantitatively analyze the urea samples taken from the receptor phase. The samples
were examined after an enzymatic conversion of urea to ammonium. This procedure was
described in detail in our previous study (Ochalek et al., 2012b). Briefly, 2 mg ml™ urease
suspension was added to the samples collected from the receptor compartment. In order
to guarantee a completeness of the enzymatic conversion, the mixtures were shaken for
2 hours, subsequently. Next, the samples were filtrated using 0.2 um cellulose filters
(Wicom, Heppenheim, Germany). To determine the ammonium amount and hence the
urea concentration in the acceptor phase, PrinCE-C 750 CE System (Prince Technologies,
Emmen, The Netherlands) was used. In order to improve the amplitude stability, the built
in-house contactless conductivity detector was equipped with a rectangular wave
generator instead of a sinusoidal one, contrary to other devices of this type. Fused-silica
capillaries (CS-Chromatographie Service, Langerwehe, Germany) with 75 um ID and 50.8
cm length (35.3 cm to detector) were preconditioned with 1 M NaOH for 10 min and
water for 10 min, and subsequently rinsed with running buffer (20 mM MES/HIS buffer)
for 20 min. The capillaries were flushed with the MES/HIS buffer after each run. The
additional rinsing with 0.1 M NaOH for 5 min, water for 5 min and the MES/HIS buffer for
10 min was performed, when peak deformations were observed. The separation voltage
amounted to 20 kV. The limit of quantification was 0.25 pg ml™. As mentioned earlier, in

the case of diffusion studies of urea, the PBS solution without potassium ions was used
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because of a similarity of ammonium and potassium ions (similar size), and hence a
difficult separation of these ions by CE.

To calculate diffusion coefficients of model drugs, a mathematical model was
developed. Its detailed description was presented previously (Ochalek et al., 2012b). For
simplicity reasons, the potential interaction between diclofenac ions and FFA ions from
the lipid model membranes was not taken into account in the mathematical data
modeling. In accordance with the Fick’s second law of diffusion, the drug concentration
u(t, x) within the model membrane can be approximated by a solution of a linear one-

dimensional diffusion equation:

ou 2%u
E_Dﬁ 0<x<L;t=0 (1)

where L is the membrane thickness. Fitting appropriate initial and boundary conditions to
Eqg. (1) and replacing the spatial derivatives by standard central differences led to a linear
system of ordinary differential equations with a constant matrix M. Taking into account
that the velocity of the drug permeation through the membrane is determined by the
slowest eigenmode of M corresponding to the eigenvalue Az, one can fit the model given
by:

U (£) = ue (1 — exp(yt)) (2)
to the experimental data and acquire an estimate for the diffusion coefficient by:
D =y/A.

In order to obtain other permeability parameters, the cumulative permeated
amount of model drugs per cm? was plotted as a function of time. The slope of the linear
part of the plot was taken as the steady-state flux (/) and its intercept with the time-axis
was the lag-time (T.). The permeability coefficient (ky) was calculated as a quotient of the
flux and the initial drug concentration in the donor compartment.

The estimated permeability parameters were compared using one-way analysis of
variance (ANOVA) with Tukey’s test as post hoc analysis. Significance was accepted when
p < 0.05. In cases when the compared parameters were not normally distributed or the
variances were not equal, a nonparametric Kruskal-Wallis ANOVA test was performed (a

level of significance was set at p < 0.05).
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3. Results and discussion

3.1. Diffusion and permeation of model drugs through SC lipid model membranes in the

presence of the penetration enhancer, OA

Diffusion and permeation studies of three model drugs with varying lipophilicities
(Table 2) across SC lipid model membranes with incorporated OA (10%, m/m) were
performed in order to investigate the impact of the penetration enhancer on their
diffusion and permeation profiles.

Fig. 3 displays diffusion and permeation profiles of model drugs with the
mathematical model fittings across Membrane la (A) and Membrane lla (B). It can be
clearly seen in the figure that in the case of both SC lipid model systems, the diffusion of
urea was faster than the permeation of caffeine and diclofenac sodium. Moreover, the
slowest rate of permeation was characteristic for the latter. The values of steady-state
flux (J), lag-time (T.), permeability coefficient (k) and diffusion coefficient (D) are listed in
Table 3. In the case of Membrane la (Fig. 3A), the J values amounted to 10.65 + 1.33, 0.24
+ 0.07 and 0.017 = 0.003 mg cm? h? for urea, caffeine and diclofenac sodium,
respectively. The corresponding T. values for urea, caffeine and diclofenac sodium
amounted to —0.37 + 0.27, 0.18 £ 0.22 and 0.19 £ 0.09 h, and the kp values were 0.11 *
0.01, 0.012 + 0.004 and 0.017 + 0.003 cm h™?, respectively. The D values amounted to 5.44
+ 2.55, 0.09 + 0.02 and 0.16 * 0.04 x 10® ¢cm? s in the case of urea, caffeine and
diclofenac sodium, respectively. The diffusion and permeation profiles of model drugs
across Membrane lla are presented in Fig. 3B. The J values in the case of urea, caffeine
and diclofenac sodium amounted to 9.54 + 1.52, 0.20 + 0.06 and 0.013 £+ 0.002 mg cm™
h? and the T} values were —0.77 + 0.17, —=0.24 + 0.13 and —0.14 + 0.03 h, respectively. The
ky, values amounted to 0.095 + 0.015, 0.010 + 0.003 and 0.013 + 0.002 cm h'l, and the
values of D were 12.83 + 8.37, 0.16 + 0.15 and 0.21 + 0.04 x 10 cm?s™ for urea, caffeine
and diclofenac sodium, respectively.

