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SYMBOLS AND ABBREVIATIONS

Symbols and abbreviations

CHOL
ChS
cm

°C

DMSO

DSC

EFADS

e.g.

EM

EOS
EOS_branched

Eq.

FE

FFA

Fig.
FT

Angstrom

alpha-hydroxy phytosphingosine
alpha-hydroxy sphingosine
arbitrary units

bound coherent scattering length
bound incoherent scattering length
static magnetic field

behenic acid

ceramide

cholesterol

cholesterol sulphate

centimetre

degree Centigrade

deuterium

lamellar (bilayer) repeat distance
dimethyl sulfoxide

differential scanning calorimetry
essential fatty acid deficiency syndrome
for example

electron microscopy

omega-hydroxy sphingosine esterified with linoleic acid

omega-hydroxy sphingosine esterified with C10-methyl

branched palmitic acid
equation

stretching mode
frequency

fully extended

free fatty acid

structure factor (also SF)
figure

Fourier transform

hydrogen, protium



SYMBOLS AND ABBREVIATIONS

’H deuterium

HZB Helmholtz-Zentrum fur Materialien und Energie Berlin
1 intensity

| nuclear spin

ie. id est

ILL Institut Laue-Langevin

IPA isopropyl alcohol

IPM isopropyl myristate

IPM-ds3 isopropyl myristate-14,14,14-d3
K Kelvin

kHz kilohertz

A lambda, wavelength

LAM longitudinal acoustic mode

LPP long periodicity phase

MD molecular dynamics

mm millimetre

mbar millibar

mg milligram

mi millilitre

m/m mass ratio

mol/mol molar ratio

w omega

OA oleic acid

OA-d> oleic acid-9,10-d-

nm nanometre

NMR nuclear magnetic resonance

’H NMR deuterium nuclear magnetic resonance
NSLD neutron scattering length density
PA palmitic acid

RH relative humidity

Scp(n) order parameter of the carbon-deuterium bond
SA stearic acid

SANS small angle neutron diffraction

SAXD small angle X-ray diffraction



SYMBOLS AND ABBREVIATIONS

sC
SF
SLD
SPP

v/v
WAXD

Stratum corneum
structure factor (also Fy)
scattering length density
short periodicity phase
theta, scattering angle
temperature

volume ratio

wide angle X-ray diffraction



INTRODUCTION AND OUTLINE

1 INTRODUCTION AND OUTLINE

The outermost layer of mammalian skin, the Stratum corneum (SC) forms a pro-
tecting barrier of outstanding importance for the organism. It exhibits a unique struc-
ture of cornified cells embedded in an extracellular matrix with lipophilic character.
Mainly composed of sphingolipids termed ceramides (CER), free fatty acids (FFA)
and cholesterol (CHOL), this lipid matrix is arranged in highly organized and well or-
dered multiple lipid bilayers containing almost no free water. When the first reports
came up stating that the major barrier for transepidermal water loss and penetrating
actives is constituted by the lipid lamellae of the SC intercellular matrix, the latter be-
came a topic of great interest in the field of SC research.

Obstacles provided by biological material like excised skin hinder elucidating
the molecular morphology of the SC lipid matrix. These difficulties (e.g. the complexi-
ty and chemical variability of the lipids present in the SC, disturbing other material
like proteins or ethical issues related to the use of excised human skin) led to an in-
crease in the usage of synthetic SC lipids in SC research. To allow for a systematic
evaluation of the relevance of single CER species, multilamellar model membranes
containing simplistic mixtures of synthetic SC lipids represent a suitable approach as
shown in numerous previous works [1-6]. Such a systematic determination of the im-
pact of particular CER subclasses is important for a detailed insight into mechanisms
of skin diseases. This knowledge supports the development of new therapeutic ap-
proaches. In addition, enhanced understanding regarding the function of different SC
lipids in the process of barrier formation and maintenance helps to develop new car-
rier systems being able to overcome the penetration barrier more efficiently.

This work aimed at investigating the alterations in the molecular architecture of
oriented SC lipid model matrices occurring due to the presence of different ceramide
subspecies (section 3.1), or taking place after addition of lipophilic penetration en-
hancers to the model systems (section 3.2). For that purpose, SC lipid model mem-
branes with different compositions were prepared, usually containing one or two CER
species besides one FFA component and CHOL. Despite their simplicity, such sim-
plistic models are suitable for determining structure—function relationships, especially
for particular CER species. In a first approach (Chapter 3.1.1), the impact of the
short-chain CER[NP] on the bilayer morphology of a newly established ternary model
system was elucidated in order to confirm the protruding influence of the phytosphin-

gosine-type CER species on the lamellar architecture that was already suggested
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INTRODUCTION AND OUTLINE

previously [7]. In Chapter 3.1.2, a new artificial CER[EOS] with a methyl-branched
saturated w-acyl chain was characterized regarding its thermotropic phase behav-
iour, and the resulting bilayer structure of a model membrane containing the artificial
compound was studied in comparison to the membrane based on native CER[EOS].

To clarify the molecular mode of action of penetration enhancers affecting the
lipophilic penetration pathway, two representative model compounds were chosen.
First, the effect of unsaturated oleic acid (OA) on the lamellar nanostructure of a well-
described quaternary model membrane was studied (Chapter 3.2.1). Benefitting from
selective deuterium labelling, the exact molecular assembly of OA inside the model
bilayers and its mode of action as penetration enhancer were elucidated. In addition,
the pharmaceutically used synthetic liquid wax isopropyl myristate was investigated
with regard to its effects on the structure of SC lipid bilayers on a nanoscale (Chapter
3.2.2). Again, selective deuteration was advantageous for the purpose of localizing
the enhancer molecules in the bilayer unit cell and to elucidate IPM’s enhancer ac-
tivity on a molecular scale.

The experimental results of this thesis are presented as they were accepted for
publication in international peer-reviewed scientific journals. Chapter 4 contains a
comprehensive discussion of the results, and in section 5 a summary is given. An

Appendix (Chapter 6) was provided for additional information.



THEORETICAL BACKGROUND AND BASIC CONCEPTS

2 THEORETICAL BACKGROUND AND BASIC CONCEPTS

The following chapter represents an introduction in the fundamental concepts of
the topic of interest, namely the mammalian skin, its components and morphology, its
complex function, and further its importance for terrestrial life. Special focus is placed
on the outermost skin layer, the Stratum corneum (SC), with the different ideas of
structural SC lipid organization being highlighted. Furthermore, the substance class
of penetration enhancers is introduced. Finally, the technical and methodological ap-

proaches relevant for this thesis are presented.

2.1 The Human Skin

Covering an average area of about 2 m? the skin is the largest organ of the
adult human individual. It represents a natural barrier between the inner body and the
external environment, protecting the human organism against harmful outer influ-
ences, which can be of chemical (e.g. penetrating substances or drugs), physical
(e.g. heat or cold), microbial, or mechanical (e.g. pressure) nature. Furthermore, the
skin is essentially involved in the maintenance of water balance and thermoregulation
of the organism through permanent adaption of perspiration and blood flow. Apart
from its relevance in sustaining body homeostasis, the skin moreover plays an im-
portant role in further processes, such as signal transduction, and acts as sensory
organ due to the presence of various specific receptors [8]. Generally, the human
skin is composed of three consecutive layers: the inner subcutis (hypodermis), the
dermis (corium), and the outer epidermis. A schematic representation of the anatom-
ical structure of human skin is displayed in Fig. 1.

Accommodating larger blood vessels and nerves than the dermis, the subcutis
constitutes the connection between the musculature and periosteum, and the skin.
This loose connective tissue mainly consists of lobules of large lipid-containing cells,
the adipocytes. It serves as an insulating layer, energy reserve, and as protecting
cushion against pressure exposure [9]. The hypodermis is followed by the dermis, a
supporting tissue containing a network of fibrous protein structures (collagen and
elastin fibres), dermal cells (mainly fibroblasts), a ground substance containing mac-
romolecules, e.g. proteoglycans and glycoproteins, and is further accommodating
structures like blood vessels, nerve endings, skin appendages like sweat glands, se-

baceous glands, and hair follicles [10]. Due to its complex composition and the spe-
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THEORETICAL BACKGROUND AND BASIC CONCEPTS

cific ultrastructure of the fibrous systems, the dermis allows for stability as well as
elasticity of the skin [11, 12]. Additionally, extensive vascularization ensures the nutri-

tion of the dermis itself and the adjacent epidermis.

Stratum corneum
Stratum granulosum
Epidermis Stratum spinosum — %
Stratum basale

i Sebaceous gland
Dermis

Hair follicle

) Subcutaneous
Subcutis fat tissue

Blood vessel

Fig. 1: Schematic representation of a cross section of human skin (adapted from

Skin Care Forum [13]).

The upper part of the dermis (papillary dermis) exhibits small upward protuber-
ances, which allow for improved adhesion between dermis and epidermis. The latter
forms the outer layer of the skin and can be divided in different parts, which are in
inside-to-outside direction the Stratum basale, Stratum spinosum, Stratum granu-
losum, and the SC.

The epidermis represents a continuously self-renewing tissue. It mainly consists
of keratinocytes, which are subjected to a distinct differentiation process, and other
cell types like dendritic antigen-presenting cells that are relevant for immune re-
sponse (Langerhans cells), Merkel cells, and melanocytes. Descending from the ba-
sal layer where a continuous cell proliferation, i.e. mitosis of stem cells, ensures the
permanent regeneration of the epidermis, the keratinocytes pass towards the skin
surface to be eventually desquamated. During this migration they undergo several
morphological and biochemical changes. Hemidesmosomes accomplish the anchor-
age of the basal cells to the underlying basement membrane. While keratinocytes
located in the basal layer have a cell nucleus and exhibit a columnar form, the cells

located upwards, e.g. in the Stratum spinosum, possess a more cubic or polygonal
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shape, and increasingly flatten the more they progress towards the outer epidermal
layer, the SC. Simultaneously to this change in shape, the cells start to produce the
structural protein keratin, which is arranged inside the cell bodies in bundles of fila-
ments (tonofibrils). The latter strongly contribute to the stability and adherence of the
epidermis by forming the cytoskeleton and the desmosomes, which represent inter-
cellular junctions between the keratinocytes allowing for a cohesive cell assembly
(see Fig. 2). In the next layer, the Stratum granulosum or granular layer, the
keratinocytes are subject to apoptosis: most organelles and the cell nucleus disap-
pear, while the cell body is increasingly filled with granules of keratohyalin, an as-
sembly of keratin and another protein, the profilaggrin. The keratinocytes now exhibit

a flattened shape and are arranged parallel to the skin surface [9].

[ SR S S Stratum corneum

Stratum granulosum

Langerhans

cell Stratum spinosum

Desmosome

Stratum basale

[ R N R

Fig. 2: Sketch of the epidermis of human skin.

Specific cell organelles enriched with lamellar structures appear in the upper
layers of Stratum spinosum and in Stratum granulosum, the so-called Odland bodies
[14]. These membrane-coating granules contain lamellar stacks of lipids and en-
zymes, which get discharged into the intercellular space by the cells of the upper-
most granular layer. This secretory process is realized by fusion of the lipid-
containing granules with the plasma membranes, which subsequently results in the
release of disk-shaped lipid aggregates into the extracellular space. [15-18]. It was
shown that this lipid extrusion step is significantly important for the proper formation
of the intercellular lipid matrix present in the SC [19].

The SC, the outermost non-viable sheath of human skin accommodates the so-
called corneocytes, the cornified and flattened remaining cell bodies of the keratino-

cytes, which have reached their final differentiation state and are densely filled with
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THEORETICAL BACKGROUND AND BASIC CONCEPTS

keratin. The formerly disk-like intercellular lipids now have fused, giving way to the
formation of continuous, uninterrupted lipid multilayers. Finally, the superficial corne-
ocytes get desquamated. Due to this regeneration, the whole epidermis is renewed

about every 28 days.

2.2 Stratum corneum - Main permeation barrier of human skin

Despite its diminutive thickness of approximately 9-13 um, which is equivalent
to about 15-30 cell layers [20-22], the uppermost epidermal layer, the SC, was early
recognized to be highly important for protection of the organism [23], but it was the
work of Scheuplein and co-workers which manifested the SC to constitute the main
permeation barrier of the skin [24].

Already in the 60s, the SC was realized to feature a well-ordered structure [25].
The SC consists of dead keratin-enriched corneocytes embedded in organized lamel-
lar lipid layers, with the cell bodies being coated by the cornified envelope [26]. This
mantle is made up of insoluble proteins like involucrin and loricrin, to which a mono-
layer of intercellular SC lipids is covalently bound via esterified w-hydroxy groups to
form the so-called lipid envelope [27]. The latter is assumed to be of importance for
the cohesion of the SC [28], which additionally is accomplished by intercellular pro-
tein structures, the corneodesmosomes [29].

Due to new insights into SC morphology, the early paradigm of the SC repre-
senting just a dense and rigid layer preventing any transport of material has thor-
oughly changed towards the idea of a highly complex two-compartment system of
protein-containing cells inside a lipid-enriched space [30]. One of the first structural
approaches describing this morphology was the so-called Brick and Mortar Model:
in this conception, keratin-filled cells constituting the bricks are embedded in a mortar
of intercellular lipids, which are arranged in well-ordered multiple bilayer structures
[31]. Now the question arose: Which structural part mainly determines the crucial bar-
rier properties of the SC?

In principle, crossing the skin barrier can take place via different routes, as
sketched in Fig. 3. For a long time, drug diffusion through the SC was supposed to
mainly take place via a transcellular route [32] through alternating hydrophilic
(corneocytes” cell bodies) and lipophilic moieties (see Fig. 3). Later it was realized

that the intercellular lipid matrix constitutes the major barrier for molecules traversing
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skin, and that its role for drug absorption has to be reconsidered [15, 18, 33]. The
intercellular penetration pathway appeared as the favoured way for substances over-
coming the skin barrier. Further penetration studies underlined this assumption re-
garding the importance of the intercellular lipid matrix for the epidermal barrier prop-
erties, revealing that SC thickness or quantity of cell layers are of minor importance
for percutaneous penetration of model substances [34]. However, beyond the
transport-preventing barrier properties, the multilamellar domain of extracellular SC
lipids holds a regulatory function by facilitating a controlled transepidermal loss of

water in order to guarantee the organism’s homeostasis [35].

transfollicular intercellular transcellular

Sebaceous gland

Hair follicle

Fig. 3: Schematic representation of main penetration pathways through human SC
as reviewed in [36].
The transfollicular skin penetration pathway [37] was shown to play a distinct

role in case of application of microparticles [38].

2.2.1 The SC lipids

In the 70s, the first studies addressed the issue of analysing the lipid composi-
tion of mammalian epidermal skin [39]. These revealed some characteristics for the
uppermost epidermal layer with the most surprising observation being the negligible
amount of phospholipids, which actually constitute the main components of all biolog-
ical membrane structures. Furthermore, it was demonstrated that a distinct group of
sphingolipids, the ceramides (CER), are accumulated in the uppermost epidermal
layer, and that these compounds represent the quantitatively protruding lipid fraction
of the SC [39, 40]. In addition, free fatty acids (FFA) and cholesterol (CHOL) were
determined as major SC components of human skin besides small amounts of cho-

lesterol sulphate (ChS) and cholesterol esters [41]. However, the respective SC lipid
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amounts underlie inter- and intraindividual variations [41, 42]. The combination of
tape-stripping technique with chromatographic procedures allowed for surveying the
lipid depth profile within human SC [43]. After a disruption of the SC barrier, e.g. by
treatment with detergents or solvents (acetone), the epidermal synthesis of SC lipids
gets stimulated. This process slows down as soon as barrier recovery is completed
[44].

The skin surface is furthermore covered with a lipophilic film originating from
sebaceous glands and the keratinizing epidermal layers, which basically consists of

waxes and sterol esters, squalene, sterols, tri-/partial glycerides and fatty acids [45].

2.2.1.1 Ceramides

The ceramides (CER) accumulating in the uppermost epidermal layer during
cell differentiation are complex and structurally inhomogeneous lipophilic substances
which constitute about 50 % of the SC lipid mass [46]. To this day, 12 subclasses
have been determined [47, 48] whose chemical structures are presented in Fig. 4.

In principle, ceramides consist of a long-chain fatty acid species being linked to
the amino group of a long-chain sphingoid base via an amide bond. The variation
arises from combination of one of the four known bases (sphingosine, phytosphingo-
sine, 6-hydroxy-sphingosine, or dihydrosphingosine) with either of three fatty acid
moieties, which can be a-hydroxylated, or w-hydroxylated, or non-hydroxylated. An
older nomenclature which numbered the ceramides according to their chromato-
graphic behaviour and increasing polarity [49, 50] was later replaced by another
classification based on a letter code referring to the chemical composition of the
ceramide subspecies [51]. Here, the first letter denominates the fatty acid species
present in the molecule, i.e. A represents an a-hydroxy fatty acid, N a non-hydroxy
fatty acid, EO an esterified w-hydroxy fatty acid. The second letter indicates the type
of N-acylated sphingoid base (S for Sphingosine, P for Phytosphingosine, DS for Di-
hydrosphingosine, and H for 6-Hydroxysphingosine, respectively).

13
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Fig. 4: The chemical structures of the ceramide (CER) subclasses identified in
human SC according to [47, 48].

Wertz et al. [50] determined the most abundant alkyl chain lengths of the sphin-
goid base to be C18-C22, while the most frequently occurring chain lengths of the
amide-bound fatty acids vary between C18-C26. However, a subsequent study ana-
lysing the SC ceramide subspecies of human forearm skin revealed slightly longer
chain lengths for the sphingoid bases, and even proved the presence of odd carbon
numbers [47]. The most remarkable structure is owned by the long-chain w-esterified
ceramide species, where the amide-bound fatty acids, primarily C30 and C32, are
additionally esterified via their w-hydroxy group to another fatty acid, mainly the dou-
ble-unsaturated linoleic acid [50]. This results in one extremely elongated alkyl chain.

Albeit correlations between skin barrier properties and the ceramide content in
epidermal tissues suggest a considerable function of those sphingolipids for the
maintenance of the skin penetration barrier [52], the exact role of each ceramide

subclass is not yet completely enlightened. However, several pathological states of
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skin, e.g. atopic dermatitis and psoriasis, are found to be associated with a clearly
decreased epidermal level of the long-chain CER[EOS] [53, 54]; the authors con-
cluded a protruding role of this CER subclass for maintaining the skin barrier proper-
ties. Besides, the content of CER[NP] and CER[AP] was reported to be diminished in
the psoriatic scale [51]. De Paepe et al. [55] stated that epidermal barrier recovery
after chemical perturbation was considerably improved after topical treatment of im-
paired skin with a formulation containing CERIIl, CERIIIb, and CERVII (correspond-
ing to the phytosphingosine-based CER[NP], an artificial CER[NP], and CER[AP])
besides other SC lipids. In addition to these studies focusing on the role of particular
ceramide subclasses for the epidermal barrier function, there is evidence that the
ceramide alkyl chain length determines the properties of the permeability barrier. This
was suggested in a permeation study where application of synthetic ceramide spe-
cies with truncated alkyl chain lengths of C12 (sphingosine base) and C2-C12 (amide

bound fatty acid) resulted in enhanced permeation of the model drugs [56].

2.2.1.2 Free fatty acids

Free fatty acids (FFA) present in the interlamellar space of the SC originate
from de novo synthesis in the epidermis [57]. The most abundant chain lengths were
determined to be C16-C26, with C24 dominating [43]. Basically, these FFA represent
saturated and straight-chain compounds. At the same time, essential fatty acids only
play a minor role in the intercellular FFA fraction of the SC. However, it was shown
that supplementation of linoleic acid was capable to normalize the pathologically in-
creased transepidermal water loss (TEWL) occurring in the essential fatty acid defi-
ciency syndrome (EFADS) [58, 59]. This correlation presumably arises from the es-
terified essential fatty acid species linked to the long-chain w-hydroxy acyl ceramides
[60], whose importance for the SC lipid matrix integrity was outlined above. However,
the FFA of the intercellular SC space were determined to contribute significantly to
the maintenance of a proper permeation barrier, the more so since the skin barrier
recovery after acetone-disruption and simultaneous inactivation of the FFA synthesis

was considerably enhanced after application of FFA [61].

2.2.1.3 Cholesterol

This sterol is ubiquitary in mammalian biological membranes and constitutes
one of the three main components of the human SC intercellular lipid matrix. Its bulky

steroid framework of four condensed cycloalkanes with an alkyl chain is accompa-
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nied by an OH group representing the comparatively small hydrophilic head group.
CHOL present in the intercellular space of the SC descends from epidermal de novo
synthesis, and its importance for the formation of a competent penetration barrier
was highlighted before [62]. In that study, the epidermal synthetic activity for CHOL
was clearly enhanced after acute barrier abrogation, which resulted in increased pro-
duction of epidermal CHOL and finally in recovery of the normal barrier function.
Moreover, when the epidermal biosynthesis of CHOL is prohibited, the process of
barrier recovery is significantly prolonged as reported by Feingold et al., which indi-
cates the importance of this sterol for the skin integrity [63].

Further, CHOL was found to markedly influence the phase behaviour of other li-
pids. In a molecular dynamics (MD) simulation study, the extremely well ordered and
rigid structure of fatty acids was significantly smoothed in presence of the sterol, with
distinct fluidizing effects being introduced to the rigid fatty acid assembly [64]. On the
other hand, CHOL presumably condenses the lamellar arrangement of phospholipids
and stabilizes the liquid-ordered (Lo) phase [65]. Such a bilateral action of CHOL
when mixed with phospholipids, i.e. that it liquefies the lipids below the phase transi-
tion temperature, but has a condensing effect on the lipids above the main phase
transition temperature [66], was also attested for the interaction of CHOL with SC
lipids like CER[AP], palmitic acid, and ChS [67].

Besides free CHOL, also a small amount of ChS can be found in the SC, which
decreases towards the upper SC layers. ChS is assumed to be of importance for the
cohesion and stability of the inner SC lipid layers [68]. However, it furthermore seems
to play an essential role for the desquamation process of the uppermost epidermal
cell layers: in X-linked ichthyosis patients, ChS levels are significantly increased in
the upper SC compared to healthy skin, which is due to a lacking degradation of ChS
to CHOL since the enzyme steroid sulphatase is missing [69, 70]. This defect results
in an abnormally dry and scaly appearance of the skin, with large scales instead of

single cells getting desquamated.