In our previous study, the influence of physicochemical properties of model drugs
on their diffusion and permeation behavior was examined (Ochalek et al., 2012b). Three
model drugs covering a broad range of lipophilicities (log D values of model drugs at pH =
7.4 amounted to —-2.11, —0.07 and 0.88 for urea, caffeine and diclofenac sodium,
respectively) and characterized by a different molecular weight were chosen to
investigate the impact of the partitioning characteristics of drugs on the rate of diffusion.

It was found that the most hydrophilic drug, urea, diffused through both artificial lipid
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membranes (Membrane | and Membrane 1l) and the human SC faster than the more
lipophilic molecule, caffeine, and much faster than the most lipophilic drug, diclofenac
sodium. The fastest rate of diffusion in the case of urea was explained by its smallest
molecular weight, when compared to the more lipophilic drugs, as well as its permeation
enhancing potential for the hydrophilic pathway. When comparing the permeation
behavior of caffeine and diclofenac sodium, two factors have to be taken into account. On
the one hand, caffeine is characterized by a smaller molecular weight than the latter; on
the other hand, diclofenac sodium is more lipophilic than caffeine and appears mostly in
an ionized form. Altogether, it resulted in slightly larger values of k, and D in favor of

diclofenac sodium.
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Fig. 3. Diffusion and permeation through the model lipid membranes, (A) Membrane la and (B)
Membrane lla (data shown with mathematical model fittings). Error bars show the standard deviation (n =
4).

Interestingly, an addition of 10% (m/m) of the lipophilic penetration enhancer, OA,

did not change the relation observed earlier for the SC lipid model membranes devoid of
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OA. A comparison of permeability parameters shows that the J of urea was ~ 44 times
larger than J of caffeine and ~ 627 times larger than J of diclofenac sodium in the case of
Membrane la. A similar relationship applies for the J values in the case of the diffusion
across Membrane lla, where J of urea was ~ 48 times and ~ 734 times larger than the ] of
caffeine and diclofenac sodium, respectively. The kj, of urea in the case of Membrane la
was higher than k, of caffeine and diclofenac sodium by a factor of ~ 9 and ~ 7,
respectively. For Membrane lla, k, of urea was ~ 10 times and ~ 7 times larger than k, of
caffeine and diclofenac sodium, respectively. However, in the case of both SC lipid model
membranes, the k, values of caffeine and diclofenac sodium were not significantly
different (o = 0.05).

Table 3 Permeability parameters of urea, caffeine and diclofenac sodium - in vitro study.

Drug/Parameter J[mg em?h Tw[h] kp [cm h?] D[x10%cm?s!

sc? 42.23+1.66 -1.01+0.24 0.42 +0.02 27.14+7.16
Membrane I’ 1.36+0.13 2.88+1.13 0.014 +0.001 0.25+0.13
Urea Membrane II? 19.52 +1.53 -0.47 £0.50 0.20 +0.02 1.59+0.16
Membrane la 10.65 + 1.33 -0.37£0.27 0.11+0.01 5.44 £ 2.55

Membrane lla 9.54+1.52 -0.77£0.17 0.095 £ 0.015 12.83 £ 8.37
sc? 2.00 £ 1.12 -0.01+0.15 0.10+0.06 6.58 + 4.02

Membrane I° 0.06 +0.01 5.89 + 1.12 0.003 +0.001 0.023 £ 0.006
Caffeine  Membrane II° 0.38+0.04 0.15+0.26 0.019 +0.002 0.16 £ 0.02
Membrane la 0.24 £ 0.07 0.18 £0.22 0.012 + 0.004 0.09 £ 0.02
Membrane lla 0.20 £ 0.06 -0.240.13 0.010 + 0.003 0.16 £ 0.15
sc? 0.008 + 0.004 0.73+0.94 0.008 + 0.004 0.54 £ 0.69

Membrane I° 0.007 +0.002 3.56 + 1.69 0.007 +0.002 0.060 £ 0.014
Diclofenac /o brane I 0.023 +0.001 0.77 £0.23 0.023 +0.001 0.19 £0.01

sodium

Membrane la 0.017 + 0.003 0.19 £ 0.09 0.017 + 0.003 0.16 + 0.04
Membrane lla 0.013  0.002 -0.140.03 0.013  0.002 0.21+0.04

Permeability data represent MEAN + SD (n = 4).

®J, Ti, k» and D values for the human SC, Membrane | and Membrane Il were obtained in a previous study (Ochalek et al., 2012b).

A comparison of D values shows that D of urea for Membrane la was ~ 60-fold and
~ 34-fold higher than D of caffeine and diclofenac sodium, respectively. In the case of
Membrane lla, a similar relationship was observed. Namely, D of urea was larger than D

of caffeine and diclofenac sodium by a factor of ~ 80 and ~ 61, respectively, whereas the
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D values of caffeine and diclofenac sodium were not significantly different (o = 0.05). T1.
of caffeine and diclofenac sodium in the case of Membrane la were not significantly
different (a = 0.05), and were slightly longer than T of urea, which can be assumed to
equal 0 (a negative value). For Membrane lla, the differences in T, of caffeine and
diclofenac sodium were not significant (o = 0.05) and their values, as well as T}, of urea,
can be assumed to equal 0. As mentioned above, in the case of SC lipid model
membranes with incorporated OA, the same relation was observed as for the systems
devoid of OA. The most hydrophilic substance, urea, was characterized by the fastest rate
of diffusion through both SC lipid model membranes (Membrane la and Membrane Ila).
When comparing the permeability parameters of caffeine and diclofenac sodium for both
SC lipid model systems, the values of D, k, and T, were either equal or slightly higher in
favor of the most lipophilic drug, diclofenac sodium. The reasons for such diffusion and
permeation behavior of model drugs were described earlier. The incorporation of OA into
the SC lipid model membranes changed the diffusion and permeation behavior of model
drugs to the same extent. As a consequence, a similar relation holds for diffusion and

permeation of model drugs across SC lipid model membranes with and without OA.

3.2. Influence of the penetration enhancer, OA, on the barrier function of two SC lipid

model membranes

To investigate the impact of the penetration enhancer on the barrier properties of
SC lipid model systems, the diffusion and permeation studies of three model drugs across
Membrane la and Membrane lla were carried out. Subsequently, the results of these
studies were compared with the outcomes of the previously performed diffusion and
permeation experiments through the SC lipid model membranes devoid of OA
(Membrane | and Membrane Il) and the human SC (Ochalek et al., 2012b).

Fig. 4 displays diffusion and permeation profiles of urea (A), caffeine (B) and
diclofenac sodium (C), with mathematical model fittings, across SC lipid model
membranes and the human SC. The permeability parameters of model drugs for all
membranes used in the diffusion and permeation studies are presented in Table 3.

In the case of diffusion of urea through Membrane la and Membrane lla (Fig. 4A),
diffusion profiles were much alike. Moreover, the values of J, k, and D of urea were not
significantly different (a = 0.05) for Membrane la and Membrane Ila. The T values of
urea for both SC lipid model membranes with OA were negative, and hence can be

assumed to equal 0. On the other hand, when comparing diffusion profiles and
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permeability parameters of urea for SC lipid model membranes with and devoid of OA,
one can notice clear differences. | of urea in the case of Membrane la was ~ 8 times
larger than J in the case of diffusion through Membrane I. For Membrane lla, the ] value
of urea was ~ 2 times smaller than J in the case of Membrane Il. The same ratios apply for
a comparison of the k, values of urea (between Membrane la and Membrane |, and
Membrane lla and Membrane Il). In the case of diffusion through Membrane la, the D
value of urea was higher by a factor of ~ 22 than D of urea for Membrane |, and for
Membrane lla ~ 8-fold larger than D of urea for Membrane Il. As can be seen in Fig. 4A,
for the diffusion profiles of urea across the human SC and all SC lipid model membranes
but Membrane |, no lag phase was observed. The values of T for the human SC,
Membrane Il, Membrane la and Membrane lla were negative (i.e. can be assumed to
equal 0). Moreover, T of urea for Membrane lla and Membrane 1l, as well as for
Membrane lla and SC, were not significantly different (a = 0.05). In the case of Membrane
|, T, of urea was well pronounced and was ~ 3.3 h longer than for Membrane la. The
other permeability parameters in the case of diffusion of urea across the human SC were
considerably larger than for all SC model lipid membranes. A similar relation as described
for the diffusion of urea holds also for the permeation of caffeine across both the human
SC and SC lipid model membranes (Fig. 4B). In the case of permeation of caffeine through
Membrane la and Membrane lla, the values of J, k, and D were not significantly different
(o =0.05). Both J and kj, values of caffeine in the case of permeation across Membrane la
were 4-fold larger than J and k, for permeation through Membrane |, and in the case of
Membrane lla ~ 2-fold smaller than for Membrane Il. A comparison of D values shows
that D of caffeine for Membrane la was ~ 4 times larger than the corresponding value in
the case of permeation across Membrane |, and in the case of Membrane lla and
Membrane Il, the D values were not significantly different (a = 0.05). The T values of
caffeine for the SC, Membrane Il, Membrane la and Membrane lla were close to 0. The
differences in T} of caffeine for Membrane la and Membrane I, Membrane la and the
human SC, and Membrane lla and the human SC were not significant (a = 0.05). T, of
caffeine in the case of permeation across Membrane | was ~ 5.7 h longer than for
Membrane la. The J, k, and D values of caffeine in the case of permeation through the
human SC were considerably larger than for all SC model lipid membranes. The
permeation profiles of diclofenac sodium across the human SC and SC lipid model
membranes are shown in Fig. 4C. For the permeation of diclofenac sodium across
Membrane la and Membrane Ila, the values of J, k, and D were not significantly different

(o = 0.05). The J and kp values of diclofenac sodium in the case of permeation through
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Membrane la were higher than for Membrane | by a factor of ~ 2, and for Membrane lla
~ 2 times smaller than for Membrane II. The differences in the D values of diclofenac
sodium for the human SC and all SC lipid model membranes were not significant at the
0.05 level. The T. of diclofenac sodium in the case of Membrane la was close to 0 and ~
3.4 h shorter than T; for Membrane |. For Membrane lla, T; can be assumed to equal O
and was ~ 0.9 h shorter than in the case of Membrane II.