2.3 Insights into the molecular structure of the skin penetration barrier

Ever since the cognition that the main penetration barrier of the human skin re-
sides in its outermost layer and the discovery of the main SC components, the struc-

tural characteristics of this superficial epidermal mantle became a key issue in SC
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research: How can such a thin skin layer constitute such an efficient penetration bar-
rier? General knowledge was already available, e.g. it was accepted that the protein-
enriched SC cells are embedded in a coherent and extremely hydrophobic matrix of
lipids [71]. This early two-compartment model or Brick and Mortar Model of the
human SC based on results received from freeze-fracture studies [30, 72] provided
first hints that the SC interstices are largely made up of broad sheets of lamellar ma-
terial. It was stated that the freeze fracture technique offers some advantages over
other methods commonly applied in SC research, e.g. conventional thin section elec-
tron microscopy (EM) which suffers from artefacts being introduced by fixation and
processing of skin samples [73]. But despite this perception, thin section electron
microscopy has been frequently applied as valuable tool for investigating the SC
structure on a submicron scale [16, 74].

One of the first studies, which focused on the molecular morphology of the inter-
cellular space of SC and provided evidence of its bilayer structure was the one of
Madison et al. [75]. Using the more reactive oxidizing agent ruthenium tetroxide for
fixation, the authors were able to prove the presence of alternating electron-dense
and electron-lucent bands described as broad-narrow-broad sequences, and deter-
mined a lamellar spacing of approximately 130 A for the SC lipid bilayer structures.
The sequenced patterns were likewise observed by Swartzendruber et al. [76], who
came up with the Stacked Monolayer Model (see Fig. 5) in order to explain the oc-
currence of such band structures, which differed in width in the transmission electron

microscopic images.

Fig. 5: Structural assembly of the intercellular SC lipid matrix according to the
Stacked Monolayer Model [76].

The authors reasoned that, due to a fully extended configuration adopted by the
ceramides, the outstretched lipid chains from the neighbouring bilayer might

contribute to the formation of an embedded half of another bilayer, i.e. a lipid mono-

17



THEORETICAL BACKGROUND AND BASIC CONCEPTS

layer, by strong interdigitation. Such an alkyl chain assembly would then account for
the observed narrow lucent bands coexisting with the broad structures, which were
believed to be associated with “normal” lipid bilayers [76]. This work provided an im-
portant first insight into the unique ultrastructure of the extracellular SC lipid domains.
Yet, the question about the route small molecules take on their way through the in-
tercellular SC lipid matrix in order to leave or enter the human organism was not an-
swered by the model of Swartzendruber et al. [76]. Potts et al. observed a strong cor-
relation of water permeation and the number of gauche conformers in isolated por-
cine SC. The authors proposed that the diffusion of water molecules through lipid
membranes occurs via defects provided by gauche-conformer “holes” inside other-
wise intact lamellar structures [77]. This idea of defects or “holes” in the highly or-
dered matrix enabling substance diffusion was already introduced before [78] and
can be found in the Domain Mosaic Model postulated by Forslind [79]. Here, these
defects are thought to appear as lipids in a liquid state and are denoted by the au-
thors as “grain borders”. According to this model, the SC lipids form a multilamellar
two-phase system of crystalline domains embedded in a continuous liquid-crystalline
matrix, the grain borders [79]. While the former are believed to be almost impermea-
ble to water, the latter represent the site of water diffusion with decreased resistance
against traversing molecules. As depicted in the sketch of Fig. 6, such a structural
arrangement results in a mosaic-like distribution of gel domains in each of the

stacked bilayer planes.

Liquid-crystalline
grain border

Gel domain

Fig. 6: The Domain Mosaic Model
postulated by Forslind [79].

In the direction normal to the multilayer surface, the water-penetrable liquid-
crystalline grain border regions are randomly distributed. As a result, compounds dif-
fusing through the SC extracellular lipid regions would have to overcome a single
bilayer through such a liquid-crystalline domain, subsequently passing through the

polar interlamellar space before entering the next lamellar sheet [79-81].
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Another attempt to describe the SC lipid architecture on a molecular scale was
introduced as the Single Gel Phase Model by Norlén [82]. Based on the idea that
the hydrophobic intercellular matrix of the SC is constituted by a single continuous
gel-phase membrane structure with basically no phase separations occurring, the
model was assumed to ideally explain the impermeability of the skin barrier, since
interfaces between segregated lipid domains offering improved permeability are lack-
ing. The SC lipids are thought to exhibit poor mobility due to dense packing, and the
water content is expected to be very low. Further, the high compositional variation of
the SC lipid matrix was proposed to account for broad phase transitions, which may
also contribute to optimal barrier properties even under varying environmental condi-
tions [82]. Although the ceramides may adopt either hairpin or splayed conformation
or a mixture of both, and orthorhombic and hexagonal chain packing coexists, the SC
lipid matrix is still regarded to remain in a single-phase arrangement according to this

model, which is presented in Fig. 7.
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Fig. 7: The SC lipid assembly and the possible ceramide conformations as postu-

lated by Norlén [82].

The assumed absence of phase separations distinguishes the Single Gel Phase
model likewise from the aforementioned models and another interesting structural
model, the Sandwich Model introduced by Bouwstra et al. [83]. The authors thereby
made an attempt to clarify the structural arrangement of the SC lipids inside the sur-
prisingly large lamellar structure of approximately 130 A periodicity [84], which had
already been observed before in human as well as murine SC [75, 85] and that oc-
curred besides a smaller phase with a spacing of about 60 A in small angle X-ray
diffraction (SAXD) studies on human SC [84]. In accordance to the sequenced broad-
narrow-broad pattern, Bouwstra et al. postulated a three-layer SC lipid assembly
which results in the formation of the overall lamellar spacing of 130 A, the so-called

long periodicity phase (LPP). According to their model that is depicted in Fig. 8, the
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authors assume the lipid matrix of the SC to consist of a discontinuous and laterally
distributed narrow fluid sublattice in the central bilayer region, which is surrounded by
two crystalline sublattices. The increasing cristallinity towards the outer bilayer areas
results from the long-chain immobile saturated alkyl chains of the ceramide species
in hairpin conformation located in this lamellar region. In contrast, the w-acyl
ceramides’ unsaturated side chains, CERS (corresponding to CER[AS] with an
amide-bound C16 fatty acid [80]) and CHOL account for the formation of the liquid
monolayer in the central bilayer region which corresponds with the narrow sequence
reported by Swartzendruber [76]. The authors emphasized that due to the compara-
tively small amount of SC lipids forming this fluid moiety, the liquid domains do not
have continuous properties but are distributed laterally throughout the lamellar matrix
[83]. It has to be noted that first, the sandwich model does not take into consideration
the different conformational possibilities known to be adopted by the ceramides, and
second, the expected exposure of hydrophilic head groups from CER[AS] and CHOL
assembled in the central liquid bilayer moiety to hydrophobic alkyl chains may be

considered as unlikely [80].
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Fig. 8: The Sandwich Model by Bouwstra et al. [83].

The sandwich model regarding the structural alignment of the SC lipids in the
LPP is strongly founded on the presence of the long-chain w-esterified ceramide
subspecies CER[EOS], [EOP] and [EOH].

Since the structural models described so far are not able to give reasons for the
phenomena occurring under excess hydration of the SC lipid matrix, another ap-
proach, the Armature Reinforcement Model was postulated by Kiselev et al. [4] in
order to explain the reported disappearing 1*' order reflection of isolated porcine SC
under excess hydration [86]. As already suggested in Norlén’s Single Gel Phase

Model, the authors also consider different conformational states for the ceramides.
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Especially the fully extended (FE) conformation is assumed to play an important role
for the membrane integrity and water diffusion resistibility of the SC intercellular lipid
matrix. As further emphasized in [3], a change from FE to hairpin conformation - a
phenomenon termed chain flip transition of the ceramide molecules - takes place un-
der excess water conditions and accounts for the appearance of a hydrated inter-
membrane space of about 1 A. Under partial hydration of the lipid lamellae the FE
state provides the steric contact and consequently the adhesion between adjacent

bilayers as to be seen in Fig. 9.
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Fig. 9: The principle of the Armature Reinforcement Model [3].

In fully hydrated state, the enhanced interlamellar water amount would cause an
unfavourable high-energetic state required for the hydration of the hydrophobic alkyl
chains of the ceramide molecules in FE conformation. Therefore, the hairpin confor-
mation is energetically preferred under excess of water and the chain flip of one
ceramide alkyl chain is conceivable [3, 4].

Finally, Norlén recently introduced a new structural conception of the skin per-
meability barrier based on results from cryo-electron microscopy on vitreous sec-
tions (CEMOVIS) of biological material in situ combined with molecular modelling and
EM simulation [87, 88]. The electron micrographs revealed the presence of bilayer
repeating units of about 110 A in width consisting of asymmetric sub-units of 65 A
and 45 A spacing. Those appeared as alternating broad and narrow bands. This lipid
organization was explained with a fully extended conformation adopted by the short-
chain ceramide molecules such as CER[NP], and an asymmetric distribution of
CHOL and FFA. While CHOL is presumably accommodated in the bilayer containing
the sphingoid part, FFA have high affinity to the lamellae formed by the amide-bound
acyl chain of the ceramide molecules. Such an assembly has not been described
before and might sufficiently explain the skin’s resistibility against mechanical influ-
ences (bending, stretching) and its low permeability, as stated by the authors [88].

The structural models briefly described in this context provide different views
regarding the occurrence of phase separation, and the existence of liquid lipid do-
mains inside the SC lipid matrix. Since the ultimate experimental proof for the cor-

rectness of each model with respect to the in vivo conditions of mammalian SC is
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lacking due to experimental obstacles connected with structural investigation of bio-
logical material, the aforementioned models are debated vigorously [80, 89]. A par-
ticular issue that is controversially discussed is the SC lipid arrangement in the LPP.
Whereas there are experimental findings indicating a trilamellar broad-narrow-broad
arrangement with sublattice spacings of 50-30-50 A [84, 90], other results received
from EM studies on porcine SC lipids claim the presence of uniform size for the three
sublattices of the trilayer structure [91]. The authors reasoned that the impression of
a narrow central lamellar structure might result from the stronger accumulation of
reduced ruthenium due the localization of the unsaturated linoleate groups in this
lamellar region. Indeed, the possibility of artefacts introduced during sample pro-
cessing and fixation for conventional transmission EM has been addressed in other
studies [92].

The lamellar structure of the LPP is frequently discussed in association with the
presence of the long-chain w-acyl ceramides. However, its existence, and its molecu-
lar structure are debated controversially. From diffraction experiments with SC lipids
isolated from pig epidermal skin, Mcintosh and co-workers concluded that the
CERI[EQOS] subspecies must play a key role for the formation of the lamellar structure
of the LPP [93]. In addition, Bouwstra et al. proposed that not only porcine SC lipids
[94], but also lipids extracted from human SC form the LPP, as long as an w-acyl
ceramide with its exceptional long and unsaturated acyl chain is present [95]. It was
moreover reported that lamellar models composed of extracted human CER’s, CHOL
and FFA closely resemble the intercellular bilayer arrangement previously proposed
for intact human SC, where two lamellar structures referred to as short periodicity
phase (SPP) with a spacing of about 60 A, and the LPP of about 120 A spacing co-
exist [95, 96]. Yet, the authors reasoned that the clearly diminished formation of the
LPP in mixtures lacking CER[EOS] provides direct evidence for the key role of this
particular ceramide subclass for a proper SC barrier function [94, 97]. A similar con-
clusion was drawn for synthetic SC lipid mixtures consisting of equimolar amounts of
CER, FFA and CHOL: for a proper formation of the LPP, de Jager et al. stated that
CERI[EQOS] is required in the ceramide fraction [98-100]. The authors furthermore
identified the FFA to advance the creation of the 130 A phase in mixtures of synthetic
SC lipids, while in contrast, the addition of FFA to isolated SC lipids diminished the
LPP formation in favour of the SPP assembly. Although the LPP was reported to

occur in the SC of all species examined by X-ray diffraction [94, 96, 97], also contro-
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versial results disproving the existence of the LPP are found in literature [92, 101]. In
particular, recent neutron diffraction studies of multilamellar models consisting of syn-
thetically derived SC lipids do not corroborate the existence of the LPP in CER[EOS]
based model membranes [1, 102].

Summing up, a plurality of structural models considering the molecular architec-
ture of the skin penetration barrier exists. Despite the diversity of techniques applied
in the field of SC research, a general tendency towards the use of model systems
based on synthetic SC lipids with defined chemical structure can be observed. Such
systems can overcome difficulties related to the use of biological material, e.g. the
limited availability of excised skin human skin due to ethical requirements, and the
chemical variability of lipids extracted from human SC [98-100, 103]. Beyond that, the
use of more simplistic and less sophisticated models became increasingly estab-
lished and was proven to represent a valuable tool providing detailed insights into the
role of single SC lipid species [1, 102]. Based on this approach, the present work
elucidates the impact of different ceramide subclasses and penetration modulators
on the SC lipid matrix on a molecular level. Such information is essentially needed for
a better understanding of possibilities to maintain the skin barrier function, or to over-

come the SC in terms of dermal or transdermal drug delivery.

2.4 Penetration enhancers

The application of topical formulations often aims at strengthening the skin pen-
etration barrier against perturbing outer influences. However, in some cases, least-
wise an intermittent derogation may be desirable, e.g. for improving the dermal or
transdermal effect of drugs which need to penetrate into deeper skin layers or to
traverse the skin [104]. In both cases, the amount of substance overcoming the skin
barrier can be increased via several ways. One possibility to achieve this is the
chemical penetration enhancement by applying so-called penetration enhancers. For
a more extensive description of other ways to promote drug transport through the
skin, in particular of physical methods, see [104, 105].

Although a plurality of substances is known to feature enhancing effects on
dermal drug penetration, their exact mode of action on the molecular level is not yet
completely clarified. Since the main skin penetration barrier resides in the SC, sever-

al ways of interaction with the SC components have been proposed, in particular dis-
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solution of skin lipids, increase of lipid fluidity, increase of drug solubility in the skin,
alteration of molecular lipid conformation, skin protein denaturation, and disruption of
the skin water structure. Yet, these processes presumably have to be regarded not
as separate but mutually depending actions [106].

Generally, one distinguishes between penetration enhancers, which, due to
their hydrophobic character, preferentially interact with the lipophilic part of the SC
lipids, i.e. the hydrocarbon chains, and substances affecting the SC lipid head groups
as sketched in Fig. 10. The former are referred to as lipophilic penetration enhancers,
the latter are termed hydrophilic penetration enhancers. Consequently, lipophilic
penetration enhancers are able to promote lateral diffusion processes via the lipo-
philic pathway along the SC lipids” hydrocarbon tails, whereas hydrophilic enhancers
impact the hydrophilic penetration pathway [107]. However, it was realized that such
a strict differentiation does not apply to all cases. The manipulation of SC lipid head
group interplay by means of a hydrophilic penetration enhancer was found to simul-
taneously alter the properties of the lipophilic parts of the lipids and vice versa. This
explains the observed promotion of lipophilic drug penetration when enhancers inter-

acting with the hydrophilic lipid part are applied [104].
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Fig. 10: Schematic representation of the SC intercellular lipid matrix and possible

ways of interaction with penetration enhancers, modified according to [107].

One of the most efficient substances enhancing the diffusion of hydrophilic
drugs is water. Its effect is pharmaceutically used in e.g. occlusive vehicles or in
transdermal therapeutic systems. The usual water content of human SC varies be-
tween 10% [108] and 20% of the tissue dry weight [109] and can increase to a sev-
eralfold under excess hydration conditions, e.g. occlusion [109]. Such an extensive
SC hydration results in simultaneous changes in the lipid phase state as reported in a

differential scanning calorimetry (DSC) study [110]. Water was concluded to interact
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with the SC lipid head groups and appeared to loosen the lipid packing [110]. This
results in an increased fluidity of the SC lipids, which then presumably accounts for
the decreased resistance of the skin barrier towards diffusion of actives.

Another potent penetration enhancer for hydrophilic, but also lipophilic sub-
stances is the aprotic solvent dimethyl sulphoxide (DMSOQ). Its high polarity founded
on the S-O bond accounts for the excellent dissolving properties of DMSO, making it
a powerful cosolvent for numerous substances [104]. Different suggestions for the
enhancer activity of DMSO and its mode of action exist. Interaction with the protein
components of SC and simultaneous change of keratin conformation was reported
[111]. On the other hand, DMSO apparently influences the intercellular lipid lamellae
by increasing the number of gauche conformers, which appeared in an increase in
lamellar disorder as revealed by Fourier transform (FT) Raman spectroscopy [112]. A
considerable aspect of DMSO’s enhancer activity is presumably founded on such
lipid-fluidizing and disordering effects, as further corroborated by molecular dynamics
(MD) simulations of a ceramide-based bilayer [113]. The authors reported a signifi-
cant decrease in bilayer thickness and simultaneous increase of the area per lipid at
high concentrations of DMSO. The experimental results indicated DMSO to induce a
gel-to-liquid-crystalline phase transition due to extensive interactions of the polar
DMSO molecules with the SC lipid head groups at the expense of lipid-lipid interac-
tions. Hence, the lamellar SC lipids featuring such an altered liquid-crystalline struc-
ture represent a weaker barrier to the permeating agents [113]. The ability of DMSO
to induce the formation of water pores in phospholipid membranes [114] could not be
proven in the ceramide-based system, but the enhancer presumably lowers the
membrane bending rigidity in a way comparable to phospholipid membranes [113].
The main disadvantage of DMSO is its irritant potential when applied in the compara-
tively high doses of about 60 % required for relevant enhancer activity [109, 115,
116]. Further hydrophilic penetration enhancers, which have been studied extensive-
ly, are alkanols [117-120] and urea [121]. The former substance class presumably
increases drug diffusion through the skin via combined mechanisms of improving the
solubility of permeants being poorly soluble in the vehicle, increasing the drug parti-
tioning into the SC lipid layers, and augmenting the permeant’s thermodynamic activ-
ity in the vehicle due to formation of an supersaturated solution [109]. For propylene

glycol, which acts as a co-solvent, a solvent-drag mechanism is discussed [122]. On
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the other hand, the enhancer activity of urea is presumably based on its hydrating, in
higher concentrations keratolytic effects [109].

In addition, a variety of lipophilic penetration enhancers exist. The percutaneous
penetration of substances was shown to increase after application of different un-
saturated fatty acids. From a structural point of view, one expects fatty acids to
strongly interact with the lipid part of the SC, with an incorporation of those am-
phiphilic molecules into the intercellular lipid lamellae being thoroughly conceivable.
In the work of Aungst et al., the most pronounced effect in terms of enhanced pene-
tration of the model drug naloxone was detected for fatty acid compounds exhibiting
either short-chain or unsaturated structure [106]. The authors explained this result
with the intercellular SC lipid matrix being made up of tightly packed and mainly long-
chain fatty acids and ceramides. Such a dense arrangement is more efficiently dis-
rupted by short-chain or unsaturated fatty acids than by the long-chain species.
Among the fatty acids studied, the monounsaturated species oleic acid (OA) was ear-
ly recognized as a very potent penetration promoter for acyclovir [123], dihydroer-
gotamine [124], 5-flourouracil [125], piroxicam [126] and several other drugs [127],
underlining OA’s capability of improving flux of both lipophilic and hydrophilic sub-
stances. Spectroscopic measurements revealed the cis-unsaturated C18 fatty acid to
strongly influence the SC lipid ordering by perturbation of the lamellar structure [128,
129]. The bulky cis unsaturated structure apparantly requires more space and con-
sequently affects the surrounding lamellar lipid arrangement drastically. In contrast,
the C18 fatty acid with trans unsaturation was shown to have almost no effect on the
permeation properties of salicylic acid [130].

In addition, phase separation was reported to occur and is assumed to substan-
tially contribute to OA’s activity as penetration enhancer [131, 132]. Such separated
and fluid domains being rich in OA would offer a significantly decreased resistance
against substances traversing the skin barrier [126] and are therefore regarded to
account for the penetration enhancer activity of OA. However, despite their potential,
the application of fatty acids, particularly of linoleic acid as penetration enhancers is
limited due to their skin irritation potential which emerges at higher concentrations
[133, 134]. Furthermore, the application of OA as penetration enhancer was found to
alter the surface properties of corneocytes, i.e. formation of pores was facilitated. In

addition, a likewise observed decrease in the density of Langerhans cells might der-
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ogate the skin’s immune competency [135]. Therefore, the noncritical use of permea-
tion promoters should be avoided.

Fatty acid esters were also highlighted as potent lipophilic penetration enhanc-
ers in numerous experiments. Isopropyl myristate (IPM) increased both piroxicam
flux through excised rat skin [136] and permeation of nicorandil through excised hair-
less rat skin [137]. The latter work compared various esters in terms of their ability to
act as penetration enhancers, e.g. isopropyl butyrate/hexanoate/deca-
noate/palmitate. It was further demonstrated that IPM increases the estradiol flux
through excised human skin [138], and that there is a synergistic effect depending on
the deployed cosolvent. In that study, isopropyl alcohol (IPA) together with IPM
showed the most pronounced enhancement effect. Furthermore, the authors found
that IPM was largely retained inside the SC and has high affinity to the SC intercellu-
lar lipids due to its distinct lipophilic character [138]. Comparable synergies were also
reported for the combination of IPM with propylene glycol in an in vitro study of diclo-
fenac sodium penetration. The enhancement effect of IPM was attributed to its affini-
ty to the intercellular lipid matrix of the SC and its ability to liquefy the SC lipids [139],
which was already demonstrated before in the work of Leopold et al. [140]. Another
group approved IPM’s high impact on the lipid moieties of the SC by combined DSC,
wide-angle x-ray diffraction (WAXD) and small-angle x-ray diffraction (SAXD) studies,
and reported reduced transition temperatures and lowered transition enthalpies, but
surprisingly also a more densely packed lateral lipid arrangement. The decreased
permeation of hydrocortisone in presence of IPM in the vehicle was assumed to be
due to lower solubility of the drug in IPM [141]. However, when IPA was used as en-
hancer, drug flux was increased, and combined application of IPM and IPA led to
even more enhanced drug permeation. Both additives were supposed to have a high
affinity to the intercellular SC lipid layer, thereby altering its structural properties, but
IPA’s disordering and fluidizing effects seem to counteract the observed stabilizing
action of IPM [141]. The authors concluded synergistic enhancer action of IPM and
IPA. From further SAXD and WAXD studies, the authors deduced a structural idea of
IPM being incorporated in the SC lipid bilayers with the isopropyl group anchored in
the polar bilayer moiety and the C14 alkyl group pointing towards the bilayer center
[142]. Also the short-chain esters, e.g. ethyl acetate, were found to be capable to en-
hance the flux of different substances through rat skin in vitro [143]. A disruption of

the lipid packing with increased lipid fluidity was assumed to represent the mode of
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action of the applied esters. Finally, also novel ester compounds, e.g. N-acetyl pro-
linate esters, have been successfully synthesized and were proven to promote
benazepril and hydrocortisone penetration into hairless mouse skin [144].

Other lipophilic compounds, which improve cutaneous absorption of substances
via the lipophilic pathway, are the naturally occurring and non-aromatic terpenes
[145]. Especially the cyclic monoterpenes and terpenoids have been subject of inter-
est in several penetration studies. Yamane and co-workers highlighted the effect of
1,8-cineole and d-limonene on the in vitro permeability of 5-flourouracil and the
drug’s partitioning into the SC in a DSC study [125]. The results suggested that 1,8-
cineole exhibited a higher effect than d-limonene, and that the mode of action pre-
sumably is based on interaction with and interruption of the well-ordered SC lipid ma-

trix.

2.5 Methodology in Stratum corneum research and principles of the em-
ployed techniques

2.5.1 Neutron diffraction

The technique of neutron diffraction is a versatile instrument for the study of
structure and dynamics, which also applies to biological samples. Due to their specif-
ic properties, neutrons may provide structural insights that are hardly obtained by
using other techniques, e.g. X-ray or light scattering. Neutrons are subatomic parti-
cles constituting the atomic nucleus together with the protons, and have a mass of
1.675x10% kg and a spin | of 1/2. Neutrons for research are produced either in a
fission reactor (fission of ?*°U), or in a spallation source (bombardment of a heavy
metal target with accelerated subatomic particles, e.g. protons). Since the neutron
flux of present fission reactor facilities is comparably low in relation to synchrotron
facilities producing high-intense photon radiation, measuring time in neutron diffrac-
tion studies is unequally longer for collection of complete data sets with sufficient sta-
tistics. The neutron diffraction experiments performed in this work were carried out at
the reactor sources of either Helmholtz-Zentrum Berlin fur Materialien und Energie
(HZB), or Institut Laue-Langevin (ILL) in Grenoble.

As non-charged particles, neutrons are enabled to penetrate matter deeply due
to the small probability of interaction [146]. In contrast to X-rays, which are scattered

by the electrons, neutrons interact with the atomic nucleus and are scattered isotrop-
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ically [147]. Hence, while the ability of elements to scatter X-rays increases with the
atomic number throughout the periodic table, such a correlation does not exist for
neutrons [148]. Particularly hydrogen, a light atom that is almost invisible for X-rays,
is a strong scatterer for neutrons. This makes neutron diffraction a valuable instru-
ment to investigate structure and dynamics in biological samples being rich in hydro-
gen. Moreover, neutrons show isotope-sensitivity, i.e. even different isotopes of one
element may have different scattering power for neutrons, for which hydrogen (1H)
and deuterium (2H, D) are the most prominent examples [147]. The possibility to dis-
tinguish between components differing in their ability to scatter neutrons in one single
sample, the so-called contrast, is of great advantage for the study of biological sys-
tems like lipids and proteins [149-151].

According to the particle-wave-dualism [152], neutrons exhibit a wave character

in addition to their particle properties. The neutron wavelength A is defined as

aoh__k Eq. 2-1
p m:

<i

where h is the Planck’s constant, p represents the neutron’s momentum, m is
the neutron’s mass and v is the neutron’s velocity. Depending on the moderator
used, the neutron wavelength A may be shifted towards desired values. Thermal neu-
trons are received in a reactor by the cooling water surrounding the reactor core, and
a “hot source” moderator like graphite produces neutrons with higher energies and
shorter wavelengths, while the use of a “cold source” like liquid hydrogen produces
low energy neutrons with longer wavelengths. For the purpose of structural studies of
matter, A usually has the dimension of A, which is the typical order of magnitude of
most interatomic distances. This allows for studying the structure of condensed mat-

ter.

The neutron’s momentum is further given by

F=h-k Eq. 2-2

where Planck’s constant h is reduced to A = h/2m, and k is the neutron wave
vector, defined by |k| = 27/2.

In the course of a simple neutron diffraction experiment, the sample to be stud-
ied is placed in a collimated neutron beam with defined neutron wavelength A, re-
ceived by appropriate positioning of a monochromator. Incoming neutrons interact
with the sample and thereby experience a change in their momentum, which appears
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as a change of neutron direction and/or velocity. Hence, monitoring the variation of
the neutron’s momentum provides information regarding the structure and dynamics

of the sample matter. In order to describe this momentum change, a momentum
transfer vector, the scattering vector 5 was introduced. (7 is defined as the vector
difference between the incident neutron wave vector Eland the scattered neutron

wave vector k,:

5 - - Eq. 2-3
Q=ky— ky

In addition to a change in direction, the value of k might also change due to en-

ergy exchange between incoming neutrons and nuclei of the sample matter. The

neutron’s energy change E is defined according to the law of energy conservation:

AE =E. — E :hz-ﬁ_hz.ﬁ Eq. 2-4
1 2 2m 2m

with m being the neutron mass. When E = 0, the scattering process is consid-
ered as completely elastic. Consequently, we have |k, | = |k,|, and receive according

to Eq. 2-3:

= - Eq. 2-5
|Q| = 2k, -sin6
In the case of crystalline matter, Bragg peaks arise at values of Q equivalent to

the reciprocal spacing of the lattice:
0] =— Eq. 2-6

Here, d represents the spacing between the crystal lattice planes.

Given that |k| = 2m/4, the known Bragg equation is received:

Eq. 2-7
A =2d - sinf q

It represents the conditions for constructive interference to occur when neutron
waves with a wavelength 4 in the range of the atomic spacings hit a set of equidistant
crystal lattice planes separated by the distance d [146]. At this point, the different
phenomena of scattering and diffraction are to be outlined for clarity. Scattering oc-
curs when radiation hits and subsequently interacts with matter. Given that the mate-

rial lacks an organized lattice arrangement, e.g. randomly dispersed particles in a
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distinct medium, the scattered waves cover different distances and consequently dif-
fer in their relative phases. This provides information about particle size, shape and
interaction. However, diffraction takes place when waves impinge on ordered materi-
al, i.e. a crystal structure. It therefore represents a special case of scattering, where -
according to Bragg's law - constructive interference of waves scattered by the well-
ordered lattice planes of a crystalline sample appears as a so-called Bragg maximum
at a distinct scattering angle 26. The scattered waves remain in phase since the path
length difference equals an integer multiple of the wavelength A. This correlation, and
a sketch of a typical neutron diffraction experimental set-up are presented in Fig. 11.
The feasibility to obtain diffraction patterns directly from the intact SC intercellular

lipid domains was demonstrated in the late 80’s, indicating the presence of highly

ordered structures [85].
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Fig. 11: (Left) Schematic drawing of neutron scattering from ordered crystalline
matter, as given by Bragg’'s law. The incident neutron waves (hitting the crystal lat-
tice planes in the angle 6 from the left) are scattered to the right. The scattering
planes are separated by the interplanar distance d. The path length difference be-
tween the waves interfering constructively is equal to 2dsin 0. (Right) Typical set-

up of a neutron diffraction experiment as performed in the present thesis. Eldesig-
nates the incoming wave vector, k, represents the scattered neutron wave vector,
and Q is the scattering vector. The change of energy of the scattered neutron wave,

AE, was disregarded.

Assuming a neutron scattering process from a single, fixed nucleus, the incom-
ing neutron wave can be regarded as plane wave y; while the scattered wave y,
has spherical character. Now the characteristics of y, strongly depend on the atomic
nucleus” scattering power, described by the neutron scattering length b, which can
be considered as atomic or isotopic constant with typical dimensions in the range of
1072 cm. The square of the latter is proportional to the total scattering cross section
os, roughly spoken the effective area an atom’s nucleus presents to the incoming

neutron wave for the elastic scattering process [146]. As mentioned before, the val-
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ues of coherent scattering length b,,, differ significantly for 'H (-0.374-10™"2 cm) and
H (0.667-10"? cm). One can easily imagine that both isotopes are well distinguisha-
ble for neutrons, which is often utilized as will be explained later. A problem is the
large incoherent scattering cross section b;,,. of various isotopes, e.g. 'H, which gives
rise to difficulties in scattering studies of biological material due to increased back-
ground signals [147]. In neutron diffraction experiments like the ones performed dur-
ing the present thesis, the quantity of neutrons scattered is counted with respect to
the scattering direction. The spatial distribution of the neutron intensity I recorded on
the detector area provides knowledge about the atomic distribution, i.e. the scattering
length density (SLD), and hence about the molecular structure of the material, since

all atoms in the sample jointly contribute to the scattering process.
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2.5.1.1 Neutron diffraction studies of oriented lipid model membranes

The neutron diffraction experiments for this thesis were performed using two in-
struments situated at different research facilities (see Fig. 12): the Membrane Diffrac-
tometer V1 located at the cold source of the reactor BER Il of Helmholtz-Zentrum
Berlin (HZB), and the Small Momentum Transfer Diffractometer D16 located at a cold

source of High Flux Reactor (HFR) at Institut Laue-Langevin Grenoble (ILL).

Incoming
neutron
beam

Sample
. position

Fig. 12: (Left) The Membrane Diffractometer V1 at HZB, Berlin. (Right) The Small
Momentum Transfer Diffractometer D16 at ILL, Grenoble. The three major compo-
nents are marked.

Both instruments are comparable in their experimental set-ups and thus suitable
for investigating the model systems studied in the present thesis. Defined neutron
wavelengths A for the experiments were received by appropriate positioning of a py-
rolytic graphite monochromator, and equalled A1 =5.23 A at V1, and 1 =4.741 A or
A= 4752 A, respectively, at D16. Sample-to-detector distances amounted to
95.0cm or 101.5cm at D16, and 102.38 cm at V1. The two-dimensional position-
sensitive *He detector MILAND employed to record the scattered neutron intensity I
at D16 previously had an area of 256 x 256 mm?, spatial resolution 2 x 2 mm? before
it was upgraded to 320 x 320 mm?, spatial resolution 1 x 1 mm?. At V1, the detecting
unit likewise is a two-dimensional position-sensitive *He detector with an area of 200
x 200 mm? and 1.5 x 1.5 mm? spatial resolution. For measurements in reflection
mode, the planar SC lipid model membranes to be studied were placed in the neu-
tron beam as depicted in Fig. 11. To achieve reproducible and comparable results,

the samples were kept inside lockable measurement chambers under distinct envi-
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ronmental conditions prior to and during the diffraction measurements. A temperature
(T) of 32°C was chosen for all experiments to be as close as possible to in vivo con-
ditions of the skin surface. In addition, the diffraction behaviour of particular model
membranes was studied at higher T values. The SC lipid model membrane inside the
sample chamber was exposed to a relative humidity (RH), set to either 58 % or 99 %
by using either saturated salt solutions as described elsewhere [153], or using ther-
mostated water reservoirs inside the sample chambers. The resulting vapour inside
the chamber was furthermore varied for three different D,O/H,0O ratios (100/0, 50/50,
and 8/92 mol/mol) in order to change the solvent scattering density with respect to
the scattering density of the SC lipids. This procedure, the concept of contrast varia-
tion achieved by varying the neutron contrast between the studied material and the
water vapour, has been highlighted before [154, 155]. To reach equilibrium condi-
tions, the model membranes were left for at least 8 to 10 hours of equilibration prior
to the diffraction experiments. This was proven to be a sufficient time interval for
equilibration of the SC models investigated here, with no further changes in height

and position of the Bragg maxima (Fig. 13).

~ - t=1h
- - t=2h
——t=3h

e Fig. 13: 6 —26-Scan recorded
——t=6h during the equilibration (58 %
—— RH, 100 % D;0, 32°C) of a SC

lipid model membrane (com-
position: CER[EOS]/ CER[AP]/
behenic acid (BA)/ CHOL,
23/10/33/33 (m/m) Already after
7 hours, no changes in peak

45 5.0 55 6.0 65 7o s 8.0 intensity are detected any
Scattering angle / 26
more.

Intensity / arbitrary units

After 7 hours of equilibration time at a temperature of 32 °C, no further changes
in peak intensity were detectable. The measurements were carried out either as rock-
ing scans (w-scan), where the incident neutron beam was rotated by an angle w =
+2° around the expected position of the Bragg maximum with the neutron intensity
being recorded at the respective position 26 for each diffraction order, or as continu-

ous 0 — 20-scans.
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2.5.1.2 Data reduction and evaluation

Assuming an elastic scattering event with |k,| = |k,| as mentioned above, the

momentum transfer 5 is correlated with the scattering angle 26 by

_Am- sinf Eq. 2-8
2

The intensity I of scattered neutrons in arbitrary units (a.u.) was recorded as a
function of the scattering angle 26, and the resulting Bragg maxima were fitted with
Gaussians in order to determine the integrated peak intensity I,,. The latter is corre-

lated with the amplitude of the structure factor F,, by

|Fh| = \/h Iy - Ap(0)

where [, is the intensity of the hth peak, h is the Lorentz factor used for intensity

Eq. 2-9

correction for the purpose of being independent on the geometry of data collection
[156], and A, (0) represents the specimen absorption correction. According to [157],

A (0) is accessible by

4,(6) _ sind 1 ( 2/1L>
ST 2ul P\ sing Eq. 2-10

with the linear absorption coefficient u and the thickness L of the lamellar sam-
ple. Considering a stack of centrosymmetric bilayers, the Fourier transform of all ob-
served structure factors F;, of 15 - k' order correlates with the distribution of neutron

scattering length density (NSLD) inside the model bilayer p,(x)[158]:

hmax

2m-h-x
) Eq. 2-11

2
ps(x)=a+b-a- z Fh-cos(T
h=1

In this correlation, a and b represent free coefficients for normalization; d is the
lamellar spacing between the scattering planes, i.e. the width of the unit cell, h is the
diffraction order and F, is the h™ order structure factor. The p,(x) provides detailed
information regarding the distribution of neutron scattering length density, and there-
with of the atoms inside the studied material. Consequently, the NSLD profiles direct-
ly reveal the assembly of the SC lipids inside the bilayer unit cell on a molecular
scale. However, its calculation is solely possible if the amplitude and the phase of the

Fourier coefficients are known. Evaluating the signs of the F,,, known as the phase
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problem, is not trivial. Yet, in the case of neutrons, the signs of the structure factors
can be easily determined by the isomorphous replacement method, i.e. the introduc-
tion of atoms, which effectively change the neutron contrast of the sample [146].
Commonly, this is realized by the aforementioned D,O/H,O contrast variation, as-
suming water diffusion into the interlamellar spaces with considerable bilayer hydra-
tion [157]. In the case of centrosymmetric bilayers with identical composition of the
lamellar leaflets as supposed for the samples investigated in the course of the pre-
sent thesis, the phase problem reduces to the possibilities of — or + [159]. In the line-
ar correlation of the amplitude of F,,and the D,O content present in the water vapour
surrounding the sample and diffusing into the interlamellar space, the slope corre-

sponds with the structure factor’s phase (presented in Fig. 14):

0.8 4

°* 0/;/2/>
04 S
02 N

0,0

027 Fig. 14: The amplitude of the structure
R T factorsF, for the diffraction orders h= 1-6
06+ O\O\ﬁ h=5 in relation to the D,O content, recorded

Structure Factor / arbitrary units

084 o T he3 for a quaternary SC lipid model mem-

I brane composed of CER[EOS]_branched,

] ———__ 1 CER[AP], BA, CHOL (23/10/33/33 m/m).

14 I——— The F;, phase were assigned as -,+,-,+,-,+
0 10 20 30 40 5 60 70 8 9 100 110 for the diffraction orders 1-6.

D,0 concentration / %

The unit cell of the SC lipid bilayer is considered to be constituted by several
multiatomic submolecular groups contributing to the overall distribution of scattering
length density, which is an image of the distribution of the structure factor Fj, in recip-
rocal space. These groups can be represented by Gaussian functions of certain
width. Fully resolving the image of the bilayer unit cell requires recording of prefera-
bly all F, yielded by the studied structure [160]. As stated by Kiselev and co-workers
the resolution of the Fourier transform for a model bilayer with a spacing d is limited

by the number of available diffraction orders h,, [4]:

3.8-d
2rth,,

d
Resolutiongr = ~ 06— Eq. 2-12
R

Consequently, the signals from two molecular groups can be resolved by Fouri-
er transform if they are separated by a certain distance Ax, and if a sufficient number

of F;, is detected. However, only limited numbers of F,, are available in neutron dif-
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fraction experiments, since higher order diffraction peaks often disappear in the
background due to structural disorder and fluctuation effects. Disregarding higher
order Bragg maxima that might be observable results in artificially decreased number
of Fourier terms and consequently in truncation artefacts due to the Fourier synthesis
[158]. Consequently, the space resolution of the Fourier synthesis and hence, the
information regarding the SC lipid bilayer structure are limited.

All ps(x) presented here are calculated on a relative scale in arbitrary units
(a.u.), since a and b are unknown coefficients. Calculating NSLD profiles on a “rela-
tive absolute scale” requires exact specification of the volume of molecular groups
[158, 161], and knowledge about the exact amount of water molecules per lipid head
group [162-164]. Since CER-based model bilayers are poorly penetrable for water
[4], these values can not be determined with high accuracy. Consequently, calculat-
ing the profiles p;(x) on an absolute scale is omitted due to the resulting large error.

The application of neutron diffraction for localizing a specifically deuterated
compound has been reported in numerous works [149, 163, 165, 166]. The determi-
nation of the deuterium label position requires the acquisition of diffraction data for
both the model membrane containing the protonated lipid, and the model membrane
with the deuterated compound. Then, the positive contribution of the deuterium label
to the overall scattering length density, i.e. the density distribution of the deuterium

label across the bilayer, is extracted by calculating the difference F;, 4, of all struc-
ture factors received for the deuterated sample (Fj, 4.,:) and the ones for the proto-

nated sample (Fj, ot ):

Fh_diff = Fh_deut - Fh_prot Eq. 2-13

and by a Fourier transform of the F;, 4, according to Eq. 2-14

hmax

2 2m-h-x
Psaipf(X) =a+b-o- ZFh-diff'Cos( d ) Eq. 2-14
h=1
For these calculations, the NSLD profiles were scaled to the sum of the F;, to al-
low for comparability between the protonated and the deuterated sample. Localisa-
tion of the deuterium label, represented by the distribution of the difference structure

factor F,, 4i¢¢ In reciprocal space, is received from determining the position of the

maxima occurring in the psdiff(x) by Gaussian fits.
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2.5.1.3 Preparation of oriented multilamellar samples for the neutron diffraction stud-
ies

The preparation of highly oriented multiple stacks of SC lipid bilayers on a
quartz substrate was performed according to the technique described before [167]. A
list of the SC lipids and other substances used for sample preparation can be found
in chapter 6 (Appendix). Appropriate amounts of SC lipids were dissolved in a solvent
mixture composed of chloroform and methanol, 2:1 (v/v) to yield a total lipid concen-
tration of 10 mg/ml, and then combined in the required ratio to receive the SC lipid
mixtures to be investigated. A volume equalling 12 mg of the SC lipid mixture was
applied onto a planar quartz glass with an area of 2.5 x 6.5 cm? by means of an air-
brush instrument (Harder & Steenbeck, Norderstedt, Germany). After solvent evapo-
ration at room temperature and atmospheric pressure, the lipid film was kept under
reduced pressure (<50 mbar) for at least 12 hours to remove solvent traces. Subse-
quently, three alternating heating and cooling cycles were performed to improve
sample quality, with the chosen temperature depending on the respective SC lipid
mixture and its main phase transition temperature (determined by differential scan-
ning calorimetry, DSC, see section 2.5.2.2). This so-called annealing procedure aims
at creating a one-dimensional crystal structure with a state of high lamellar order. As
described in the preceding section, well-oriented SC lipid model membranes are es-
sentially needed in order to be able to record as many orders of diffraction as possi-
ble: The less ordered the bilayer assembly is, the less structure factors are available
[164]. Consequently, the errors connected with the Fourier synthesis will increase
and the image of atomic distribution inside the model bilayers is less detailed. A
measure for the sample quality with respect to the presence of a one-dimensional
crystal structure is the mosaicity, which can be determined by w-scans. In this set-up,
the scattered intensity is recorded as function of the incident neutron beam angle «,
and the scattering angle 26 is fixed on the hth order peak. The mosaicity indicates
the misorientation of domains present in the mixture of SC lipids assembled in bi-
layers by a certain angle t = a — 6 from perfect orientation = =0° [168], schematically
presented in Fig. 15. According to Bragg's equation A = 2d - sinf, maximum intensity

is recorded if ¢ = 0.
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Fig. 15: (Left) Sketch of a perfect one-
dimensional lamellar structure with low mo-
saicity. (Right) Crystallite domains with dif-
fering orientations result in high sample
mosaicity, with a wide angular distribution
of bilayer normal vectors [168].

Sample composition was kept simple for the diffraction experiments in the
course of this thesis. This resulted from the severalfold better sample quality ob-
served for the simplistic ternary or quaternary SC lipid mixtures compared to more
complex models, as to be seen in Fig. 16. Whereas the simplistic systems showed a
state of high lamellar order indicated by the presence of sharp diffraction signals up
the 7™ order, the more complex mixture exhibits strong phase separation and only
few broad diffraction signals. Based on such low-quality diffraction data received for
the complex SC lipid models as exemplary shown in Fig. 16, the information regard-
ing the bilayer nanostructure is limited and consequently insufficient for exact analy-
sis. A list of the composition for all studied SC lipid model membranes can be found
in the Appendix 6.2.