The penetration enhancer, OA, had a pronounced impact on the barrier properties
of SC lipid model membranes. A comparison of diffusion and permeation profiles, as well
as the permeability parameters, of model drugs acquired for the diffusion/permeation
across SC lipid model membranes with and without OA leads to the conclusion that the
presence of OA weakened the barrier function of Membrane |, however, surprisingly
demonstrated an opposite effect on Membrane Il. The influence of OA on the bilayer
structure of SC model lipid membranes was investigated by Engelbrecht et al. (2011b). In
their neutron diffraction studies, a lipid membrane composed of Cer [AP], Chol, PA, ChS
and 10% (m/m) OA (i.e. Membrane la), was used. It was confirmed by use of deuterated
OA that the unsaturated FFA was incorporated into lipid bilayers of SC lipid model
membranes. It was also found that OA did not induce a change in a lamellar periodicity of
the SC lipid model membrane. However, on the other hand, OA caused increased alkyl
chain disorder and disturbed the lamellar assembly of lipids within bilayers of SC lipid
model membranes. The perturbations observed were most likely caused by the presence
of the cis double bond within OA molecules. These findings are confirmed by the results
of the present study. Because of the impairment of the barrier function of Membrane Ia
due to the presence of the penetration enhancer, diffusion and permeation of model
drugs occurred more rapidly than for the SC lipid model membrane without OA
(Membrane 1). The values of ], k, and D for the diffusion and permeation of drugs through
Membrane la were considerably higher than for Membrane |, hence pointed at
Membrane la as a SC lipid model membrane with weaker barrier. The most noticeable
evidence confirming its weaker barrier properties were differences in T, values between
Membrane la and Membrane |. While for Membrane la, they were either 0 or close to 0,
in the case of Membrane |, the lag phase was well marked (amounted to ~ 3-6 h for
diffusion and permeation studies of model drugs used). To the best of our knowledge, in
the case of Membrane lla (composed of i.a. Cer [AP] and Cer [EQS]), no studies on the
bilayer structure and the impact of the penetration enhancer on its barrier function were

carried out.
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Fig. 4. Diffusion and permeation profiles of (A) urea, (B) caffeine and (C) diclofenac sodium (across model
lipid membranes and human SC) and their model fittings. Error bars show the standard deviation (n = 4).
The diffusion and permeation profiles for the SC, Membrane | and Membrane Il were presented previously

(Ochalek et al., 2012b).

Therefore, it was not possible to relate directly the distinct barrier properties of

Membrane lla to the changes in its lipid organization. However, the results of the present

study clearly indicate that Membrane lla has stronger barrier properties than Membrane
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Il. The lower values of J and k, were characteristic for Membrane Ila. A comparison of D
values shows that for permeation of caffeine and diclofenac sodium through Membrane
[la and Membrane Il, D values were equal (a = 0.05); and for diffusion of urea, D in the
case of Membrane lla was even larger than for Membrane Il. Surprisingly, T. values of
model drugs for Membrane lla were either equal (o = 0.05) or even slightly shorter than
for Membrane Il. The reason why Membrane lla despite the presence of the penetration
enhancer had stronger barrier properties, is most likely the different lipid composition,
hence the distinct lipid organization, of SC lipid model membranes. Membrane Ila
contained a considerable amount of Cer [EOS] and only 9% (m/m) of Cer [AP]. The long-
chain ceramide, Cer [EOS], is normally forced to fit into the membrane created by Cer
[AP] and its long alkyl chain traverses the lipid bilayer and expands into the adjacent layer
(Schroeter et al., 2009a). The presence of OA within this membrane probably improved
the lamellar ordering of SC lipids. A possible explanation for that can be a possession of
the cis double bond by OA molecule, which can more easily fit to the lipid bilayer where a
ceramide with two cis double bonds (namely Cer [EOS]) is also present. Therefore, in the
case of Membrane lla, OA did not cause perturbations to the lamellar assembly of lipids
within bilayers of this SC lipid model membrane. The lipids within Membrane lla were

arranged slightly tighter than in the case of Membrane Il

4, Conclusions

Diffusion and permeation studies of three model drugs covering a broad range of
lipophilicities (urea, caffeine and diclofenac sodium) were performed to investigate the
influence of physicochemical properties of drugs on their diffusion and permeation across
SC lipid model membranes in the presence of the lipophilic penetration enhancer, OA, as
well as to examine the impact of the penetration enhancer on the barrier properties of SC
lipid model membranes. Firstly, an addition of 10% (m/m) of OA to the SC lipid model
membranes did not influence the relation between the diffusion and permeation
behavior of model drugs presented previously for SC lipid model membranes devoid of
the penetration enhancer. The fastest rate of diffusion through both SC lipid model
membranes (Membrane la and Membrane lla) occurred in the case of the most
hydrophilic drug, urea. For permeation studies of caffeine and diclofenac sodium across
both SC lipid model systems, the D, k, and T, values were either equal or slightly higher in
favor of the most lipophilic drug, diclofenac sodium. Secondly, the impact of the lipophilic

penetration enhancer, OA, on the barrier function of SC lipid model membranes was
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analyzed. OA caused the impairment of the barrier function of Membrane | (confirmed by
the studies on Membrane la), however, surprisingly increased the barrier properties of
Membrane Il (easily visible when comparing diffusion and permeation profiles of model
drugs across Membrane Il and Membrane lla). Based on the results presented, it can be
assumed that OA within Membrane lla improved the lamellar ordering of SC lipids. The cis
double bond of OA can more easily fit to the lipid bilayer where two other cis double
bonds coming from Cer [EOS] are present. As a consequence, the chain disorder of lipids
within bilayers of Membrane lla was reduced. It resulted in the improvement of the

barrier function of the SC lipid model membrane (with Cer [EOS]) in the presence of OA.
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8 Summary and perspectives