Intensity/ a.u.
Intensity /a.u.
1

w AU oNEe
1 R A

~
1

5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
Scattering angle 26 /° Scattering angle /°

Fig. 16: Diffraction patterns recorded at 100 % D,0, 32°C, 58 % RH for (Left) a qua-
ternary sample containing CER[EOS]_branched, CER[AP], BA, CHOL (23/10/33/33,
m/m) and (Right) a SC model membrane of complex composition (see Appendix
6.2).The asterisk (*) marks the signal of phase-separated CHOL crystals.

It is of utmost importance to understand the impact of distinct lipid classes to the
SC lipid matrix architecture on a molecular scale. Model membranes with simplistic
composition were shown to provide the better and more reproducible approach for
the purpose of gaining an insight into the bilayer assembly on a nano-scale, while
more sophisticated systems are less favourable [113]. This applies in particular to the

investigation of the influence of either particular SC lipid species or even penetration
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enhancers on the structural properties of SC lipid bilayers. Although it might be chal-
lenging to approximate the more physiological lipid composition of the intercellular
matrix of human SC, the multiple constituents influencing the overall bilayer architec-
ture complicate the extraction of information regarding the contribution of a single
component to such a complex structure. This problem can be overcome by using
simplistic but realistic sample compositions, where the influencing factors are mini-

mized to few components [1, 89, 102, 169].

2.5.2 Other techniques used

2.5.2.1 Raman spectroscopy

Raman spectroscopy is a non-destructive analytical technique based on inelas-
tic scattering of photons by molecules. When radiation of a certain frequency f; im-
pinges on a molecule, the main fraction of scattered photons remains on the same
energy level (i.e. has the same frequency f; and hence the same wavelength). This
phenomenon is denoted as Rayleigh scattering. Simultaneously, a very small part of
the scattered photons exhibit a slightly changed frequency (f, # f;) due to interaction
and energy exchange with the molecule (often f; > f,, the so-called Stokes shift).
The excitation source is usually a high-intense laser due to the low intensity of Ra-
man scattering. By exciting the molecule to oscillate differently than before the pho-
ton loses energy, and the shift in energy between the incoming and scattered photon
corresponds with the energy required for transferring the molecule from a ground
state to a different rotational or vibrational state. The detection of the frequency of the
scattered photons (termed wave number, cm™) allows drawing conclusions about the
vibrations and rotation movements of molecular groups [170, 171]. One generally
distinguishes between bending modes (movements with varying bond angles) and
stretching modes v (symmetric or asymmetric movements along a bond axis with
changing bond lengths). The development of Fourier transform (FT) Raman spec-
trometers increased the efficiency and sensitivity of the instruments.

Basic precondition for a molecule oscillation to be Raman active is a change of
the molecular polarizability during the oscillation. Roughly spoken, the polarizability is
the extent of deformation of the electron cloud. Dipoles and more polar molecules
hence only show a weak Raman effect since their electron clouds are poorly deform-
able. In contrast, non-polar molecular groups and especially alkanes show the

strongest Raman effect and can be readily studied by means of Raman spectroscopy
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[171]. The spectral Raman bands observed after laser excitation are assigned to dis-
tinct molecular vibrations. Since they are sensitive to conformational changes in the
molecule, the state of order of alkyl moieties, particularly in lipids can be studied
[172-174]. A measure for the alkyl chain order is the amount of trans and gauche
conformers present in the hydrocarbon chain. In the crystalline state, the motional
freedom is decreased in favour of a highly ordered zig-zag arrangement of the alkyl
chain comprising a high number of frans conformers and only few gauche defects.
When the chain disorder increases, the number of gauche conformers increases at
the expense of frans conformers [175]. The analysis of characteristic Raman bands
assigned to certain molecular vibrations allows evaluating the trans/gauche ratio and
hence to draw conclusions regarding the alkyl chain order. Sharp bands in the spec-
tral region < 300 cm™ (termed the longitudinal acoustic mode, LAM [176]) indicate
all-trans chain conformation and result from bending motions of the hydrocarbon
chains. Increased numbers of gauche defects result in a shift of the LAM to higher
wave numbers and band broadening [175]. A highly ordered trans hydrocarbon chain
terminus is indicated by the CHs rocking mode, a sharp peak located at 890 cm™,
while the presence of gauche conformers is revealed by a broad peak at lower fre-
quency, usually 870 cm™ [177]. The bands assigned to the symmetric and asymmet-
ric C-H stretching mode, v,,,,(CH2) and v,,,,»,(CH2), located in the spectral region
between 2800 and 3000 cm™ are of particular interest [178, 179]. The position of
vsym(CHy) is inversely correlated with the alkyl chain order: the higher the frequency,
the lower the state of order due to an increased number of gauche conformers. Fur-
thermore, the intensity ratio I (vy5ym(CH;)/vsym(CH)) is sensitive to the trans-
gauche ratio [180, 181] and decreases with enhanced alkyl chain disorder and in-
creasing gauche defects, respectively.

In addition, analysing the spectral region between 1400 and 1500 cm™ reveals
the intermolecular packing behaviour of alkyl chains in one unit cell. A double peak at
1450 and 1460 cm™' represents the CH; scissoring mode in the case of a hexagonal
packing of the lipid hydrocarbon chains, while factor group splitting with a peak triplet
occurs for the orthorhombic chain packing [177].

The Raman experiments for elucidation of the thermotropic phase behaviour of
SC lipid mixtures or pure CER subspecies were performed on a Bruker Fourier trans-
form infrared spectrometer RFS 100/S (Bruker Optics, Ettlingen, Germany). The exci-

tation source was a diode pumped Nd:YAG laser with a wavelength A4=1064 nm. The
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scattered radiation was detected in an angle of 180° with respect to the incoming
beam to avoid detection of the high-intense excitation radiation. The spectra (4 cm™
resolution) were recorded at a laser power of 400 m\W at the sample location.

The SC lipid mixtures to be studied, or the pure SC lipids were prepared from
organic solutions (solvent mixture: chloroform/methanol 2:1, v/v). The solvent was
allowed to evaporate completely, first at room temperature, subsequently at reduced
pressure (<50 mbar). After vacuum storage for not more than 24 hours, appropriate
amounts of the sample material was transferred into an NMR tube and Raman spec-
tra were recorded under dry conditions in a temperature range from 25°C and 95°C
with 5 minutes equilibration between each step. According to the DSC studies, spec-

tra were recorded for two or three heating cycles.

2.5.2.2 Differential scanning calorimetry

Differential scanning calorimetry (DSC) is a technique applied in order to meas-
ure heat and commonly used to determine the thermotropic phase behaviour of the
studied material. Measuring heat is based on heat exchange and a resulting heat
flow due to temperature differences. Since most chemical processes or physical
transitions are related with consumption (endothermic processes) or release (exo-
thermic processes) of heat, DSC represents the ideal tool to monitor such sample
transitions, particularly the thermotropic phase behaviour of lipids [182].

During a heat flux DSC experiment, sample and reference are both subjected to
the same constant change of temperature (heating program with fixed heating rate).
In case that thermally activated transitions are initiated in the sample material, a dif-
ference in sample and reference temperature AT+0 is detected which is proportional
to the heat flux difference between sample and reference [183]. The resulting endo-
thermic or exothermic transition peaks recorded at a certain temperature point pro-
vide insight into the structural behaviour of the sample material upon temperature
change. Extrapolating the peak onset yields the phase transition temperature, while
integrating the peak area yields the transition enthalpy. Knowledge of these parame-
ters provides insight into the thermotropic behaviour of the material studied; yet, de-
tailed information about the structural processes taking place on a nanoscale during
temperature change cannot be obtained.

All DSC measurements were performed on a Netzsch DSC 200 differential

scanning calorimeter (Netzsch Geraetebau, Selb, Germany). Samples were trans-
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ferred in aluminium pans and studied in dry state in a temperature range from 20 to
120°C. An empty aluminium pan was used as reference and heated simultaneously.
Each of the three heating scans performed for every sample was conducted at a

heating rate of 5 K per minute and followed by a cooling scan.

2.5.2.3 ?H NMR spectroscopy

Nuclear magnetic resonance (NMR) is based on the interaction of a nucleus’
magnetic moment with an externally applied strong magnetic field B,. This magnetic
moment, and consequently the phenomena of NMR, only occur if the nucleus has a
non-zero nuclear spin (10), whereat the spin | can be an integer (*H, deuterium, has
a spin I=1) or half an integer ('H has a spin 1=1/2). In order to have a non-zero spin,
the total number of neutrons and/or protons of a nucleus need to be uneven. In con-
trast, nuclei with an even mass number (even number of neutrons and protons) have
a zero spin and consequently do not have a magnetic moment [184]. When the nu-
cleus with 10 experiences the influence of a strong external magnetic field B,, its
magnetic moment can only adopt discrete permitted orientations 2I+1 due to quanti-
zation, and the nucleus is forced into a precessing movement about the magnetic
field. The frequency of this precession is the Larmor frequency and directly depend-
ent on the magnetic field strength. If this state is now influenced by another short
electromagnetic impulse directed normally to B, and matching the Larmor frequency,
the equilibrium precession is disturbed, and transitions between the quantized states
are possible. Directly after the short-pulse excitation, the nuclei relax back to the
equilibrium state and the change in the magnetic momentum during relaxation is de-
tected by radiofrequency coils, which yields the NMR signal [184]. A preferably short
pulse excites a broad range of resonance frequencies, and a Fourier transform of the
detected relaxations allows calculating the NMR spectrum. Since the magnetic mo-
ments of the excited nuclei are not independent from their environment, but in fact
are influenced by their surrounding atomic neighbours which all act as small magnet-
ization sources, shielding effects can occur which result in locally diminished or en-
hanced resonance frequencies for the same isotope. This leads to the observation of
the typical chemical shifts permitting distinction between the different populations of
one kind of atom in a molecule and providing information about their chemical envi-

ronment.
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In the powder samples of solid state NMR, all spatial molecular orientations are
present, and the anisotropic interactions having a strong impact on the properties of
nuclear spins are not averaged by fast molecular motions, like e.g. in solution. The
directional dependency of these nuclear spin interactions, and consequently of the
nuclear resonance frequency causes the occurrence of the typical broad NMR sig-
nals [185].

Since the ?H nucleus has a nuclear spin 1>1/2 (exact: 1=1), it adopts three per-
mitted spin states in a static magnetic field B,. Accordingly, two magnetic resonance
transitions exist which are splitted in the NMR spectrum [186]. Due to their non-
spherical nuclear charge distribution, nuclei with 1>1/2 like H exhibit a quadrupolar
moment, whose interaction with the molecular electric field causes the quadrupolar
interaction, an important anisotropic interaction in °H NMR spectroscopy where sig-
nals are detected as so-called Pake doublets [187]. Lamellar structures like SC lipid
model membranes, where the lipids are oriented centrosymmetrically, can be studied
by means of ’H NMR spectroscopy for the purpose of elucidating the particular mo-
lecular motions of the individual species of ?H-labelled molecules, and to investigate
the phase behaviour of lipids in complex mixtures [132]. The powder spectra ob-
tained by ’H NMR spectroscopy contain information regarding structure and dynam-
ics of the molecules studied, yet, the data need to be treated by a “dePaking” algo-
rithm to extract the required information. The quadrupolar splittings Av,, i.e the fre-
quency separation of the doublet corresponding to every single deuterium nucleus
can be determined from the depaked spectra [187]. To describe the motional charac-
teristics of the deuterated lipid alkyl chains in a lamellar assembly the order parame-
ter Scp(n) is introduced, defining the orientation of the C-D bond vector at the nth
CD, group in the perdeuterated compound (beginning at the lipid head, e.g. the car-
bonyl group). It is correlated to the quadrupolar splitting Av, (n) by:

3e%qQ .
vo(n) =5 ——Sco(W) Ea. 215

where e?qQ/h = 167 kHz is the quadrupolar coupling constant for the C-2H
bond. From the carbonyl group towards the alkyl chain terminus S.,(n) decreases
due to the increasing mobility of the hydrocarbon, hence, detailed order parameter
profiles reveal the state of order along the lipid alkyl chains [188, 189] This makes ’H
NMR spectroscopy a versatile tool for revealing the C-D bond orientation and the

degree of order, particularly in lamellar phases [190, 191].
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3 RESULTS REPRESENTED BY ACCEPTED PUBLICATIONS

In the following section, the results obtained from experiments performed in the
course of the present thesis are presented as they were accepted for publication in

peer-reviewed international scientific journals.

3.1 The influence of different CER subclasses on the lamellar nanostructure
of SC lipid model membranes

As outlined before, the CER subclasses present in the human SC intercellular
lipid matrix at large contribute to the barrier formation. It is probably the broad distri-
bution of alkyl chain lengths, the resulting plurality of CER and the heterogeneity of
SC lipid species, which guarantee the integrity and functionality of the penetration-
limiting lipid lamellae [82]. However, the role of particular subspecies, e.g. phyto-
sphingosine-based CER and the long-chain w-acyl CER, gained increasing interest
in SC research during the past decades. A new oriented SC model system based on
CERI[NP], one of the most abundant CER subclasses present in human SC, was es-
tablished. In an interdisciplinary approach using neutron diffraction and ’H NMR
spectroscopy, the lamellar nanostructure of the model was investigated and com-
pared with the CER[AP] based membrane. In addition, an artificial CER[EOS] de-
scendant with a methyl-branched, saturated w-acyl chain derived from chemical syn-
thesis was proven to exhibit equivalent properties in terms of thermotropic phase be-

haviour and membrane bilayer structure like its naturally occurring pendant.

3.1.1 Impact of phytosphingosine-type CER[NP] on the assembly of SC lipids in ter-

nary model membranes (Manuscript: Soft Matter)

Engelbrecht TN, Schroeter A, Hauly T, Demé B, Scheidt HA, Huster D, Neubert RHH:
The impact of ceramides NP and AP on the nanostructure of stratum corneum
lipid bilayers. Part I: Neutron diffraction and ?H NMR studies on multilamellar
models based on ceramides with symmetric alkyl chain length distribution. Soft
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We investigated the lamellar structure of ternary stratum corneum (SC) lipid model systems based on
either the phytosphingosine type ceramide (CER) [NP] or CER[AP], supplemented by cholesterol and
stearic acid as representative free fatty acid species. For the CER[NP] based membrane, neutron
diffraction measurements revealed the coexistence of two lamellar phases, which markedly differ in
their hydration properties. CER[NP] forms an extremely rigid and stable bilayer backbone and is at
least partly sequestered in a separate phase which coexists with a second lamellar phase. At increased
temperature, a structural re-organization of the lipids was observed. One of the lamellar phases
disappeared, while the remaining phase increased its repeat distance by about 1 A. Such a behaviour has
not been described for SC lipid model membranes based on CER[AP] so far. Further, ’H NMR
spectroscopic measurements on two SC lipid model systems based on either CER[NP] or CER[AP] in
addition to cholesterol and perdeuterated stearic acid revealed a state of high lamellar order present in
both samples, emphasizing the importance of the phytosphingosine-type ceramides for the proper
formation of stable SC bilayer structures. However, the CER[NP] based ternary model showed a state
of higher lamellar order than the CER[AP] based system. Our results demonstrate that slight changes in
the ceramides’ head groups (CER[NP] with 3 hydroxyl groups vs. CER[AP] with 4 hydroxyl groups)
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have a dramatic influence on the morphology of the lipid structures formed by these lipids.

1. Introduction

It is well known that the outermost layer of the mammalian skin,
the stratum corneum (SC) maintains homeostasis of the organism
by protecting the body from various outer influences and uncon-
trolled water loss. With its intercellular lipid matrix surrounding
the corneocytes, the SC is generally accepted to represent the major
penetration barrier of the skin.’* Main constituents of the lipid
lamellae are ceramides (CERs) in addition to cholesterol (CHOL)
with its derivatives and free fatty acids (FFA),** whereby particu-
larly the structural arrangement of these SC lipids in highly ordered
and coherent multiple bilayers is regarded to be essential for the
maintenance of the skin barrier properties.® The CERs represent
a very lipophilic and rigid class of molecules with only small
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hydrophilic head groups, and they presumably determine the
structure of the lipid lamellae of the SC to a high extent, which
results e.g. in poor penetrability of mammalian skin for water.®
Accordingly, it was found that there is almost no free water present
inside the intercellular lamellar sheets of the SC.” With their
particular properties, the CER lipids are regarded to be highly
important for the proper formation of the penetration barrier.
Current SC research increasingly addresses the issue of identi-
fying specific CER subclasses or SC lipid species playing a key role
in the processes of skin barrier formation. There have been
numerous attempts to correlate different states of impaired skin
with alterations in the content of particular lipid species as reviewed
previously.® For the case of atopic dermatitis, a significant reduc-
tion in the linoleic-acid containing w-acylceramide CER[EOS] was
found.” The authors concluded an important role of this CER
subspecies for the skin barrier properties. Di Nardo and co-workers
likewise reported a diminished content of w-acyl-ceramides in the
skin of atopic dermatitis patients'® as well as a reduced CER[NP]
level, which was assumed to account for the impaired trans-
epidermal water loss observed for this unphysiological skin state. A
strong reduction of the phytosphingosine-based CER[AP] and
CER[NP] has also been demonstrated for the psoriatic skin.'*

This journal is © The Royal Society of Chemistry 2012
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From the physicochemical point of view, the phytosphingo-
sine-type CERs show distinct characteristics.'>'* It was reported
that CER[NP] is capable of forming an extremely strong network
of intra- and inter-molecular hydrogen bonds,'? which accounts
for its distinct conformational characteristics and alkyl chain
packing behaviour. When comparing the phytosphingoid-type
CER[AP] and CER[NP] with sphingosine-based CERs, phase
transition temperatures, intermolecular interactions and espe-
cially hydrogen bonding networks involving the hydrophilic
head groups differ markedly.'*'s The authors reasoned that it is
the CER head group, which significantly determines the overall
behaviour of the studied ternary lipid mixture.

Furthermore, the number and exact position of the hydroxyl
groups in the hydrophilic head of the CER molecules was
recognized to affect the intermolecular lipid interactions. The
additional a-hydroxyl group present in CER[AP] was found to
induce a certain sterical hindrance to the stabilizing hydrogen
bond network mediated by the other hydroxyl groups of the
CER head.'® Consequently, there seems to be a sensitive balance
of mutual interaction contributing to the stability of the overall
SC lipid structure.

The protruding role of phytosphingosine-type CER[AP] for
the formation of stable bilayer structures was also described in
the work of Kiselev and co-workers.""® Direct structural
insights into the bilayer architecture of a CER[AP]-based
quaternary SC lipid model membrane obtained from neutron
diffraction revealed the formation of an extremely stable
lamellar backbone with only little free water being present in the
intermembrane space. Even under excess hydration, the repeat
distance of the model bilayers only increased marginally by
about 1 A. The authors concluded that the polar CER[AP]
accounts for the creation of such a rigid bilayer structure by
forming strong lateral hydroxyl bonds, which was summarized
in the armature reinforcement model. In the fully extended
conformation, CER[AP] is assumed to pull the lamellae
together, thereby preventing stronger swelling of the bilayers.”
That work furthermore emphasized the importance of the non-
destructive neutron diffraction technique for the purpose of
structural investigation of lamellar structures. Additionally, the
results obtained by further neutron diffraction experiments
underlined that detailed information regarding the specific
impact of particular CER species on the lamellar SC lipid
assembly can favourably be received by studying simplistic SC
model membranes based on mixtures of synthetic SC lipids
featuring well-defined head group architecture and defined alkyl
chain lengths.'*2°

In order to advance our knowledge regarding the influence of
phytosphingosine-type CERs on the molecular assembly of SC
lipids, the present study focused on highly oriented ternary
model membranes based on CER[NP] with symmetric alkyl
chain length (stearic acid amide-bound to C18 phytosphingosine
base), CHOL and the FFA stearic acid (SA). The system was
investigated by means of neutron diffraction at two different
temperatures in order to elucidate the bilayer architecture under
varying environmental conditions. Additional >H NMR spec-
troscopic measurements were performed to study the structure
and dynamics of the free SA in the mixture with CHOL and
either CER[AP] or CER[NP] in order to analyze potential
differences between CER[AP] or [NP] based systems.

2. Experimental
2.1. Materials

CER[NP] (N-(octadecanoyl)-phytosphingosine) and CER[AP]
(N-(a-hydroxyoctadecanoyl)-phytosphingosine) were a gift of
Evonik Goldschmidt GmbH (Essen, Germany). Since the
substances had a purity of =96%, they were used as received
without any further purification. CHOL and SA were purchased
from Sigma Aldrich GmbH (Taufkirchen, Germany) and used as
received. The perdeuterated SA (SA-dss) used for ’H NMR
measurements was received from Dr Ehrenstorfer (Augsburg,
Germany) and used without further purification. Cholesterol-
25,26,26,26,27,27,27-d; was purchased from Avanti Polar Lipids
(Alabaster, AL, USA). Quartz slides (Spectrosil 2000, 25 x 65 x
0.3 mm?®) for the neutron diffraction experiments were purchased
from Saint-Gobain (Wiesbaden, Germany). Fig. 1 displays the
chemical structure of the SC lipids used for the experiments. For
the deposition of the lipids onto the quartz surface, an airbrush
instrument (Harder & Steenbeck, Norderstedt, Germany) was
employed. Chloroform and methanol used as solvents for prep-
aration of the lipid solutions were of analytical grade. All buffer
substances were obtained from Sigma Aldrich.

2.2. Sample preparation

2.2.1 Neutron diffraction experiment. Oriented multilamellar
model membranes for investigation by means of neutron
diffraction were prepared according to the procedure described
earlier.?! The sample studied by neutron scattering was
composed of CER[NP)/CHOL/SA, component mass ratio (m/m)
55/25/20. A total volume of 1.2 ml of the final lipid mixture
dissolved in chloroform/methanol (2 : 1 v/v) with a concentration
of 10 mg ml~" was spread over the quartz surface using the
airbrush device at constant air flow. The solvent was allowed to
evaporate under atmospheric pressure and subsequently under

HN, CER[AP]

HN OH CERI[NP]
MH

Cholesterol, CHOL

HO

\/\/\/\/\/\/\/\/\fo

OH

Stearic Acid, SA

Fig. 1 The chemical structures of the SC lipids prepared as multi-
lamellar SC model membranes.
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reduced pressure (<50 mbar), where the samples were kept for
10-12 hours. After the solvent was removed completely,
a subsequent annealing procedure was applied, whereby the
samples were heated to 80 °C and cooled down to room
temperature in water-saturated atmosphere. Such a procedure is
often used in sample preparation for neutron diffraction exper-
iments in order to improve the sample quality and state of
lamellar order,?* which is of benefit for the peak intensities in the
diffraction experiment and for the subsequent data analysis. For
a detailed description of the necessity of the annealing procedure
see former reports.?® Until the measurements, the samples were
stored at room temperature.

2.2.2 *H NMR spectroscopy. For the ’H NMR measure-
ments, the sample composition was either CER[NP] or CER[AP]
in mixture with CHOL and SA at a mass ratio (m/m) of 55/25/20,
where either the stearic acid (SA-ds;s) or the cholesterol
(CHOL-d;) was deuterated. Briefly, aliquots of the synthetic SC
lipids were dissolved in chloroform/methanol 2:1 (v/v) and
mixed in the required ratio to yield a total amount of 2.5 mg per
sample. After the solvent was evaporated under vacuum
(~1 mbar), the remaining lipid film was dispersed in 4 ml of an
aqueous buffer solution (10 mM Hepes, 100 mM NaCl, pH 7.4).
In order to achieve homogeneity, the lipid dispersion was heated
up to 80 °C and shaken for 3 hours with alternating bath ultra-
sonication and extensive vortexing. The resulting homogeneous
lipid dispersion was treated by ultracentrifugation (7 = 4 °C,
79 000 x g) (Beckman Optima L-60, Beckman Coulter GmbH,
Krefeld, Germany) in order to separate and remove excessive
buffer. The samples were subjected to several freeze—thaw cycles
to improve homogeneity, and finally transferred into 5 mm glass
vials for NMR measurements.

2.3. Neutron diffraction experiments

The neutron diffraction experiments were performed at the Small
Momentum Transfer Diffractometer D16 situated at the cold
source of the High-Flux Reactor (HFR) at Institute Laue-Lan-
gevin (ILL, Grenoble, France). The neutron wavelength of 2 =
4.74 A used for our experiment was received by appropriate
positioning of a pyrolytic graphite monochromator. A two-
dimensional position-sensitive detector (*He, area 256 x
256 mm?, spatial resolution 2 x 2 mm?) was used to record the
scattered neutron intensity. Diffraction data were collected as
rocking scans (w-scans) with the samples being rocked around
the expected Bragg positions « while the detector was set to
a fixed position 26 at a sample-to-detector distance of 101.5 cm.
For equilibration and subsequent measurements, the sample was
mounted in lockable chambers. Parameters like temperature (7)
and relative humidity (RH) were externally controlled. Prior to
each measurement, the sample was equilibrated at a temperature
of 32 °C (comparable to in vivo conditions) and the respective
RH until no changes in peak intensity or peak position were
detectable. According to previous studies, 6-8 hours are suffi-
cient for equilibrium hydration of such SC lipid model
membranes and consequently, this time period was also applied
in the present experiment.'® Measurements were performed at
different temperatures, i.e. at 32 °C and 80 °C, and under rela-
tively dry and more humid atmospheres (58% RH and 99% RH,

respectively). The comparatively high temperature of 80 °C was
chosen to investigate the behaviour of the ternary model
membrane near the main phase transition temperature. Since
liquid-crystalline lipid bilayers are known to be several-fold more
permeable for agents than gel-state lamellar structures,? it is
important to study the structural properties of the SC lipid model
lamellae in the liquid-crystalline state.

For each measurement condition, the model membrane was
studied at no less than three different D,O contrasts in order to
vary the neutron scattering length density between the lipids and
water. For that purpose, the chamber atmosphere was set to
three D,O/H,0 concentrations: 100/0, 50/50 and 8/92 (mol/mol).

The multilamellar sample was exposed to a monochromatic
and collimated incoming neutron beam during measurements,
while the intensity of scattered neutrons / was recorded as
a function of the scattering angle 26. The correlation of 26 to Q
(scattering vector) is given by Q = 4msin 6/, with Q being the
resulting vector between the incoming wave vector I?, and the
scattered wave vector I;,, and A being the neutron wavelength,
while 6 represents the angle of incident beam. The correlation d =
2n/Q,, is used to calculate the repeat distance (periodicity) d of
a lamellar phase from the positions of a series of equidistant
peaks Q,, where n is the diffraction order of the peak.

The commonly applied procedure for the interpretation of
neutron diffraction data in order to gain insight into the nano-
scaled structure of the model membrane is to calculate the
neutron scattering length density (NSLD) profiles py(x) by
a Fourier synthesis of the structure factors F), according to:

2]7mdx 21thx
X) = ZNF, 1
py(x) a+bd; mos( i ) )

In this equation, ¢ and b are unknown coefficients for the
relative normalization of py(x), d is the lamellar periodicity and /
the order of diffraction. The absolute value of F, was calculated
by |Fy| = VhI Ay, where h is the Lorentz correction, Ay, is the
absorption correction® and I, is the integrated intensity of the 4™
peak. To calculate py(x), at least three to four diffraction orders /
of one lamellar phase are required. Well-oriented model
membranes are essentially needed to record diffraction peaks of
higher orders which, however, can be hampered by the poor
signal-to-noise (s/n) ratio resulting from the strong background
due to the large incoherent scattering cross-section of the large
number of hydrogen atoms present in the hydrocarbon chains of
SC lipids. Raw data treatment and data reduction to intensity vs.
260 were performed with the Large Array Manipulation Program
(LAMP, a software package provided by the ILL?*®). Integration
of the Bragg peaks, determination of the peak positions and
intensities after background subtraction were performed using
the software package IGOR Pro 6.1 (WaveMetrics Inc., Port-
land, OR, USA).

For the Fourier transform, not only the amplitude but also the
phase of each Fj, is required. With a Gaussian water distribution
assumed to feature a maximum at the position x = d/2 (near the
hydrophilic head group region), the phase of F, can be deter-
mined using the isomorphous replacement method described
previously.?*?” Since the lamellar lipid arrangement of the SC
model membrane investigated here is supposed to be centro-
symmetric, the phase problem simplifies to the possibilities +
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or — for the phases of Fj, and can be solved by measuring the
samples at least at three different D,O/H,O ratios. A detailed
description of this procedure (so-called contrast variation) and of
the neutron diffraction data evaluation can be found
elsewhere. 222528

2.4. *H NMR experiment

Static 2H NMR spectra were recorded on a Bruker Avance 750
MHz NMR spectrometer (Bruker Biospin GmbH, Rheinstetten,
Germany) operating at a resonance frequency of 115.1 MHz for
’H using a single-channel solids probe equipped with a 5 mm
solenoid coil. The ’H NMR spectra were accumulated using
quadrature phase detection with a phase-cycled quadrupolar
echo sequence.?” The spectral width was set to 250 kHz. Typical
length of a 90° pulse was 3 to 5 ps, and a relaxation delay of 0.8 s
or 3 s was applied. The spectra were acquired at temperatures of
32 °C and 80 °C.

The obtained ’H NMR powder spectra of stearic acid (SA-dss)
were depaked® (using the algorithm of McCabe and Wassall*')
and the order parameter profiles of the acyl chain were deter-
mined from the observed quadrupolar splitting Avq(n):

2
Avg(n) = % %S(ﬂ)
where eqQ/h is the quadrupolar-coupling constant (167 kHz for
’H in a C-*H bond) and S(n) the chain order parameter for the n'*
carbon position in the chain. Details about the analysis of *H
NMR spectra are found in the literature.*?

@]