The molecular organization of the SC intercellular lipid matrix and its barrier
function are still vigorously discussed. There are several theoretical models of the SC lipid
matrix organization, however, none of them fully explains all structural aspects of the
human SC lipid organization. A better understanding of the interactions between
different classes of SC lipids is of great importance for the elucidation of the influence of
the SC lipid matrix components on the SC barrier function. In the first studies on the SC
organization and function, native SC lipids isolated from the mammalian skin and/or lipid
model membranes created from the extracted SC lipids were used [1-9]. However, the
complexity of such systems limits the possibility to relate differences in the SC lipid
composition to changes in the SC molecular organization and function. Therefore, well-
defined artificial SC lipid model membranes were used within the framework of this
thesis. The SC lipid model membranes composed of synthetic SC lipids offer many
advantages over the native ones. One can avoid problems like the limited availability and
high inter- and intra-individual variability of native SC membranes [10]. The most
important advantage of such systems seems to be that their composition can be
systematically modified. It offers a lot of possibilities to investigate and elucidate the role
of each individual lipid species in the SC intercellular nanostructure of the lipid matrix and
the SC barrier function on a previously unavailable level. This new approach allows also to
study the impact of the penetration enhancer on the SC lipid organization on a molecular
level, and hence to relate the alterations in the SC intercellular lipid organization to the
change in the SC barrier function. Based on such studies, one can extrapolate the results
obtained in the in vitro experiments to the in vivo situation. The main objective of this
thesis was to get a better insight into the SC intercellular lipid matrix
composition/organization—barrier function relationship based on the investigations of
simple, artificial SC lipid model membranes composed i.a. of Cer [AP] and Cer [EOS].

Firstly, a preparation method of synthetic SC lipid model membranes on a porous
substrate was developed (Chapter 5). The successful conduct of this step was of major
importance for the subsequent diffusion and permeation studies of model drugs. In order
to investigate the barrier properties of SC lipid model systems, the lipid mixture has to be
deposited in a standardized way on the substrate that does not affect the rate of
diffusion/permeation of model drugs (i.e. does not show any barrier properties). The

Nuclepore polycarbonate membrane filters turned out to be a perfect solution. In the
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second step, the SC lipid model membranes prepared on the polycarbonate filters were
characterized by means of various analytical techniques like SAXD, HPTLC, ESEM, confocal
Raman imaging and ATR-FTIR spectroscopy. It was confirmed that the SC lipid model
membranes (Cer [AP]/Chol/PA/ChS in the m/m ratio of 55/25/15/5, and Cer [AP]/Cer
[EOS]/Chol/PA in the m/m ratio of 10/23/33/33) prepared using the preparation method
described were reproducible and of good quality. The microscopic techniques,
polarization microscopy and ESEM, confirmed that the lipids deposited on the
polycarbonate filter formed a continuous lipid layer covering the whole sprayed area of
the filter. The results of the HPTLC and confocal Raman imaging studies showed that the
individual lipid species were distributed uniformly on the filter. The SAXD confirmed that
the lipids within the SC lipid model systems formed the lamellar structure with two
present lamellar phases, however, the LPP was not observed. The probable reason of the
absence of the LPP was the simplicity of the lipid model membranes used in this project,
which were composed of only four individual lipid species and/or the absence or too low
concentration of Cer [EOS]. The diffusion experiments of a small hydrophilic compound,
urea, revealed that the SC lipid model membrane composed of Cer [AP], Chol, PA and ChS
showed very strong barrier properties, even stronger than the isolated human SC. This
effect was explained by the very simplistic composition of the lipid model membrane,
when compared to a very complex structure of the native SC. This result created also the
guestion concerning the importance of the LPP for the proper barrier function. It was
concluded that the proposed approach with simple lipid model systems can be applied in
order to study the SC intercellular lipid matrix composition/organization—barrier function
relationship.

To gain insights into the relation between the composition/organization of the SC
lipid model membranes and their barrier function, diffusion and permeation studies of
model drugs across the artificial and native SC membranes were performed (Chapter 6).
In these studies, three model drugs covering a broad range of lipophilicities (urea,
caffeine and diclofenac sodium) were used to acquire information on both the influence
of physicochemical properties of drugs on their diffusion and permeation across SC lipid
model membranes and the impact of the components of these systems (particularly the
different ceramide species) on their barrier function. The results of these studies showed
that the fastest diffusion through both SC lipid model membranes and the human SC
occurred in the case of the most hydrophilic model drug, urea. This outcome was
attributed to the smallest molecular weight of urea (in comparison to the other model

drugs), as well as its permeation enhancing potential for the hydrophilic pathway (hence
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the acceleration of the process of diffusion). On the other hand, the most lipophilic drug
(diclofenac sodium) permeated faster across lipophilic SC model membranes than
caffeine, which was confirmed by larger values of D and k, in the case of diclofenac
sodium. The differences in the permeation rates of caffeine and diclofenac sodium can be
explained by their distinct partitioning properties. Furthermore, it was demonstrated that
the composition of SC lipid membranes had a significant impact on their barrier
properties. With regard to the barrier function, the SC lipid model membrane containing
Cer [AP] and Cer [EOS] was much more similar to the human SC than the SC lipid model
membrane containing only Cer [AP]. In the presence of Cer [EQS], the lipids within the SC
model systems were not arranged so tight as it is in the case of the SC lipid model
membrane consisting of Cer [AP], Chol, PA and ChS. It resulted in the faster diffusion and
permeation of model drugs across the membrane with Cer [AP] and Cer [EOS].