3. Results and discussion

3.1. Neutron diffraction experiments on CER[NP]/cholesterol/
stearic acid

Fig. 2 displays the diffraction pattern for the sample CER[NP}/
CHOL/SA (55/25/20, m/m) recorded at 100% D,O contrast and
at three different measurement conditions. At 32 °C and 58%
RH, obviously two lamellar phases coexist, which are referred to
as PI and PII. Five orders of diffraction were detectable for each
phase, which differ in their peak shape. The reflections of PI are

~~~~~~ RH 58%, 32°C
— RH 58%, 80°C

— - RH99%, 80°C

Intensity [a.u.]

L5_II

smeared-out, broad, and less intense, while the diffraction signals
attributed to PII are well defined and sharp. As displayed in
Table 1, the lamellar repeat distances d are equal to 39.9 & 0.3 A
for PI, and 38.2 + 0.1 A for PII, respectively. Peaks located at
260 = 7.8° and 16° are attributed to segregated crystalline CHOL,
whose occurrence was already described before and is known to
not affect the lamellar order of the model membranes.?®3*3*
From these first findings, we conclude a certain fraction of SC
lipids to be sequestered into the additionally occurring lamellar
phase PII. However, at 80 °C and 58% RH, only the peaks
attributed to PII are detectable, while PI disappears (see Fig. 2).
Simultaneously, PII increases its d-spacing by 0.7 Ato389 A
(Table 1), recognizable by a shift of the diffraction signals
towards lower 26 values. Phase-separated CHOL is still detect-
able. When the relative humidity is subsequently raised to 99%
while the temperature is kept at 80 °C, two coexisting phases are
formed again. The reappearing phase is clearly pronounced and
exhibits sharp diffraction signals of high intensity up to the 5"
order. However, the lamellar repeat distance is increased by 1.2 A
when compared to the phase PI at lower temperature. Phase-
separated CHOL is no longer observed, indicating an improved
miscibility of this rigid molecule with the other SC lipids at high
temperature and high humidity. This can be explained with the
increased area per SC lipid molecule due to enhanced head group
hydration at higher humidity, which allows for improved CHOL
incorporation into the SC lipid lamellae. Under all experimental
conditions studied, the lamellar phase PII did neither disappear,
nor show any clear response to D,O contrast variation, i.e. the
diffraction intensity was not dependent on the D,O/H,0 ratio
(diffraction patterns not shown). In contrast, PI was found to
exhibit the expected response to D,O contrast variation. Two
conclusions can be drawn from these experimental findings: first,
the SC lipids arranged in PII presumably are virtually shielded
from any interactions with the water vapour, which prevents
appreciable interlamellar hydration. This does not apply for the
SC lipids assembled in PI. Consequently, the lipid arrangement
must differ in both phases. Second, temperature-dependent
reorganization of the lipid lamellae takes place. One phase, PI, is
no longer detectable at 80 °C, while PII persists, but slightly
increases its repeat distance. The latter is an atypical behaviour.
Usually, the lamellar spacing of phospholipid bilayers decreases
at high temperature due to an increased number of gauche
defects, increased chain fluidity and consequently stronger
interdigitation.***¢ Such an expected behaviour with decreased
bilayer repeat distance at higher temperature was also
observed before for SC model membranes based on the more
polar CER[AP].*”

Table 1 Lamellar d-spacings of the ternary model membrane composed
of CER[NP], CHOL and SA (mass ratio 55/25/20) calculated from the
neutron diffraction data. Measurements were carried out at 32 °C or
80 °C, and at RH 58% or 99%. The values for d given in A are averaged
over three D,0O concentrations (n.d.: not detectable)

5 10 15 20 25 30 35 40
Scattering angle 26 [deg]

Fig. 2 Neutron diffraction patterns recorded for the ternary sample
CER[NP)/CHOL/SA at a D,O contrast of 100% and different experi-
mental conditions: at 32 °C, 58% RH (red dotted lines), at 80 °C, 58% RH
(black solid lines), and 80 °C, 99% RH (blue dash-dotted lines).

58% RH 99% RH
Temperature PI PII PI PII
32°C 40.0 £ 0.1 382+0.1 39.9+0.3 382+0.1
80 °C n.d. 389 +0.1 41.1+£0.2 389 +£0.1
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Since PII did not display considerable contrast variation and
the F, amplitudes do not display changes beyond statistical
uncertainty at increasing D,O concentrations (see Table 2), we
cannot determine the F), signs for PII reliably. However, since
there is at least a tendency we assume the signs for the diffraction
orders 1-5 as — + — + —. The py(x) received from Fourier
synthesis are shown in Fig. 3. In general, a typical bilayer
arrangement can be deduced from the calculated profiles. Both,
PI and PII exhibit two maxima at the outer edges of the py(x),
which indicate the presence of molecular groups with a positive
neutron scattering length, i.e. the head groups of SA and CER
[NP]. In the central bilayer region at x = 0 A, both profiles
exhibit minima, indicating a high density of atoms with negative
neutron scattering length (i.e. the methylene groups and terminal
methyl groups of the lipid alkyl chains). The shape of the
membrane profile with the maxima located at xpy = d/2 suggests
a very small intermembrane space with a thin water layer present
as reported previously.'® The latter preferentially applies for PI,
whose head group region features maxima with different inten-
sities at the three D,O contrasts studied (Fig. 3A). In contrast,
the insensitivity of the head group region of PII to D,O contrast
variation becomes apparent in the stable maxima of the py(x),
suggesting the absence of exchanged deuterium in that region,
and consequently the absence of interlamellar water (Fig. 3B). To
further underline this finding, we calculated the water distribu-
tion py(x) across the lamellar unit cell according to ref. 18 for
both PI and PII using eqn (3):

PwlX) = P50%D,0 — P8%D,O 3)

The py(x) presented in Fig. 3C prove that there is practically
no water present in the interlamellar space of PII. Accordingly,
the observed increase of d for PII at 80 °C does not result from
swelling. In contrast, the two maxima in p,(x) of PI reveal the
presence of a certain amount of free water in the head group
region exchanged by D,O. These findings underline the
completely different hydration characteristics of PI and PII.
However, it remains unclear from the present data whether
a considerable interlamellar hydration of PII is possible after
a longer equilibration time, e.g. several days.

Taking into account former reports in the literature, it is most
likely that PII is constituted by crystalline phase-separated CER
[NP]. Raudenkolb et al. investigated pure CER[NP] in water by
X-ray diffraction and reported almost identical lamellar spacings
and temperature-dependent changes,’* as we observed for PIIL

Although several studies proved that ternary systems of CER[NP],
CHOL and free fatty acid are well miscible,'>*® we assume that PII
is exclusively formed by segregated ceramide. However, the
incorporation of a certain amount of CHOL into the lamellar
phase PII cannot be ruled out from the experimental diffraction
data. In order to definitely elucidate this, the application of
specifically deuterated SC lipids might be helpful. As shown
previously, %% selective deuterium labelling allows for the direct
localization of the deuterated compounds inside the model bilayers.
The coexisting phase PI at 32 °C could either be phase-separated
fatty acid,** or is made up of SA besides the other membrane
components. In the first case, the observed formation of a one-
phase system at 80 °C and 58% RH would originate from fluid-
ization of the SA-rich phase and subsequent melting (melting point
of SA: about 68 °C?®). In the latter case, an improved miscibility of
the SC lipids at increased temperature could account for the
formation of one single phase at 80 °C and 58% RH.

In the remaining lamellar arrangement of PII, the rigid and
lipophilic CER[NP] forms the stabilizing bilayer backbone.
Former reports regarding the water impermeability of films
composed of CER[NP],'® and the inaccessibility of the head
group region for deuterium exchange' may confirm the
assumption of pure CER[NP] constituting PII, and corroborate
our experimental finding of lacking contrast variation in that
phase. A possible explanation is provided by the results of
Dahlen and Pascher* who stated a V-shaped CER conformation
for N-tetracosanoyl-phytosphingosine with the alkyl chains of
asymmetric length pointing in opposite directions and the
hydrophilic head group being located in the apex of the angle of
101°. Such a structural conception based on CER[NP] out-
stretching its two alkyl chains in opposite directions is likewise
possible for PII of the ternary model membrane studied here and
would explain the lacking contrast variation, with the small
ceramide head group shielded from hydration by the out-
stretched alkyl chains and by the inter- and intramolecular
network of hydrogen bonds described for phytosphingosine-type
CERs.*** The lacking response of PII to D,O contrast variation
has not been reported before for the CER[AP]-based,*! or other
CER-based SC lipid model membranes. We therefore conclude
that the respective CER species present in the model system
influences the lamellar structure and the SC lipid arrangement to
a high extent. In addition, the V-shaped CER conformation
could also account for the slightly larger d-spacing of PII at 80 °C
by expansion of the chain angle."

Due to the low affinity of CER[NP] based model membranes
to water, it seems likely that the more humid vapour of 99% RH

Table 2 The amplitudes of the structure factors F), calculated for PII of the multilamellar sample containing CER[NP], CHOL and SA (mass ratio 55/

25/20) at 32 °C and 587 RH

8% D,O 50% D,O 100% D,O
Structure Structure
Diffraction order Structure factor Error factor Error factor Error
L1 74.16 0.35 73.36 0.23 71.60 0.12
L2 44.83 0.73 45.80 0.55 44.10 0.46
L3 50.82 0.92 50.79 0.89 49.74 0.28
L4 17.50 1.13 17.93 1.03 16.45 0.62
L5 2491 1.14 24.42 0.95 24.66 0.82

This journal is © The Royal Society of Chemistry 2012
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Fig.3 The calculated NSLD profiles for PI (A) and PII (B) at 32 °C, 58% RH, and 100% (red solid line), 50% (blue dashed line), 8% (green dotted line)
D,0. Note the varying amplitude of the two maxima located at the outer edges in the case of PI (A), which is not observed for PII (B). (C) Water density
distribution profile across the membrane for PI (blue dashed line) and PII (blue solid line). (D) Parallel presentation of NSLD profiles for PI (red dash-
dotted line) and PII (black solid line) after F;, normalization to 1. Experimental conditions are equivalent (100% D0, 32 °C, 58% RH).

induces a distinct hydration pressure to the SC lipids assembled
in PII. This would provide a possible explanation for the
observed reversible segregation of PI at 80 °C and 99% RH.
While presumably a large fraction of CER[NP] remains as PII
being still inaccessible for hydration, at least a part of the
ceramide and the other model membrane components with
a higher affinity to hydration, particularly the fatty acid,
presumably form the re-appearing lamellar phase PI at 80 °C and
99% RH. Fig. 4 displays a sketch of the assumed SC lipid
assembly of PI and PII at 80 °C and RH 99%. The well-defined
diffraction peaks and the state of high lamellar order of PI
despite the high temperature suggest that a certain amount of
CER|[NP] is incorporated into this phase besides CHOL and SA.
The repeat distance is increased by about 1 Ain comparison to PI
at 32 °C, and D,O contrast variation results in increasing
structure factor amplitudes. This finding indicates that the
interlamellar space is hydrated to a certain extent in this phase. In
order to allow for such a hydration, the ceramide molecules need
to exhibit a less densely packed assembly in comparison to PIL.
This could be possible due to a significantly weakened hydrogen
bond network of the ceramide head group at higher temperature.
At this point, it is not clear whether a chain flip resulting in
a hair-pin conformation of the ceramide molecules being repor-
ted before for the related phytosphingosine-based CER[AP]
under excess water'™'® is likewise possible for CER[NP].
However, at 80 °C and excess hydration, significant changes in
the lateral packing behaviour of the CER[NP] were reported
previously with reorganization from orthorhombic to hexagonal
chain packing. It was concluded that changes in the hydrogen
bond network account for these changes.'® These findings may
explain the re-occurrence of a stable and well-ordered lamellar
phase at high temperature and high humidity, as reported in the
present work.
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phase-separated domains of PI and PII in the ternary SC lipid model

m

embrane containing CER[NP], CHOL and SA at 80 °C and 99% RH.

While PII is constituted by crystalline CER[NP] showing a V-shaped
conformation, PI is formed by CER[NP], SA and CHOL.

To summarize, we observed a stable and dense bilayer

assembly with surprising characteristics upon hydration and
heating which suggest a V-shaped CER conformation, and co-
existence of two lamellar phases. The distinct properties of CER
[NP] probably account for the poorly hydrated but highly
ordered bilayer organization present in the investigated SC lipid
model membrane. From these findings, we conclude a protruding
influence of the phytosphingosine-type ceramides for the proper
formation of a stable SC bilayer structure.

3.

2. *H NMR spectroscopy on CER[NP]/cholesterol/stearic

acid and CER|AP]/cholesterol/stearic acid

The morphology of the bilayer structure in the presence of CER
[NP] was further corroborated by *H NMR spectroscopy on

ei

ther perdeuterated SA-d;s or partially deuterated cholesterol-d;

in the ternary mixtures. Typical ’H NMR spectra are shown in
Fig. 5. In the CER[NP] containing mixture, the ’H NMR
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spectrum of stearic acid shows the typical superposition of Pake
doublets indicative of a lamellar and fluid phase state at 80 °C
(A) and mainly 32 °C (B). However, at a temperature of 32 °C
some molecules in the CER[NP] mixture are in the ordered phase
as indicated from a broad plateau underneath the spectrum with
a width of approximately +65 kHz. The H NMR spectrum of
cholesterol-d; (C) is dominated by a narrow quadrupolar split-
ting from the two methyl groups at C26 and C27 and a larger
splitting coming from the deuteron attached to C25.

In the CER[AP] containing mixture, the ?H NMR spectrum of
stearic acid at 32 °C (E) represents the superposition of a highly
ordered phase with part of the molecules in a more fluid state,
however, not comparable to a true liquid-crystalline phase state
as shown at 80 °C (D). As again can be seen from a broad plateau
underneath the spectrum some molecules are in an ordered phase
in the CER[AP] mixture even at the high temperature. The *H
NMR spectrum of cholesterol-d; is again very similar to that in
the ternary mixture with CER[NP].

The ?’H NMR spectra do not show any indications that either
SA or cholesterol would be present in more than just one phase.
If either of the molecules was contained in both the PI and the PIT
phases, we would have detected two sets of quadrupolar split-
tings for each deuteron, which was clearly not the case but has
been described in the literature.***” This supports the model that
attributes stearic acid and cholesterol to one of the lamellar
phases, PI, with no exchange between the two phases (see Fig. 4).
While the cholesterol spectra are identical in both mixtures, the
ones attributed to the stearic acid vary more significantly
between the two systems. Presumably, the structural assembly of
the fatty acid is affected to a higher extent by the respective CER
species, than the cholesterol. While CER[NP] appears to prefer
a fluid phase state, the CER[AP] stabilizes a more rigid gel-like
state. This reflects the structural differences of the two molecules.

More structural insights into the PI phase can be obtained
from the analysis of the order parameter profiles derived from
the 2H NMR spectra of SA-dss, which are shown in Fig. 6. All
order parameters are relatively high and thus indicative of

A ML
B y\JJ\\/\\
-50 0 50 -50 0 50
Quadrupolar Splitting/ kHz Quadrupolar Splitting/ kHz
c F J\

20 0 20 40 20 0 20 40
Quadrupolar Splitting/ kHz Quadrupolar Splitting/ kHz

Fig.5 >H NMR spectra of CER[NPJ/CHOL/SA-d;s at 80 °C (A) and 32
°C (B), CER[NP]/CHOL-d/SA at 80 °C (C), CER[AP)/CHOL/SA-d;s at
80 °C (D) and 32 °C (E), CER[AP)/CHOL-d;/SA at 80 °C (F).

a tightly packed lamellar structural arrangement. This supports
the results received from the neutron diffraction experiments and
underlines the high state of lamellar order, which is based on the
presence of the CER species. Although the mixture containing
CERJ[AP] appears to stabilize the gel state, at 80 °C it shows
lower order parameters than the mixture containing CER[NP].
Highest order parameters are shown for the CER[NP] containing
mixture at 32 °C, while the corresponding spectrum of the CER
[AP] containing mixture could not be analysed due to the high
proportion of a gel state.

Significantly increased order parameters were measured for
SA-dss in the mixture containing CER[NP] compared to CER
[AP]. The reason for the higher state of order in the presence of
CER[NP] compared to the ternary system composed of CER
[AP] could be the a-hydroxyl group present in the amide bound
stearic acid of CER[AP]. Although phytosphingosine-based
ceramides are known to form a strong inter- and intra-molecular
hydrogen bond network, also the localization of the hydroxyl
groups involved in this network plays a crucial role: while the
vicinal hydroxyl groups of CER[NP] and CER[AP] are impor-
tant for the formation of intermolecular interactions, the
a-hydroxy group only present in CER[AP] was found to
somehow weaken the head group interaction between the SC
lipids.*® This influence was corroborated by the H NMR results
since the order parameter profiles show higher order parameters
for the CER[NP] based model system (Fig. 6).

The NMR order parameters further allow the calculation of
geometric parameters for the molecular packing in phase PI (see
Table 3).* The stearic acid chains are very much elongated
requiring a minimal cross-sectional area in the mixture with CER
[NP]. In the mixture with CER[AP], the stearic acid chains are
more disordered, however, they still represent a rigid extended
conformation. From these geometrical parameters, the fraction
of gauche conformers in each chain can be calculated*® and is also
given in Table 3. In the most rigid conformation, stearic acid on
average only features ~2.2 gauche defects, which agrees with
a very well ordered free fatty acid. This all confirms the model,
according to which the stearic acid is forced into a more rigid and
ordered structure when CER[NP] is present: the longer alkyl
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Fig. 6 Order parameter profiles obtained from the *H NMR spectra for

the stearic acid in CER[NPJ/CHOL/SA-d;s and in CER[AP}/CHOL/SA-

dss at a temperature of 32 °C and 80 °C.
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Table 3 Calculated geometric parameters: mean interfacial area of one CERJ[AP N-(o-Hydroxyoctadecanoyl)-
chain (4) and the chain extent (L.“) for the deuterated hydrocarbon chain [AP] I ( . };1 yA v
of SA in the investigated samples p 1yt95p mgosu?e . .
CER[EOS] 30-Linoyloxy-triacontanoic acid-[(2S,3R)-1,3-
. . Gauche conformers dihydroxyocta-dec-4-enyl]-amide

TI°C AIA? LAIA per chain FFA Free fatty acid
NP/CHOL/SA-dys 80 252 168 32 SA Stearic acid

32 225 17.9 22 CHOL Cholesterol
AP/CHOL/SA-d;s 80 259 15.9 4.0 NSLD Neutron scattering length density

32 — — — RH Relative humidity
“ Parameters could not be calculated due to the presence of the gel phase
state.
chain extent indicates the prevalence of trans conformers, and the Acknowledgements

smaller area per molecule likewise suggests a more dense packing
in comparison with the CER[AP] based system.

In conclusion, SA-d;s experiences a distinct influence from the
respective CER species present in the mixture. This furthermore
supports our assumption considering the molecular arrangement
of the SC lipids in this model system based on a V-shaped
conformation of CER[NP].

4. Conclusions

The present study investigated ternary SC lipid models con-
taining the phytosphingosine-based CER[NP], CHOL and the
fatty acid SA. We explored the influence of this sphingolipid
species on the lamellar lipid assembly and investigated the
samples by means of neutron diffraction and H NMR spec-
troscopy. Our results indicate that in the presence of CER[NP],
phase separation occurs, and a highly ordered lamellar SC model
system is formed. Even at high temperature, the system exhibits
bilayers with a densely packed and stable lamellar backbone.
From the present data, we conclude that the phytosphingosine-
type CER[NP] exerts a dominating influence on the structure of
the ternary SC model: it prevents the model membrane from
significant hydration and swelling, probably due to intense intra-
and intermolecular head group interactions. Furthermore, it
appears that model membranes based on CER[NP] exhibit
a completely different temperature-dependent behaviour and
different hydration characteristics, when compared to the closely
related CER[AP] described in preceding studies.’”*' Thus, the
CER head group apparently has a significant influence on the
arrangement of the membrane lipids. The absence of only one
OH group in the CER molecule leads to drastic structural
changes as reported here. The interdisciplinary approach of our
present study highlights the importance of applying combined
techniques in order to elucidate the influence of particular CER
species on the structural arrangement of simplistic SC lipid
model membranes.
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Characterisation of a new ceramide EOS species: synthesis and investigation
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of stratum corneum lipid model membranes
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The lipids of the stratum corneum, particularly the ceramides, are known to play a crucial role for the
skin barrier properties. Thereby, the unique w-acyl ceramide EOS is regarded to be a precondition for
the formation of a protective envelope. We report on the chemical synthesis of a new ceramide EOS
derivative constituting a saturated and branched w-acyl chain instead of the naturally occurring
w-esterified linoleic acid moiety, therefore showing an improved stability against oxidative influences.
In addition, the thermotropic phase behaviour of the new ceramide was studied using differential
scanning calorimetry (DSC) and Fourier transform Raman spectroscopy. The results indicate a phase

behaviour similar to the one known for the naturally occurring ceramide EOS. Chain packing
behaviour as well as phase transition temperatures are found to be comparable for both ceramide
species. Furthermore, the present study addresses the issue of characterising oriented quaternary
stratum corneum lipid model membranes based on the new ceramide EOS derivative by means of
neutron diffraction. The results indicate the formation of a stable bilayer architecture with membrane
parameters comparable to the quaternary model systems containing naturally the occurring ceramide
EOS species. Additional molecular dynamics simulations corroborated the findings received from

neutron diffraction and the proposed lipid bilayer arrangement.

1. Introduction

With an area of about 2 m?, the skin represents the largest organ
of the human body. The outermost layer of the skin, the stratum
corneum (SC), exhibits a unique morphology consisting of flat-
tened and keratin-filled cells (corneocytes) which are embedded
in a continuous multilamellar matrix of lipid membranes.* As it is
widely accepted that the SC forms the main skin barrier,? it was
not until a series of experiments were carried out before it was
accepted that in particular the intercellular SC lipid matrix is
playing a key role in preventing uncontrolled water loss® and
protecting the organism from environmental, physical or chem-
ical perturbation.** Ceramides (CER), free fatty acids (FFA) and
cholesterol (CHOL) with its derivatives such as cholesterol
sulfate (ChS) are the main constituents of the intercellular SC

“Institute of Pharmacy, Martin Luther University,
Wolfgang-Langenbeck-Straffe 4, 06120 Halle, Germany. E-mail:
reinhard.neubert@pharmazie.uni-halle.de
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lipid matrix while phospholipids being present in all human cell
membranes are lacking.® By now, 11 subclasses of CER differing
in sphingoid bases and amide-bound fatty acids have been
identified.”

Detailed knowledge regarding the organisation of the SC
lipids on a molecular scale is still lacking. Early studies based on
electron micrographs of full thickness skin using ruthenium
tetroxide fixation revealed the presence of alternating electron
dense and electron lucent bands termed broad-narrow-broad
sequences.® Further small angle X-ray diffraction (SAXD)
experiments on human SC suggested a lipid arrangement in two
lamellar phases with bilayer repeat distances of approximately 65
Aand 130 A, respectively.” Later, these phases were referred to as
the long periodicity phase (LPP) and short periodicity phase
(SPP).’ But due to low availability of human skin (except from
surgery) and large inter-individual variations in SC lipid content
and composition,' a different approach in SC research arose.
One now tends to use mixtures of synthetic SC lipids with well-
defined head group architecture and defined hydrocarbon chain
lengths." It was shown that synthetic SC lipid mixtures serve as
appropriate models which closely resemble the native SC lipid
arrangement, furthermore preventing disturbing influences due
to the heterogeneity of CER subspecies present in native skin.'®
In recent years, the neutron diffraction technique was proven to

8998 | Soft Matter, 2011, 7, 8998-9011
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be an attractive tool for structural investigation of highly
oriented multilamellar SC model membranes, especially with
simple lipid composition.'*** The benefit offered by such less
complex models for determining the impact of particular SC
lipids on the bilayer architecture was emphasized not only in
neutron diffraction studies, but also in other reports.'® Based on
the findings for a quaternary SC model containing the sphingo-
lipid CER[AP] (N-(a-hydroxyoctadecanoyl)-phytosphingosine),
CHOL, palmitic acid (PA) and ChS, Kiselev and co-workers
evaluated the lipid bilayer arrangement's and proposed the
armature reinforcement model,'” which suggests the formation of
a stable membrane structure based on the unique properties of
the short-chain CER[AP]. Due to its high polarity founded on
four OH groups it creates a stable bilayer backbone probably by
strong lateral hydrogen bonds, forcing the other SC lipids to
arrange inside the lamellar structure dictated by CER[AP] itself.
Furthermore, the specific properties of neutrons allow for
localisation of deuterium-labelled molecules. Using this knowl-
edge it was possible to determine the position of e.g. fatty acid
species'® or CHOL" inside the model bilayers.

Apart from CER[AP], several studies revealed that CER[EOS]
also appears to play a distinct role in SC barrier formation. A
report of Motta and co-workers®® compared the CER composi-
tion of healthy and barrier-impaired psoriatic skin. Results
indicated a noticeable decrease in CER[EOS] content in the latter
case. As CER[EOS] is regarded to be a prerequisite for the
correct formation of the LPP," the long-chain w-acyl ceramide
was and still is a subject of great interest in SC research.

The objective of the present study was the synthesis of a new
artificial CER[EOS] species and its further investigation by
means of differential scanning calorimetry (DSC) and Raman
spectroscopy. Comprising a C10-methyl-branched palmitic
acid instead of an linoleic acid esterified in the w-position,
the substance will accordingly be designated as CER-
[EOS]_branched. Its chemical structure and the formula of its
natural pendant CER[EOS] are displayed in Fig. 1. Due to its
structure, the synthetic CER[EOS]_branched is less sensitive to
oxidative influences and therefore easier to handle, making it
a more inexpensive alternative to its natural pendant. This may
be of importance since ceramides are considered to be useful in
treatment of diseased skin and to improve the skin barrier
function as reviewed in ref. 21. An early report regarding the
positive effects of ceramides on the barrier properties of skin is
the one of Imokawa and co-workers.?? They found a clearly
improved water-holding capability of lipid-depleted skin after
topical application of SC lipids, with the CER application
causing the strongest effect. Later, potential repair effects due

o

NN

p

PO
HC N~

NS o

Fig. 1 (a) Chemical structure of native CER[EOS] with w-linoleic acid
side chain. (b) Chemical structure of the methyl-branched CER[EOS]
derived from own synthesis.

to treatment with a synthetic CER species related to CER 2
were reported.?® Here, in vitro measurements revealed a signifi-
cant decrease of transepidermal water loss (TEWL) of isolated
human SC after treatment with the CER solution. Additional
hair friction tests also indicated positive effects of CER treat-
ment on the surface properties of hair. Besides few studies
underlining the need for topical application of SC lipid
mixtures rather than supplementing a single CER species to
improve the barrier repair,®* there are also some reports
emphasizing the particular role of externally applied acyl-
ceramides containing linoleic acid for recovery of a diminished
skin barrier.?®

Besides the synthesis and characterisation of CER-
[EOS]_branched, we also report on its impact on the SC lipid
bilayer assembly. For that purpose, quaternary model
membranes containing the new CER, CHOL, CER[AP] and
behenic acid were investigated by neutron diffraction and addi-
tional molecular dynamics (MD) simulations were performed.
The results are discussed in comparison to the findings obtained
for the native CER[EOS] species.

2. Experimental
2.1. Materials

The ceramides CER[EOS] (30-linoyloxy-triacontanoic acid-
[(2S,3R)-1,3-dihydroxyocta-dec-4-en-zyl]-amide) and CER[AP]
(N-(a-hydroxyoctadecanoyl)-phytosphingosine) were generously
provided by Evonik Goldschmidt GmbH (Essen, Germany). A
chromatographic procedure was used to increase the purity of
CER[EOS] above 96%. Therefore, the substance was treated by
using middle pressure liquid chromatography (MPLC) on a silica
gel column with a chloroform/methanol gradient. Mass spec-
trometry was used to prove the identity of CER[EOS] (M, =
1011.965 g mol'). CER[AP] was used as received with a purity
above 96%. CHOL and behenic acid (BA) were received from
Sigma Aldrich GmbH (Taufkirchen, Germany). The synthetic
CER[EOS] species (CER[EOS] branched) was received from
chemical synthesis as described in detail in the section
“Synthesis of the artificial branched CER[EOS]”. All substances
needed for synthesis were purchased from Sigma Aldrich
GmbH (Taufkirchen, Germany) and used without purification.
All solvents were purified and dried before use. Melting points
were determined by a Boetius-apparatus and are uncorrected.
"H-NMR-spectra were recorded on a Gemini 2000 NMR
spectrometer. Mass spectrometric data were obtained with a
Q-TOF2 mass spectrometer (Waters Micromass, Manchester,
U.K.) (ESI-MS) or were recorded on a AMD 402 spectrometer
(AMD Intecta GmbH, Harpstedt, Germany) (70 eV, EI-MS).
Elemental analysis data for characterisation of the compounds
received from chemical synthesis (analysed elements: C, H, N)
were determined using a Leco CHNS-932 apparatus. After
synthesis, the substance was purified using liquid chromatog-
raphy on a silica gel column with a chloroform/methanol
gradient. The identity of CER[EOS]_branched was proven by
mass spectrometry (M, = 1001.971 g mol'). Quartz slides
(Spectrosil 2000, 25 x 65 x 0.3 mm?®) for the neutron diffraction
experiments were purchased from Saint-Gobain (Wiesbaden,
Germany).
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2.2. Spynthesis of the artificial branched CER[EOS]

Synthesis of 10-methylhexadecanoic acid chloride. 13 mmol
(3.4 g) of 10-methylhexadecanoic acid and 77 mmol (15 ml) of
freshly distilled thionyl chloride were heated for 3 h under reflux.
The excess thionyl chloride was distilled off and the residue was
dried under reduced pressure over potassium hydroxide. The crude
product was used for the next step without further purification.

Preparation of (30-hydroxytriacontan-1-yloxy)-10-methylhex-
adecanoate (3). 15.8 mmol (7.2 g) of triacontan-1,30-diol were
placed in 240 ml of dry chloroform and heated under reflux.
Then, 5.54 mmol (1.5 g) of the crude acid chloride dissolved in 50
ml of chloroform were dropped slowly into the boiling solution
with stirring. The mixture was heated for further 5 h under reflux.
After cooling down the unconsumed triacontan-1,30-diol was
filtered off, the solution was evaporated to dryness and the
residue was purified by column chromatography using chloro-
form/heptanes with the gradient technique.

Yield: 2.55 g (65%), white solid, mp 70.5-71 °C, '"H NMR
(CDCl;, 400 MHz): 6 = 0.83 (d, 3H, [-CH(CHj;)-]), 0.89 (t, 3H,
[-CH3;)), 1.53-1.59 (m, 6H, [HO-CH,-CH,-], [[CO-O-CH,-
CH,-], [-[CH,~CH,-CO-0-)), 2.3 (t, 2H, [-[CH,—CO-0])), 3.65
(t, 2H, [HO-CHa-]), 4.01 (t, 2H, [-CO-O-CH,-]) ppm. EI-MS
for C47Ho405: 706 [M]*, 688 [M — H,0]". Anal. Caled for
C47Ho405: C, 79.82%; H, 13.40%; found: C, 79.33%; H, 13.40%.

Synthesis of 30-(10-methylhexadecanoyloxy)triacontanoic acid
(4). 1.4 mmol (0.98 g) of the monoester 3 in 50 ml of CH,Cl, were
dropped into a slurry of 5.0 mmol (1.9 g) of pyridinium dichro-
mate in 30 ml of CHCl; over a period of 3 h at room temperature.
The mixture was then stirred for further 72 h at the same
temperature. After that the reaction mixture was poured into
crushed ice and after phase separation the organic layer was
removed. The water phase was extracted twice with 20 ml of
chloroform and the combined organic layers were evaporated to
dryness. The crude acid was purified by middle pressure chro-
matography using chloroform/ether as the eluent.

Yield: 0.72 g (71%), white substance, mp 74-75.5 °C, '"H NMR
(CDCls, 400 MHz): 6 = 0.82 (d, 3H, [-CH(CHj;)-]), 0.87 (t, 3H,
[-CH3)), 1.2-1.4 (m, H, [chain]), 1.52-1.63 (m, 4H, [-CH,~CH,—
0O-CO-], [-CH,-CH,-COO-]), 2.27 (t, 2H, [-O-CO-CH,-]),
2.35 (t, 2H, [HO-CO-CH,-]), 4.0 (t, 2H, [[CO-O-CH,-]) ppm.
EI-MS for C47Ho,04: 719 (65%, [M — HJ"), 705 (23%, [M — H,
—CH;]"). Anal. Caled for C47Ho04: C, 78.27%; H, 12.81%;
found: C, 78.09%; H, 12.61%.

Preparation of 10-methylhexadecanoic acid (30-{[(3E)-2-
hydroxy-1-hydroxymethyl-heptadec-3-en-1-ylJamino}-30-oxo-tri-
acontan-1-yl)ester (5). | mmol (0.72 g) of compound 4, 1.5 mmol
(0.37 g) of EEDQ and 1.5 mmol (0.44 g) of sphingosine were
suspended in 10 ml of dry ethanol and stirred at 50 °C for 48 h.
The solvent was removed in vacuum and the residue was purified
by column chromatography.

Yield: 0.41 g (41%), white waxy substance, mp 80.5-82 °C, 'H
NMR (CDCls, 400 MHz): 6 = 0.84 (d, 3H, [[CH-CH3)), 0.88
(t, 3H, [-CHj3]), 1.08-1.40 (m, 93H, [chain]), 1.48-1.65 (m, 8H,
[-CH,-CH,-CO-0O-], [-CH,~CH,-O-CO-], [-[CH,-CH,-CO-
NH-], [-CH,-CH,-CH=CH-]), 2.0-2.05 (m, 2H, [-CH,-CH=

CH-)), 2.21 (t, 2H, [ CH,~CO-NH-)), 2.28 (t, 2H, [ CH,~CO-
0-]), 3.68-3.72 (m, 2H, [-CH,-OH)), 3.9-3.95 (m, 1H, [-CH-
CH-NH-]), 4.03 (t, 2H, [-CH,-O-CO-]), 4.28-4.32 (m, 1H,
[FCH=CH-CH-OH]), 5.5-5.55 and 5.70-5.78 (2m, 2H, [-CH=
CH-]) ppm. ESI-MS for C¢sH27NOs: 1002.918 [M — H*]. Anal.
Calcd for C¢sH 27NOs: C, 77.86%; H, 12.77%; N, 1.40%; found:
C, 77.26%; H, 12.46%; N, 1.36%.

2.3. Differential scanning calorimetry

The DSC measurements were carried out using a Netzsch DSC
200 differential scanning calorimeter (Netzsch Geraetebau,
Selb, Germany). The native CER[EOS] as well as CER-
[EOS]_branched were studied in a dry state in a temperature
range from 20 to 120 °C. About 2 mg of each substance were
placed in sealed aluminium pans. Each ceramide species was
measured separately and underwent the temperature program
together with a reference (empty aluminium pan), whereby
a heating rate of 5 K per minute was chosen. After the heating
scan, the sample was cooled down to 20 °C. Subsequently, this
temperature cycle was repeated twice.

2.4. Fourier-transform Raman spectroscopy

For the spectroscopic study of CER[EOS] branched, Raman
spectra were recorded using a Bruker Fourier transform infrared
spectrometer RFS 100/S (Bruker Optics, Ettlingen, Germany).
As an excitation source a diode pumped Nd:YAG laser which
emits radiation at 1064 nm was used. The scattered radiation was
collected at 180° at the source, with the spectra being recorded at
a laser power of 400 mW at the sample location and at a reso-
lution of 4 cm™'. The substance CER[EOS]_branched was placed
in an NMR tube and measured in a dry state over a temperature
range from 25 °C up to 95 °C. Prior to recording of the Raman
spectra, the sample was allowed to equilibrate for 5 minutes.
OPUS, a Bruker software package, was used for data evaluation.

2.5. Neutron diffraction experiments

A method according to ref. 26 was used for sample preparation
for the neutron diffraction experiments. Briefly, appropriate
amounts of SC lipids were dissolved in a mixture of chloroform/
methanol (2: 1, v/v) and mixed in the required ratio, yielding
a total lipid concentration of 10 mg ml~'. The sample composi-
tion is listed in Table 1.

A volume of 1200 pl of the lipid solution was spread over the
quartz surface, followed by a drying process at room temperature
first under atmospheric pressure and then under vacuum. After
the complete removal of the organic solvent, a subsequent
annealing cycle was applied. Thereby, the sample underwent an
alternating heating and cooling process in a water-saturated
atmosphere to decrease mosaicity. The necessity of this proce-
dure for creation of an organised multilamellar lipid arrange-
ment was described in detail in ref. 27.

Table 1 Composition of the investigated sample

SC lipid model system Component ratio (m/m)

CER[EOS]_branched/CER[AP)/BA/CHOL 23/10/33/33
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Neutron diffraction data were collected by means of the V1
membrane diffractometer at the BER II research reactor of the
Helmbholtz-Zentrum-Berlin (HZB, Berlin, Germany), situated on
a cold source. A neutron wavelength of 1 = 5.23 A for the
experiments was selected by appropriate positioning of a pyro-
lytic graphite monochromator. Diffraction patterns were recor-
ded as 6 — 26 scans from 26 = 0° to 45°. A two-dimensional
position sensitive *He detector (20 x 20 cm? area, 1.5 x 1.5 mm?
spatial resolution) with a sample to detector distance of 102.38
cm was employed. Prior to all neutron diffraction experiments,
the samples were equilibrated for 8 up to 12 hours in portable
and lockable aluminium cans and kept at a fixed relative
humidity (rh) of 57% and at a certain D,O/H,O ratio. Test
measurements recorded during the equilibration procedure
proved this time period to be adequate for equilibration of the
samples, as no further changes in peak intensity and position
were observed after 7 hours.

A saturated solution of NaBr inside the chamber was used to
adjust the humidity, creating a vapour to which the sample was
exposed during equilibration and measurements. For variation
of the neutron contrast between the lipid sample and water, the
vapour in the sample can was varied for three different D,O/H,O
ratios: 100/0, 50/50 and 8/92% (v/v). At all times, temperature
inside the can was controlled through a thermostat and kept
constant at 32 °C, which is comparable to in vivo conditions of
the skin. The basic principle of diffraction phenomena is given by
Bragg’s law:

n) = 2d-sin 0 )

where # is the order of diffraction, 2 is the wavelength, d is the
spacing between the scattering planes inside the sample and 6 is
the angle between the incident beam and the diffracting planes,
here the membrane planes. The sample studied was exposed to
a monochromatic and collimated incoming neutron beam.
During the measurements, the intensity 7 of scattered neutrons
was recorded as a function of the scattering angle 26. The scat-
tering angle is correlated with the scattering vector Q
(momentum transfer) by Q = 4m-sin 6/A, with Q being the
resulting vector between the incoming wave vector k; and the
scattered wave vector ks. From the positions of a series of
equidistant peaks in the diffraction pattern, the periodicity (d-
spacing) of a lamellar phase can be calculated by using eqn (2):

d=2nm/Q, (2

where Q, is the position of a series of equidistant peaks and 7 is
the respective diffraction order. Peaks were fitted with Gaussian
functions using the software package IGOR Pro (WaveMetrics
Inc., Portland, OR, USA).

For determination of the internal membrane structure, the
neutron scattering length density (NSLD) profiles py(x) were
calculated by Fourier transform of the structure factors Fj, (see
eqn (3)):

d d

h=1

Timax
p(x) = a+b> > Fj cos <2nhx> 3)

where @ and b are coefficients used for relative normalisation of
ps(x),2® d is the lamellar repeat distance, / is the order of

diffraction and Fj, is the structure factor of the 4™ peak. Thereby,
the absolute value of Fy, is accessible as |Fy| = /Ay, with /1 being
the Lorentz correction and 7;, being the integrated intensity of the
h™ peak. As described in ref. 29 and 30, the determination of the
signs of Fj, (which can only be “+” or “—” for centrosymmetric
bilayers) is easily possible by contrast variation, which is done by
measuring the samples at no less than three different D,O/H,O
ratios and linear correlation between the Fj, value and D,O
content. In ref. 15, 19, 29 and 31, a more detailed description
concerning the evaluation of the neutron diffraction data is
given. The NSLD profiles py(x) display the density distribution of
the neutron scattering length across one centrosymmetric lipid
bilayer and allow for detailed insights into the lipid arrangement
within such a model membrane.

2.6. Molecular dynamics simulations

All-atom MD simulations of the proposed membrane model
consisted of 80 CER[EOS]_branched, 56 CER[AP], 320 BA, and
280 CHOL molecules closely matching the mixture of the
experiments. Initial structures of the molecules were built from
internal coordinates with the acyl chains in an all-trans confor-
mation and roughly parallel for the ceramides. The BA molecules
were considered to be neutral since it is known that long satu-
rated fatty acids have a high apparent pK, in membrane envi-
ronments.*>* Next the molecules were equally distributed over
four individual membranes spaced according to the experimental
d-spacing, placed at random lateral positions, and vertically
shifted such that the oxygens facing the water were all in the same
plane. For each CER[EOS]_branched and CER[AP] molecule
one water molecule was placed at a random position between the
membranes leading to a total of 136 H,O molecules resulting in
a total number of 65 168 atoms. In this model the very long chain
of CER[EOS]_branched completely spans its host membrane
with the carboxylic acid ester group between two membranes and
the w-C10-methyl-branched palmitic acid chain embedded in the
next membrane while CER[AP] is in a hairpin conformation with
both acyl chains inserted in the same membrane.

The forcefield for the ceramides is based on the CHARMM
forcefield of sphingomyelin® with the head group removed and
replaced by an OH group whose parameters were taken from the
side chain of serine. For BA and CHOL the all-H lipid forcefield,
including a refinement of the saturated acyl-chain torsions® was
used and water was represented by the TIP3 model. The simu-
lation was setup and analysed using CHARMM?® while it was
run with NAMD?” due to much better parallel performance. The
simulation was run under conditions of constant temperature
(32 °C) and normal pressure (1.013 bar) with periodic boundary
conditions where the cell dimensions were allowed to fluctuate in
all directions and only their ratio was kept constant in the plane
of the membrane. No lateral pressure was applied. The smooth
particle-mesh Ewald algorithm was used to compute the elec-
trostatic forces.*® The SHAKE algorithm was used to maintain
rigid all bonds involving hydrogen atoms,* allowing a 2 fs time
step. The simulation was run for 517 ns with the initial 217 ns
discarded as equilibration. During this equilibration period it
was once step-wise heated up to 90 °C and continued for 5 ns
followed by step-wise cooling back to 32 °C to anneal the
membrane and reproduce the experimental sample preparation.
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To calculate NSLD profiles from MD, the water that was
deuterated in the experiments was also considered deuterated in
the simulation. The simulation cell was divided into slices
perpendicular to the z-axis to create a histogram of atomic
distributions along the z-axis. Each bin was parallel to the x—y
plane with a width of 1.0 A. Each trajectory frame was shifted
such that the center of mass of one membrane was centered at
z = 0. In each trajectory frame the number of occurrences of
atom a within bin b, n,, is multiplied by its corresponding
scattering length, s,. The summation was accumulated for each
bin over the entire trajectory. Next, the average for each bin was
calculated by dividing by the total number of trajectory frames,
the area of the simulation unit cell, and the number of bins. The
result is a NSLD profile averaged over the entire MD simula-
tion with an effective resolution of 1.0 A. The same method was
also used to compute profiles for a particular molecule species
simply by counting only the occurrences of atoms in these
molecules.

3. Results and discussion
3.1. Synthesis of compound 5

The synthesis of CER[EOS] branched (Fig. 2) starts from
10-methylhexadecanoic acid chloride 1. A facile synthesis of
10-methylhexadecanoic acid was already described.* For the
preparation of monoester 3 the fatty acid chloride was dropped
into a solution of triacontan-1,30-diol 2* in boiling chloroform
over a period of 2 h without a base. The main problem in this
reaction step was the poor solubility of the diol at room
temperature, leading to the preparation of the diester especially
with a base as catalyst. This is due to the better solubility of the
monoester which then reacts faster to the diester. With an excess
of diol 2 and the above discussed procedure, compound 3 was
isolated in yields of 65%. The monoester 3 was then oxidized to
the corresponding acid 4. Oxidation with chromtrioxide in half
concentrated sulfuric acid** was accompanied by byproducts
resulting from esterification of starting alcohol 3 with acid 4
under these conditions. As the method of choice, oxidation with
pyridinium dichromate in nearly three-fold excess has been
emerged. The purified acid 4 was transformed into the ceramide 5
by activation with EEDQ using dry ethanol as solvent at 50 °C
over a period of 24 h.*3%

3.2. DSC measurements

The DSC measurements were performed for both the native and
the branched CER[EOS] species for comparison reasons. The
thermograms for native CER[EOS] and CER[EOS]_branched
recorded during the first, second and third heating scan are
shown in Fig. 3a and b, respectively. Upon heating, both
substances obviously show similar thermotropic phase behaviour
with endothermic processes indicated by sharp phase transition
peaks. In the case of CER[EOS], the main phase transition peak
is located at about 83 °C for the first heating, and the one for
CER[EOS]_branched was found to be very close to the latter and
within the experimental error limits at 81.7 °C. Interestingly, only
one transition was detected for native CER[EOS]. Contrary to
this, CER[EOS]_branched exhibits a pretransition at approxi-
mately 72 °C during the first heating. Here, preliminary changes
in chain packing of the molecule seem to take place before
a sharp peak at 81.7 °C indicates the main phase transition. The
latter is well correlated with the melting point of CER[EOS]
_branched (80.5-82 °C), where the more densely packed chains
get disordered which requires more thermal energy.

Table 2 displays the phase transition temperatures found for
CER[EOS] and CER[EOS] branched. Remarkably, the pre-
transitions detected for CER[EOS]_branched are clearly shifted
to lower temperatures during the second and third heating,
namely from 72 °C (first scan) towards 58 °C (second scan) to
56.6 °C (third scan). The same was observed for the main tran-
sition peak being moved by more than 2 °C towards lower
temperatures. This may be due to a delayed reformation of the
original alkyl chain packing, with the initial degree of order not
being completely rebuilt prior to the subsequent heating scan. A
hysteresis of about 10 °C found upon cooling the sample
corroborates this assumption of slow reformation of the gel
structure during the cooling process, which is in line with other
reports in the literature.**¢

The native CER[EOS] species with the linoleic acid in
w-position shows one pretransition at 77 °C during the second
heating scan, which is only visible as a small shoulder during the
third sample heating. The temperature of the main phase tran-
sition shifts to slightly higher temperatures, from 83 °C to 85 °C.
Either partial conformational change from cis to trans or
degradation due to thermal influences presumably accounts for
this observation.

CH; O
e 3 . CHCI, e 3 k
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-
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Fig. 2 Chemical synthesis of the new artificial CER[EOS]_branched with a methyl-branched palmitoyl side chain.
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Fig. 3 (a) DSC spectra recorded for CER[EOS]. Shown are the ther-
mograms for the first, second and third heating scans (bold lines). The
occurring peaks indicate endothermic phase transitions. (b) DSC spectra
recorded for CER[EOS]_branched. Displayed are the thermograms for
the first, second and third heating scans (bold lines). The dashed line
represents the cooling process following the first heating scan. Positive
peaks indicate endothermic phase transitions during the heating process,
while the negative peak indicates the exothermic process upon cooling the
sample. Note the hysteresis of about 10 °C.

Interestingly, exchanging the unsaturated linoleic acid in CER
[EOS] against the saturated 10-methyl palmitic acid in CER
[EOS]_branched does not lead to a higher main phase transition
temperature as may be expected. The w-acyl chains in both
substances seem to affect the alkyl chain packing behaviour in

Table 2 Phase transition temperatures found for CER[EOS] and
CER[EOS]_branched, respectively, with the main phase transition
temperature written in bold

1** heating 2" heating 3 heating

CER[EOS] 83°C 77°C, 86 °C 76 °C, 85°C
CER[EOS]_branched 72 °C, 81.7°C 58.2°C,80.2°C 56.6°C,79°C

a similar way. This is surprising, as unsaturated moieties reduce
the ratio of trans conformers in molecules.*”** A reason for this
could be the branching of the w-acyl chain. As the 10-methyl
group is preventing the terminal C6 moiety from contributing to
a dense alkyl chain packing, only the C-atoms between the
branching and the ester group are involved in forming a dense
chain packing. The consequence is a perturbed alkyl chain order
comparable to native CER[EOS] containing the w-linoleic acid,
which results in comparable thermotropic phase behaviour for
both ceramides.

3.3. Raman experiments

As often reported in the literature, FT-Raman spectroscopy is
a valuable tool frequently used for investigating the hydrocarbon
chain packing behaviour and phase transitions of lipids, espe-
cially ceramides.*~>! The Raman spectra of the synthetic pendant
CER[EOS]_branched recorded at different temperatures are
presented in Fig. 4a and b, respectively. Characteristic Raman
bands and their assignment according to the literature®>** are
summarised in Table 3.

Interesting is the absence of sharp bands at the positions of
<300 cm™' (the longitudinal acoustic mode, LAM) and 890 cm™'
(CHj; rocking mode). Obviously, CER[EOS]_branched exhibits
no all-trans chain conformation as well as no trans conformers at
the alkyl chain end. In fact, upon raising the temperature to 82
°C, a very broad and low intense peak located at 870 cm™!
appears, indicating increased chain motion due to the higher
temperature as well as the presence of gauche conformation in
the chain end position.*® Raman studies of the native CER[EOS]
species revealed that the chain end also does not show an all-trans
conformation,®” which is probably caused by the presence of the
w-linoleic acid moiety. As CER[EOS]_branched features a satu-
rated alkyl chain in the w-position, the absence of trans
conformers at the chain end is surprising. The reason could be
again the branched 10-methyl-palmitic acid esterified in the
w-position. The higher degree of order expected to occur for the
saturated side chain is disturbed by the methyl group, which
inhibits a dense chain packing behaviour. Therefore, no char-
acteristic bands of LAM or trans conformation of the chain end
are detectable. Sharp bands occurring at 1063 cm~' and 1128
cm~' which represent the asymmetric and symmetric C-C
stretching modes, respectively, indicate the presence of three or
more frans conformers in a row and suggest a certain state of
alkyl chain order present in the molecule. During heating of CER
[EOS]_branched, the band intensities of »((C-C) and »,s(C-C)
decrease due to the enhanced alkyl chain movement and the
associated loss of order.

According to ref. 58, vibrational spectroscopic studies do not
only allow for insights into intramolecular conformational
characteristics but also allow, as especially the CH, scissoring
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Fig.4 (a) Raman spectra recorded for CER[EOS]_branched at different
temperatures in the spectral range from 100 to 1900 cm~'. (b) Raman
spectra of CER[EOS]_branched in the spectral range of 2800-3050 cm™"
at different temperatures as assigned.

Table 3 Characteristic bands of the Raman spectra of CER[EOS]_
branched (v represents the stretching mode)

Band position/cm

' Band assignment

1063 v,s (C—C), three or more trans bonds in sequence
1128 s (C—C), three or more 7rans bonds in sequence
1295 CH, twisting
1439, 1459 CH, scissoring
2848 v CH,
2882 Va5 CHa
(a) 2853
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Fig. 5 (a) Temperature dependency of »y(CH,). With increasing
temperature the band position is shifted continuously to higher wave-
numbers. (b) The intensity ratio 7 (v,s(CH,)/v{(CH,)) displayed in
dependency of temperature. Upon heating, the ratio decreases continu-
ously. Beginning at about 70 °C, a drastic decrease of I (v,s(CH,)/
v(CH,)) can be observed, with the tendency to reach a zero value at

about 80 °C,

which indicates the phase transition.
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Fig. 6 Neutron diffraction pattern measured as # — 26 scans of the membrane composed of CER[EOS]_branched/CER[AP)/BA/CHOL, 23/10/33/33
(m/m), at 32 °C and 57% rh. Plotted is the measured intensity against the scattering angle 26 at 100% D,O. Roman numerals indicate the first to sixth
order of diffraction of the oriented model membrane. The asterisk represents the first diffraction order of crystalline CHOL; arabic numerals indicate the
first and second diffraction orders of an additional phase. The inset shows the magnification of the fourth to sixth order diffraction peaks.

mode is sensitive to interchain interactions, changes in the lattice
packing to be monitored. Clearly visible is the splitting of the
CH, scissoring mode into a doublet (1439 cm™!, 1459 cm™') at 24
°C (see Fig. 4a). This doublet was also observed in Raman
studies of the native CER[EOS] as reported in ref. 57. As no
factor group splitting with the presence of a triplet occurs, an
orthorhombic subcell packing can be ruled out. The alkyl chains
of CER[EOS]_branched must be packed in a hexagonal lattice.

The bands of asymmetric and symmetric CH, stretching modes
(and v¢(CH,)) are localised at 2882 cm ' and 2848 cm !, respec-
tively. In general, the position of the v(CH,) band correlates with
the state of the hydrocarbon chain order in the following way: the
higher the wavenumber or Raman shift of the band position, the
lower the order.>' As seen in Fig. 5a, the localisation of the v{(CH,)
band shows a distinct temperature dependency.

The low value of the v(CH,) of 2847 cm™' (24 °C) indicates
a high number of trans conformers in the alkyl-chain region.>¢°
During the heating process the state of the chain order decreases.
Starting at about 2847 cm ™' the band is stepwise shifted to higher
wavenumbers as the temperature increases, with the final band
position located at 2852 cm™" at 95 °C. A stronger shift can be
observed between 65 and 80 °C. In that temperature range, the
signal is moved by more than 2 cm™', indicating a significant loss
in the chain order. At 82 °C, the band can be found at the
position of 2852 cm™". The state of disorder is increased, as the
chains are molten and possess motional freedom to a high extent
at the phase transition temperature.

The intensity ratio I (v,s(CH,)/vs(CH,)) is another important
measure for the relative population of rrans and gauche
conformers.**5** A decreasing intensity ratio I (v,(CH,)/
v{(CH,)) can be taken as an increase of gauche conformers. As
displayed in Fig. 5b, the relative content of trans conformers
decreases in favour of the gauche population during heating, as
I (v,s(CH,)/vs(CH,)) is reduced continuously. Around the phase
transition temperature at about 82 °C, this ratio goes towards
zero. This is in line with the findings for the naturally occurring

CER[EOS] reported in ref. 57, where I (v,((CH,)/v{(CH,)) also
decreased and tended to zero around the phase transition
temperature.

Summarising, CER[EOS]_branched and CER[EOS] exhibit
similar phase behaviour. At increased temperature, the relative