The final objective of this thesis was the investigation of the impact of the
penetration enhancer on the barrier properties of the SC lipid model membranes
(Chapter 7). It was demonstrated that the addition of OA to the SC lipid model
membranes did not influence the relation between the diffusion and permeation
behavior of model drugs presented previously for SC lipid model membranes devoid of
the penetration enhancer. The fastest rate of diffusion through both SC lipid model
membranes occurred in the case of urea. In the case of permeation studies of caffeine
and diclofenac sodium across both SC lipid model systems, the D, k, and T, values were
either equal or slightly higher in favor of the most lipophilic drug, diclofenac sodium. In
this study, the influence of the lipophilic penetration enhancer (OA) on the barrier
function of SC lipid model membranes was also examined. It was found that OA caused
the impairment of the barrier function of the SC lipid model membrane containing Cer
[AP], however, surprisingly improved the barrier properties of the SC lipid model
membrane with Cer [AP] and Cer [EOS]. It was concluded that OA within the SC lipid
model membrane containing Cer [AP] and Cer [EOS] improved the lamellar ordering of SC
lipids. The reason for that is most likely the presence of the cis double bond in OA
molecule, which can more easily fit to the lipid bilayer where two other cis double bonds
coming from Cer [EOS] are present. In result, the chain disorder of lipids within bilayers of
this SC lipid model membrane was reduced, hence the barrier function of the SC lipid
model membrane with Cer [AP] and Cer [EOQS], in the presence of OA, was enhanced.

In summary, the results presented in this thesis show that well-defined synthetic SC
lipid model membranes can be used successfully in studies on the impact of individual SC

lipid components on the SC barrier function. Within the framework of this thesis, the
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roles of short-chain Cer [AP] and long-chain acylceramide, Cer [EQS], in the SC
organization and barrier function were investigated. As mentioned previously, one of the
main advantages of the simplistic SC lipid model membranes described is the possibility
to modify their composition systematically. In future studies, one can use the SC lipid
model systems that differ from each other in the ratio of the SC lipid constituents and/or
in their composition. From such studies, one can gain further insights into the importance
of each lipid subclass in the proper membrane organization and barrier function.
Furthermore, other model drugs, with different molecular weights and lipophilicities, can
be used in future diffusion and permeation studies in order to confirm the results
obtained in this work describing the impact of the physicochemical properties of model
drugs on their diffusion/permeation behavior. Finally, the SC lipid model membranes
proved to be a perfect system to investigate the mode of action of penetration enhancers
at the molecular level. Therefore, the influence of other penetration enhancers on the SC
intercellular lipid matrix organization and its barrier properties can be examined in future

studies.
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9 Zusammenfassung und Ausblick

Die molekulare Organisation von der SC interzelluldaren Lipidmatrix und ihre
Barrierefunktion werden lebhaft diskutiert. Es gibt mehrere theoretische Modelle der SC-
Lipidmatrixorganisation, aber keines von ihnen erlautert véllig alle strukturellen Aspekte
der Organisation von humanem SC. Ein besseres Verstandnis von Interaktionen zwischen
den verschiedenen Klassen von SC-Lipiden ist von groRer Bedeutung fiir die Aufklarung
des Einflusses von SC-Lipidmatrixkomponenten auf die Barrierefunktion des SC. In den
ersten Studien Uber die SC-Organisation und Funktion wurden native, aus der Saugerhaut
isolierte SC-Lipide und/oder Lipid-Modellmembranen eingesetzt, die aus den extrahierten
SC-Lipiden prapariert wurden [1-9]. Die Komplexitat solcher Systeme begrenzt die
Moglichkeit, die Unterschiede in der SC-Lipidzusammensetzung auf Verdnderungen in der
molekularen Organisation und Funktion des SC zu beziehen. Daher wurden definierte
kiinstliche SC-Lipidmodellmembranen im Rahmen der vorliegenden Arbeit verwendet. Die
SC-Lipidmodellmembranen aus synthetischen SC-Lipiden bieten viele Vorteile gegenilber
den nativen Membranen. Man kann Probleme, wie die begrenzte Verfligbarkeit und hohe
inter- und intra-individuelle Variabilitdt von nativen SC-Membranen vermeiden [10]. Der
wichtigste Vorteil solcher Systeme scheint zu sein, dass ihre Zusammensetzung
systematisch modifiziert werden kann. Sie bieten viele Mdglichkeiten, um die Rolle der
einzelnen Lipidspezies hinsichtlich der interzellularen Nanostruktur der Lipidmatrix und
der Barrierefunktion des SC auf einer Ebene zu untersuchen und zu erldutern, wie das
bisher nicht moglich war. Diese neue Einstellung ermoglicht auch, den Einfluss der
Penetrationsmodulatoren auf die SC-Lipidorganisation auf molekularer Ebene zu
untersuchen, und damit die Veranderungen der interzelluldren Lipidorganisation des SC in
Beziehung zu Anderungen der SC-Barrierefunktion zu setzen. Basierend auf solchen
Studien kann man die erhaltenen Ergebnisse aus den in vitro-Experimente zur in vivo-
Situation extrapolieren. Das Hauptziel der vorliegenden Arbeit war es, einen besseren
Einblick in die Beziehung der interzelluldren Lipidmatrixzusammensetzung/Organisation
zur Barrierefunktion zu bekommen, basierend auf den Untersuchungen an einfachen,
kiinstlichen SC-Lipidmodellmembranen, die unter anderem Cer [AP] und Cer [EQS]
enthielten.

Es wurde erstens ein Herstellungsverfahren von synthetischen SC-Lipidmodell-
membranen auf einem porésen Substrat entwickelt (Kapitel 5). Die erfolgreiche

Durchfiihrung dieses Schrittes war von groRer Bedeutung fir die nachfolgenden
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Diffusions- und Permeationsstudien von Modellarzneistoffen. Um die Barriere-
eigenschaften der SC-Lipidmodellsysteme zu untersuchen, muss die Lipidmischung auf
dem Substrat so standardisiert prapariert werden, dass sie keinen Einfluss auf die
Geschwindigkeit der Diffusion/Permeation von Modellarzneistoffen hat (d.h. dass sie
keine Barriereeigenschaften zeigt). Die Nuclepore-Membranfilter aus Polykarbonat
erwiesen sich als perfekte Losung. Im zweiten Schritt wurden die SC-
Lipidmodellmembranen auf den Filtern aus Polykarbonat hergestellt und mittels
verschiedenen analytischen Methoden wie SAXD, HPTLC, ESEM, konfokale Raman
Imaging und ATR-FTIR-Spektroskopie charakterisiert. Es wurde bestatigt, dass die SC-
Lipidmodellmembranen (Cer [AP]/Chol/PA/ChS im m/m Verhéltnis von 55/25/15/5, und
Cer [AP]/Cer [EOS]/Chol/PA im m/m Verhaltnis von 10/23/33/33) unter Verwendung des
beschriebenen Herstellungsverfahrens reproduzierbar und von guter Qualitat herstellbar
waren. Die mikroskopischen Techniken, Polarisationsmikroskopie und ESEM, bestatigten,
dass die Lipide eine kontinuierliche Lipidschicht auf der gesamten bearbeiteten
Oberflache des Filters aus Polykarbonat bildeten. Die Ergebnisse der HPTLC und der
konfokalen Raman Imaging Studien zeigten, dass die einzelnen Lipidspezies homogen auf
dem Filter verteilt wurden. Die SAXD-Studien bestatigten, dass die Lipide in den SC-
Lipidmodellsystemen Nanostrukturen mit zwei lamellaren Phasen ausgebildet haben. Eine
LPP wurde jedoch nicht beobachtet. Die Griinde fir das Fehlen der LPP waren
wahrscheinlich die Einfachheit der in diesem Projekt verwendeten Lipidmodell-
membranen, die nur aus vier Lipidspezies bestanden und/oder das Fehlen bzw. die zu
geringe Konzentration von Cer [EOS]. Die Diffusionsexperimente mit der kleinen
hydrophilen Substanz (Harnstoff) ergaben, dass die SC-Lipidmodellmembran, die Cer [AP],
Chol, PA und ChS enthielt, sehr starke Barriereeigenschaften zeigte, sogar starkere als das
isolierte humane SC. Dieser Effekt wurde durch die sehr vereinfachte Zusammensetzung
der Lipid-Modellmembran, verglichen mit der sehr komplexen Struktur des nativen SC,
erklart. Dieses Ergebnis stellte auch die Bedeutung der LPP fiir die ordnungsgemaRe
Barrierefunktion des SC in Frage. Es wurde festgestellt, dass die vorgeschlagene
Einstellung mit einfachen Lipidmodellsystemen angewendet werden kann, um die
Relation der Zusammensetzung der interzelluldaren Lipidmatrix zur Barrierefunktion des
SC zu untersuchen.

Um Einblicke in die Beziehung zwischen der Komposition/Organisation von SC-
Lipidmodellmembranen und ihrer Barrierefunktion zu erhalten, wurden Diffusions- und
Permeationsstudien von Modellarzneistoffen durch die kinstlichen und nativen SC-

Membranen durchgefiihrt (Kapitel 6). In diesen Studien wurden drei Modellarzneistoffe
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mit verschiedener Lipophilie (Harnstoff, Koffein und Diclofenac-Natrium) verwendet, um
Informationen sowohl Uber den Einfluss der physikalisch-chemischen Eigenschaften
dieser Arzneistoffe auf ihre Diffusion und Permeation durch SC-Lipidmodellmembranen
als auch Uber die Auswirkungen von den Komponenten dieser Lipidmembranen (vor
allem den verschiedenen Ceramid-Klassen) auf ihre Barrierefunktion zu erhalten. Die
Ergebnisse dieser Studien zeigten, dass die schnellste Diffusion durch beide SC-
Lipidmodellmembranen und das humane SC im Fall vom hydrophilsten Modellarzneistoff
(Harnstoff) aufgetreten ist. Dieses Ergebnis wurde dem kleinen Molekulargewicht von
Harnstoff (im Vergleich zu den anderen Modellarzneistoffen) sowie seinem diffusions-
verstarkenden Potential hinsichtlich des hydrophilen Weges (daher die Beschleunigung
der Diffusion) zugeschrieben. Der lipophilste Arzneistoff (Diclofenac-Natrium) durchdrang
dagegen schneller als Koffein die lipophilen SC-Modellmembranen. Dies wurde durch
grolRere Werte von D und k, fiir Diclofenac-Natrium bestatigt. Die Unterschiede in den
Permeationsraten von Koffein und Diclofenac-Natrium kénnen durch ihre
unterschiedliche Lipophilie erklart werden. Es wurde weiterhin gezeigt, dass die
Zusammensetzung der SC-Lipidmembranen eine signifikante Auswirkung auf die
Barriereeigenschaften hat. In Bezug auf die Barrierefunktion, war die SC-
Lipidmodellmembran mit Cer [AP] und Cer [EOS] dem humanen SC weitaus dhnlicher als
die SC-Lipidmodellmembran nur mit Cer [AP]. In Anwesenheit von Cer [EOS] wurden die
Lipide der SC-Modellsysteme nicht so eng angeordnet, wie im Falle der SC-
Lipidmodellmembran, die Cer [AP], Chol, PA und ChS enthielt. Das flhrte zur schnelleren
Diffusion und Permeation der Modellarzneistoffe durch die Membran mit Cer [AP] und
Cer [EOS].

Das abschlieRende Ziel dieser Arbeit war die Untersuchung des Einflusses von
Penetrationsmodulatoren auf die Barriereeigenschaften der SC-Lipidmodellmembranen
(Kapitel 7). Es wurde gezeigt, dass die Zugabe von Olsdure (OA) zu den SC-
Lipidmodellmembranen keinen Einfluss auf das Diffusions- und Permeationsverhalten der
Modellarzneistoffe hatte. Die schnellste Diffusion durch beide SC-Lipidmodellmembranen
ist im Fall von Harnstoff aufgetreten. Bei Permeationsstudien von Koffein und Diclofenac-
Natrium durch beide SC-Lipidmodellsysteme waren die Werte von D, k, und T., entweder
gleich oder etwas hoher fir den lipophilsten Wirkstoff, Diclofenac-Natrium. In dieser
Studie wurde der Einfluss des lipophilen Penetrationsmodulators (OA) auf die
Barrierefunktion der SC-Lipidmodellmembranen untersucht. Es wurde festgestellt, dass
OA eine Reduktion der Barrierefunktion der SC-Lipidmodellmembran mit Cer [AP]

verursacht hat, jedoch die Barriereeigenschaften der SC-Lipidmodellmembran mit Cer



Chapter 9 Zusammenfassung und Ausblick 109

[AP] und Cer [EQS] Uberraschend verstarkt hat. Daraus wurde geschlossen, dass OA die
lamellare Anordnung der SC-Lipide innerhalb der SC-Lipidmodellmembran mit Cer [AP]
und Cer [EOS] verbessert hat. Der Grund dafiir ist wahrscheinlich die Anwesenheit der cis-
Doppelbindung im OA-Molekiil, die sich leichter an die Lipiddoppelschicht anpassen kann,
wo zwei weitere cis-Doppelbindungen von Cer [EOS] vorhanden sind. Deshalb wurde die
Kettenstorung von Lipiden in Doppelschichten vom SC-Lipidmodellmembran reduziert.
Die Barrierefunktion der SC-Lipidmodellmembran mit Cer [AP] und Cer [EOS] wurde somit
in Anwesenheit von OA verstarkt.

Zusammenfassend lasst sich feststellen, dass die in der vorliegenden Arbeit
prasentierten definierten synthetischen SC-Lipidmodellmembranen in Studien Uber die
Auswirkungen der einzelnen SC-Lipidkomponenten auf die SC-Barrierefunktion
erfolgreich eingesetzt werden kdnnen. Im Rahmen dieser Arbeit wurde der Einfluss des
kurzkettigen Cer [AP] und des langkettigen Acylceramids, Cer [EOS], auf die Organisation
und Barrierefunktion des SC untersucht. Wie bereits erwahnt, ist der wesentliche Vorteil
der beschriebenen vereinfachten SC-Lipidmodellmembranen in der Mdoglichkeit zu sehen,
die Zusammensetzung der Membranen systematisch zu modifizieren. Man kann in
kiinftigen Studien die SC-Lipidmodellsysteme nutzen, um sowohl das Verhaltnis der SC-
Lipidbestandteile als auch ihre Zusammensetzung zu variieren. Aus solchen Studien
konnen weitere Einblicke in die Bedeutung der einzelnen Lipidklassen fir die
Membranorganisation und Barrierefunktion des SC gewonnen werden. Weiterhin kénnen
andere  Modellarzneistoffe ~ mit  unterschiedlichen = Molekulargewichten  und
unterschiedlicher Lipophilie in kiinftigen Diffusions- und Permeationsstudien eingesetzt
werden, um die Ergebnisse dieser Arbeit hinsichtlich des Einflusses der physikalisch-
chemischen Eigenschaften der Modellarzneistoffe auf ihr Diffusions-/Permeations-
verhalten zu bestatigen. Folglich scheinen die SC-Lipidmodellmembranen ein perfektes
System zu sein, um den Wirkungsmechanismus von Penetrationsmodulatoren auf
molekularer Ebene zu untersuchen. Daher kann in kiinftigen Studien der Einfluss weiterer
Penetrationsmodulatoren auf die interzellulare Lipidmatrixorganisation und die

Barriereeigenschaften des SC untersucht werden.
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