population of trans conformers decreases while the state of the
chain disorder is increased. One main phase transition temper-
ature above 80 °C was determined. The reason for the compa-
rable main phase transition temperature of CER[EOS] and CER
[EOS]_branched is the methyl branch present in the w-acyl chain
of CER[EOS]_branched which prevents a closer chain packing
and causes a distinct disorder in the terminal C6 moiety. A
hexagonal subcell packing was found for CER[EOS]_branched.

3.4. Neutron diffraction experiments

Neutron diffraction was applied to elucidate the lipid bilayer
architecture of oriented model membranes composed of CER
[EOS]_branched/CER[AP/BA/CHOL (23/10/33/33 m/m). The
corresponding diffraction pattern is displayed in Fig. 6. For
comparison reasons, the sample composition is closely related to
the model matrix based on naturally occurring CER[EOS]
already described by Schroter and co-workers.?’

The well-oriented lamellar system allowed for detection of up
to six orders of diffraction associated with the model membrane.
Only small amounts of CHOL crystallised into a separate
domain indicated by a reflection at 260 = 8.71°.°* As often
reported in the literature®®** this will not affect a proper lamellar
arrangement of the other membrane lipid components.
Predominantly, a one-phase system was present, as only
marginal reflections of a first and second diffraction order of
another lamellar phase (termed “small phase” due to the very
small intensity measured) were visible. Therefore, following
results and their discussion refer to the evaluable main phase. Its
lamellar repeat distance averages 48.19 + 0.01 A. The corre-
sponding NSLD profiles py(x) will be displayed on a relative scale
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Fig. 7 (a) NSLD profiles for the sample composed of CER-
[EOS]_branched/CER[AP)/BA/CHOL measured at 32 °C and 57% rh.
Shown are the profiles for D,O contents of 100%, 50% and 8% in H,O.
(b) Comparison of the NSLD profiles for the oriented SC model
membranes composed of CER[EOS] branched/CER[AP)/BA/CHOL
(23/10/33/33 m/m) and CER[EOS)/CER[AP}/BA/CHOL (23/10/33/33
m/m). The experimental conditions were the same for both samples (8%
D,O, T = 32 °C and 57% rh).

in arbitrary units. The reason for this is the generation of large
errors when calculating an absolute scale due to the low amount
of water molecules per lipid as described in detail before.?”
Fig. 7a illustrates the NSLD profiles p(x) for the studied model
membrane at different D,O concentrations, revealing the
following results:

(i) The outer edges are formed by two maxima representing
a high density of atoms with a positive neutron scattering length.
This region is formed by the SC lipid head groups. In agreement
with the findings in ref. 14, 15 and 27, the intermembrane space is
close to zero due to a very thin water layer, and the membrane
thickness is nearly identical to the bilayer repeat distance d.'*

(ii) The minimum in the centre of the profile (x = 0 /&)
corresponds to the presence of a high density of atoms with

Table 5 The structure factors Fj, for the model membrane CER-
[EOS]_branched/CER[AP)/BA/CHOL (23/10/33/33 m/m) investigated in
the present study and normalisation to 1

Diffraction order A Fy Fj, norm
1 —0.827 —0.2993
2 0.462 0.1673
3 —0.587 —0.2125
4 0.2985 0.108

5 —0.3939 —0.1425
6 0.1517 0.0549

a negative neutron scattering length like hydrogen. The middle of
the bilayer is therefore mainly formed by methyl and methylene
groups.

In the literature, the presence of w-acyl ceramides such as CER
[EOS] is often regarded as a prerequisite for the formation of the
LPP.'21364 Interestingly, despite the presence of an w-acyl chain
ceramide in the present model membrane, the SC lipids are
arranged in a phase with a short periodicity of about 48 A. This
actual finding corroborates former results, where the long-chain
CER[EOS] did not induce the formation of the long periodicity
phase as long as CER[AP] is present.?” For better comparison of
the bilayer architecture for the two quaternary model membranes
containing the different CER[EOS] species, it seemed likely to
directly contrast the resulting NSLD profiles on one arbitrary
scale which is possible due to the similar d-spacing of d = 48.3 +
0.1 A found for the membrane comprising native CER[EOS].
For the simultaneous presentation shown in Fig. 7b, the sum of
the structure factors F;, derived from ref. 27 as well as the present
ones was normalised to 1 and thereby placed on the same relative
scale. Results of the normalisation process are displayed in
Table 4 and Table 5, respectively.

The following results can be taken from a comparison of the
profiles:

(I) Obviously, the lipid arrangement found for both model
systems is very similar: Especially in the head group region and in
the middle of the bilayer no differences are detectable. The
absence of larger differences is not surprising; the more so as the
investigated model membranes do not differ substantially
regarding their composition. CHOL, BA and CER[AP] are
present in the same ratio as CER[EOS], which only varies in the
character of the w-acyl chain.

(IT) The only noticeable deviation in both profiles can be found
in the area between the bilayer centre and the head group region.
In that interval, the py(x) calculated for the sample containing
CER[EOS] branched exhibits a slightly more negative curve
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Fig. 8 Water density distribution function p,, across the membrane for
the quaternary model membrane composed of CER[EOS]_branched/
CER[AP)/BA/CHOL (23/10/33/33 m/m). (a) Difference profile of 50%
D,0 and 8% D,O. (b) Difference profile of 100% D,0O and 8% D,O. The
results of the linear fit procedure to determine the lipophilic and hydro-
philic bilayer regions are added.

progression, while the NSLD profile received for the sample
comprising CER[EOS] is slightly lifted towards positive values.

That fact may be explained by taking into account the lipid
arrangement proposed for the sample CER[EOS[/CER[AP)/BA/
CHOL:*" No LPP is formed and the d-spacing of 48 A is in the
range of a theoretical bilayer formed by two opposing CER[AP]
molecules. For a proper arrangement inside the short 48

A—phase, the long-chain CER[EOS] is supposed to span its
w-acyl chain into the area between the head group region and the
bilayer centre of the adjacent membrane. Consequently, the
w-methyl-branched palmitic acid chain of CER[EOS]_branched
causes more hydrogen atoms to be present in that membrane
region than the linoleic acid-containing native CER-
[EOS]. Hydrogen exhibits a negative neutron scattering length
of —3.74 fm;** hence, the sample based on native CER[EOS]
should exhibit a more positive neutron scattering length density
in the discussed unit cell region while the presence of CER-
[EOS]_branched provokes a more negative value. Considering an
average C—C bond length of about 1.5 A% besides the detected
bilayer d-spacing of 48 A, the above discussed changes in the
NSLD profiles should become apparent in the region of about
+10to +15 A from the bilayer centre. In fact, the NSLD profiles
displayed in Fig. 7b show the slight difference in the region from
about £5 to £15 A. Thus, the observed characteristics in the
ps(x) could arise from the chemical variation present in the
w-acyl chain, as the membrane composition is equivalent.

Regarding the chemical structure of CER[EOS]_branched
comprising a saturated instead of an unsaturated acyl chain, one
could expect the artificial variety to create a stable, more rigid
bilayer backbone or to enable the formation of an LPP, thereby
exceeding the polar forces of CER[AP] proposed before.'*?’
However, that assumption was not affirmed by the present
results. Apparently, the Cl10 methyl branch of CER-
[EOS]_branched anticipates the formation of a rigid backbone as
being probably needed for the formation of a long phase with 130
A spacing. The disturbance caused by the methyl branched pal-
mitic acid side chain is most likely comparable to the perturba-
tion by the w-linoleic acid chain, which results in formation of
bilayers with a short periodicity d due to the protruding influence
of CER[AP]. These findings are supported by the results received
from the DSC measurements and Raman spectroscopy described
above. The exchange of CER[EOS] against CER-
[EOS]_branched does not influence the lamellar lipid assembly in
terms of enabling the formation of the LPP.

Former studies revealed that SC lipid model membranes
exhibit a diminutive intermembrane hydration. The NSLD
profiles of the CER[EOS] branched based membrane investi-
gated here show a clear increase of intensity in the head group
region at high D,O content (see Fig. 7a) being proportional to
the water density distribution function across the bilayer which
indicates that at least some water penetrates into the head group
region. To elucidate the bilayer hydration properties, the water
distribution function p, across the unit cell was calculated
according to ref. 15 and 27 using eqn (4a) or (b):

Pw, = P100%D,0 — P8%D,0 (4a)

Pw, = P50%D,0 — P8%D,0 (4b)

Table 6 The membrane parameters for the quaternary model membrane based on CER[EOS]_branched (derived by eqn 4b)

Position of polar

dIA head group/A Xun/A

Thickness hydrophobic
region/A

Thickness hydrophilic
region/A

48,19 +0.01 24.1 19.69 £+ 1.32

39.4 £2.64 447 +£1.32

This journal is © The Royal Society of Chemistry 2011

Soft Matter, 2011, 7, 8998-9011 | 9007

65



RESULTS REPRESENTED BY ACCEPTED PUBLICATIONS

Downloaded by Martin-Luther-Universitaet on 16 April 2012
Published on 09 August 2011 on http://pubs.rsc.org | doi:10.1039/C1SM05134B

View Online

L
NG
7;?&3 0y

i 50
e BN
¢ ' I&ft e

'?
5 ég

SR

Fig.9 Snapshot from the end of the MD simulation at 517 ns conducted
at 32 °C consisting of CER[EOS]_branched/CER[AP)/BA/CHOL (23/10/
33/33 m/m) and H,O. Heavy atoms of all molecules are shown and color
coded (carbons: white, oxygens: red, nitrogens: blue). Representative
structures of each molecule species have been selected and are shown in

The results are presented in Fig. 8. As described in ref. 67, the
neutron scattering density of water has a zero value at 8% D,O
(v/v) which means that the contribution to the overall NSLD at
that D,O/H,O ratio derives only from the lipid membrane
components, not from any intermembrane water. Consequently,
eqn (4a) or (b) can be used to estimate p,,. Generally, one can
divide the lipid bilayer into a hydrophilic and a hydrophobic part
separated by the hydrophilic-hydrophobic boundary xyy. Since
only the hydrophilic membrane region is accessible for H,O/
D,0, xpy should be located at point x, where the water density
distribution function p,, reaches zero. A linear fit as shown in
Fig. 8a and b revealed xyy to be located at xyy = 19.7 A. As eqn
(4a) and (b) led to similar values for xyy, the suitability of the
method could be proven. For the case of py, the membrane
parameters xyy, position of the polar head groups xpy, thickness
of the hydrophilic region as well as the thickness of the hydro-
phobic region are summarised in Table 6. The bilayer repeat
distance d corresponds to the distance between the two maxima.
Consequently, the position of the polar head groups is defined as
xpy = d/2 for our centrosymmetric bilayer. Comparing CER
[EOS] and CER[EOS]_branched, similar membrane parameters
were detected. Small differences are noticeable for the thickness
of the hydrophilic domain, which is slightly reduced in the case of
the CER[EOS] branched based membrane studied here.
However, this could be due to the limited space resolution of the
diffraction experiment. According to ref. 15, the space resolution
A(x) of the Fourier synthesis can be calculated as 0.6 - d/h,,, where
d is the repeat distance and h,, is the number of recorded
diffraction peaks. For the present neutron diffraction experi-
ment, 4.8 A is the calculated space resolution of the Fourier
synthesis. This means that only structures (e.g. head groups)
separated by more than 4.8 A can be resolved.

Summarising, one can state that the bilayer assembly of the
quaternary lipid model membranes based on either CER[EOS] or
CER[EOS]_branched was shown to be comparable. The alter-
ation present in the w-acyl moiety of CER[EOS]_branched does
not induce the formation of the LPP under the chosen
conditions.

3.5. Molecular dy lation of the lamell
arrangement of the model membrane

To assess if the proposed model of the ceramide membrane is
realistic we performed an all-atom MD simulation. We built four
individual bilayers in which both monolayers are symmetric and
where the long chain of the CER[EOS] branched spans the
whole membrane with the methyl-branched w-palmitoyl chain
embedded in the next membrane, while CER[AP] was built in
a hairpin conformation. A snapshot from the end of this 517 ns
simulation is shown in Fig. 9.

a VAW representation with hydrogens present where the color code was
changed for better visibility (hydrogens: white, carbons: cyan, oxygens:
red, nitrogens: blue). In addition a rare conformation of CER-
[EOS]_branched where the branched w-palmitic acid chain is not inserted
into the neighboring membrane but folds back onto the molecule is
shown in the bottom with the same color code. The figure was prepared
with VMD.”
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Fig. 10 NSLD profiles calculated from the last 300 ns of the MD
simulation of the quaternary membrane based on CER[EOS]_branched
with H,O (considered as D,O for calculation of the profiles) at 32 °C. (a)
Profiles for all molecules (solid line) and all molecules except CHOL
(dashed line) are compared where the latter shows a good qualitative
agreement with the experimental profile. (b) Profiles for the individual
molecule species (CER[EOS]_branched: dark blue, CER[AP]: red, BA:
green, CHOL: black, D,0O: cyan) were also compared and show that the
observed difference between the experimental profile and the one for all
molecules is in fact due to the overrepresentation of CHOL.

During the whole simulation this topology stayed intact even
when the temperature was raised to 90 °C for annealing indi-
cating that the proposed model is intrinsically stable. The acyl
chains of the molecules only show few gauche-defects as expected
and CER[EOS]_branched as well as CER[AP] remained in their
starting topology. In Fig. 9, individual molecules with repre-
sentative structures are highlighted also showing one of only two
CER[EOS]_branched that deviated from their starting topology
and inserted the branched w-acyl chain into the same membrane
by folding back to the upper part of the chain above the
carboxylic acid ester group. However, at the beginning of the
simulation the periodic cell quickly increased in the lateral
dimensions while shrinking in the vertical dimension which is
most likely due to an overrepresentation of CHOL which is
sequestered as seen from the experiments. This explanation
might seem curious at first since CHOL is best known to increase

the order and thereby the acyl chain length in phospholipids.®®
However, it has actually been shown that it decreases the order
and thereby the acyl chain length of phospholipid membranes
below the main phase transition temperature where they are
highly ordered and therefore much more similar to the investi-
gated ceramide membranes.® This arises from the structure of
CHOL which is a very rigid and also a comparatively short
molecule and therefore cannot adapt to the longer chains of the
surrounding CER and FFA and rather induces a shortening of
these chains leading to the observed changes in the cell
dimensions.

The excess of CHOL also has implications for the NSLD
profiles that were calculated for the last 300 ns of the simulation.
First of all the d-spacing at the end of the simulation is close to 40
A which is a direct result of the shrinking of the periodic cell. The
total profile is shown in Fig. 10a and deviates considerably from
the experimental one. To further analyse this difference we
calculated NSLD profiles for each individual molecule species
which are shown in Fig. 10b. As can be seen the profiles for both
CERJ[AP] and CER[EOS] and for BA are close to the experi-
mental profile while the one for CHOL is leading to the observed
differences. Therefore, we calculated the NSLD profile for all
components but CHOL (shown in Fig. 10a) and got a good
qualitative agreement with the experimental profile except for the
smaller d-spacing due to the effect of CHOL on the other
membrane constituents.

4. Conclusions

The present study addressed the issue of synthesis of an artificial
CER[EOS] species and characterisation of its temperature-
dependent phase behaviour in comparison to the naturally
occurring CER[EOS]. Furthermore, the internal bilayer archi-
tecture of an oriented SC lipid model membrane containing the
synthetic ceramide was elucidated and subsequently compared to
a quaternary model membrane of equal composition, but con-
taining the native CER[EOS] species. Although there is pub-
lished data regarding the importance of the presence of an
appropriate CER mixture besides FFA for the formation of the
long periodicity phase (LPP),’®7' its existence is debated
controversially and could not be corroborated by the present
study. Moreover, the actual findings support former results
regarding the protruding influence of CER[AP], as a short 48
A—phase instead of the LPP was observed. In contrast, X-ray
powder diffraction studies revealed pure CER[EOS] to be
assembled in a long periodicity phase in excess water.>’
Furthermore, the new CER[EOS] branched was shown to
serve as an appropriate substitute for native CER[EOS] in terms
of formation of well-ordered lipid bilayers with a lipid arrange-
ment equivalent to the model matrix comprising the naturally
occurring CER[EOS].>” Since both CER species exhibit compa-
rable thermotropic phase behaviour, research projects dealing
with the structural investigation of SC lipid bilayers like the
present work could benefit from easy availability, e.g. from own
chemical synthesis, and improved storage stability with
decreased oxidative sensitivity offered by CER[EOS]_branched.
Our study underlines the importance of the neutron diffraction
technique combined with MD simulation for the purpose of
studying simplistic SC lipid model membranes on a nanoscale as

This journal is © The Royal Society of Chemistry 2011

Soft Matter, 2011, 7, 8998-9011 | 9009

67



RESULTS REPRESENTED BY ACCEPTED PUBLICATIONS

Downloaded by Martin-Luther-Universitaet on 16 April 2012
Published on 09 August 2011 on http://pubs.rsc.org | doi:10.1039/C1SM05134B

View Online

it allows for analysing the influence of particular lipid species on
the lamellar assembly.
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3.2 Lipophilic penetration enhancers: Their impact on the SC lipid bilayer ar-
chitecture and modes of action

While the maintenance and strengthening of the skin barrier is essential in the
treatment of unphysiological states of skin, e. g. atopic dermatitis, a temporary im-
pairment may be desirable to achieve sufficiently high levels of actives applied for
dermal or transdermal effects in the treatment of skin diseases. The exact mode of
action of penetration enhancers on a molecular scale is still to be elucidated. For that
reason, two representative lipophilic penetration promoters, oleic acid and isopropyl
myristate were chosen as model substances. Their influence on the bilayer organiza-
tion of quaternary oriented SC lipid model membranes were studied by means of
neutron diffraction. By applying the selectively deuterium-labelled species oleic acid-
9,10-d> and isopropyl myristate-14,14,14-d3, valuable insights regarding the ar-
rangement of the penetration enhancers in the model bilayers and the mode of en-

hancer activity on a nano-scale were provided.

3.2.1 Structure of SC lipid model bilayers in presence of oleic acid (Manuscript: Bio-

physica et Biochimica Acta — Biomembranes)

Engelbrecht TN, Schroeter A, Haul® T, Neubert RH: Lipophilic penetration en-
hancers and their impact to the bilayer structure of stratum corneum lipid
model membranes: neutron diffraction studies based on the example oleic ac-
id. Biochimica et Biophysica Acta, Biomembranes 2001; 1808: 2798-2806
(DOI:10.1016/j.bbamem.2011.08.012)

Available online:
http://www.sciencedirect.com/science/article/pii/S0005273611002732
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The present study analyzes the effect of the lipophilic penetration enhancer oleic acid on the bilayer structure
of stratum corneum (SC) lipid model membranes based on Ceramide AP by using the neutron diffraction
technique. Our results indicate the formation of a single lamellar phase in the presence of oleic acid under the
chosen experimental conditions; a separated fluid-like oleic acid-rich phase was not detected in the present
study. By comparing the internal membrane structure received from Fourier synthesis with the model system
lacking oleic acid, considerable structural changes in terms of impairment of the lamellar order were found

Keywords: . . . f B i N N
Stratum corneum after incorporation of the penetration enhancer into the bilayers. In addition, by using specifically deuterated
Ceramide oleic acid we were able to prove the integration of the enhancer molecules into the model bilayers and

Penetration enhancer
Neutron diffraction
Lipid model membrane

moreover, to determine the exact position of oleic acid inside the SC lipid model membrane. From the present
results we conclude a strong perturbation of lamellar SC lipid arrangement due to the intercalated penetration
enhancer which can account for the promoting effects on drug penetration across the SC known for oleic acid.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The outermost layer of the skin, the horny layer or stratum corneum
(SC) exhibits a unique morphology. It consists of dead flattened cells
(corneocytes) enriched with the structural protein keratin which are
embedded into a complex intercellular lipid matrix [1]. The latter forms
continuous sheets of multiple bilayer stacks made up of free fatty acids
(FFA), cholesterol (CHOL) with its derivatives like cholesterol sulfate
(ChS), and ceramides (CER) which are classified into 11 subclasses [2-
5]. Later it was found that these mortar-like continuous lipid layers
constitute the main penetration barrier of the skin [6], whereby the
ceramides and the structural arrangement of the lipid bilayers play a key
role for the barrier properties and limitation of the water transport [7,8].
Therefore, it is of utmost importance to understand the barrier function
of the skin on a molecular level, to learn more about the impact of certain
SC lipid subclasses on the lamellar architecture, to study possibilities to
influence or moreover improve the barrier characteristics of the SC as
well as to modify its properties in terms of penetration enhancement.

Abbreviations: SC, stratum corneum; CER, ceramide; OA, oleic acid; OA-D2, oleic
acid-9,10-D2; CER[AP], N-(a-hydroxyoctadecanoyl)-phytosphingosine; FFA, free fatty
acid; PA, palmitic acid; CHOL, cholesterol; ChS, cholesterol sulfate; SLD, scattering
length density; RH, relative humidity

* Corresponding author at: Martin Luther University Halle-Wittenberg, Institute of
Pharmacy, Department of Biopharmacy, Wolfgang-Langenbeck-Strae 4, 06120 Halle
(Saale), Germany. Tel.: 449 345 5525025; fax: 449 345 5527292.

E-mail address: annett.schroeter@pharmazie.uni-halle.de (A. Schroeter).

0005-2736/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbamem.2011.08.012

While early electron microscopy studies of skin morphology focused
on excised human skin [9,10], scattering techniques like X-ray scattering
were employed later to investigate the lamellar structure of lipid
mixtures made up of synthetically derived SC lipids [11]. The use of
such synthetical SC lipids with well-defined head group architecture and
defined hydrocarbon chain length was found to be more appropriate and
can overcome problems like the poor availability of human skin with
ethical requirements involved, and the distinct compositional variations
of SC lipids (overall lipid content and profile) in different individuals. In
recent years, the benefit offered by more simplified systems composed of
synthetic SC lipids instead of complex mixtures was proven to be more
adequate in numerous works [12,13]. The application of the neutron
diffraction technique allowed to elucidate the lamellar assembly of a
quaternary model membrane based on CER[AP], CHOL, palmitic acid (PA)
and ChS, mass ratio 55/25/15/5. The results emphasized the outstanding
role of the short chain and very polar phytosphingosine-based CER[AP] for
the formation of a stable bilayer backbone which is summarized in the
“armature reinforcement model” [ 14]. Furthermore, the possibility offered
by neutrons to apply specific deuterium labeling in order to exactly
localize certain membrane components was highlighted in numerous
works [12,15-17].

In some cases, e.g. for the purpose of dermal or transdermal drug
administration, the physiological skin barrier properties are prejudicial
to the success of drug penetration either into deeper skin layers or
through the skin into the systemic circulation. Hence, mechanisms to at
least temporarily impair the barrier properties are necessary and have
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been reviewed in [18]. Besides physical techniques developed in order
to overcome the skin barrier, particularly chemical penetration
enhancement by substances denoted as penetration enhancers has
been studied extensively [19,20]. A plurality of substances from
different substance classes exists, known to promote the penetration
of different drugs into and through the skin, as e.g. shown for acyclovir
[21] and estradiol [22]. However, the exact mechanism of the action of
penetration enhancers is not yet fully understood on a molecular scale.
Among the numerous penetration enhancers, the monounsaturated cis-
9-octadecenoic acid (oleic acid, OA) is a well-studied substance [23-25].
The results reported in [25] show a significantly increased penetration of
piroxicam after skin treatment with OA. These observations were
explained by direct perturbing effects of OA on the SC lipids which also
became apparent in decreased phase transition temperatures as well as
lowered transition enthalpies revealed by differential scanning calo-
rimetry (DSC) measurements. Another DSC study [26] on 5-fluorouracil
(5-FU) permeation through excised skin likewise suggests an OA-
induced disruption of skin lipid packing to account for the promotion of
drug penetration. Furthermore, the formation of phase-separated fluid
domains due to the presence of OA was assumed to strongly contribute
to the enhancing effects [25], which was later underlined by other
results derived from e.g. ATR-IR studies on human skin [27], 2H NMR
spectroscopy on multilamellar SC lipid dispersions [28] or thermal
analysis and freeze fracture electron microscopy on isolated human SC
[29]. Finally, a vesicular model system based on the lipid components
CER[AP], CHOL, PA and ChS was complemented by OA and subsequently
investigated by means of small angle X-ray scattering [30], whereby the
induction of phase separation by OA reported before could be
corroborated.

Probably due to its particular chemical structure, OA exhibits a
distinct perturbing effect on the intercellular lipid layers of the SC. The
findings of Separovic and Gawrisch regarding the impairment of lipid
chain order upon introduction of unsaturation [31] suggested that the
double bond significantly affects the molecular shape of the lipid alkyl
chains, and consequently the whole bilayer arrangement. Increase of
chain disorder was accompanied by increase of area per lipid
molecule [32]. Later it was shown for phospholipid (PL) bilayers
that the greatest lamellar-disturbing effect was mediated by unsat-
urated FFA species featuring cis double bonds like OA [33], and that OA
was capable of increasing fluidity of the acyl chain region in the PL
lamellae. Funari and co-workers considered the molecular shape of
OA equaling a boomerang to account for the perturbing effects on the
membrane structure [34]. Further molecular dynamics simulations
revealed such a cis double bond to introduce a skew state to the single
bonds surrounding the unsaturation, with parallel increase of gauche
states of the bonds neighbored to the skew state bonds [35].

The objective of the present study was to analyze the impact of the
penetration enhancer OA to the bilayer architecture of a SC lipid
model membrane based on CER[AP], CHOL, PA and ChS. We refer to
the already established quaternary system described before [14] and
complemented it by adding an amount of 10% (mass ratio) of the
monounsaturated fatty acid OA. Calculation of the neutron scattering
length density profiles allowed for detailed insights into the
membrane assembly in order to conclude the influence of OA. By
furthermore applying the specifically deuterium-labeled species oleic
acid-9,10-D2, we were able to evaluate the exact position of the
penetration enhancer inside the model membrane.

2. Materials and methods
2.1. Materials

Ceramide CER[AP] (N-(a-hydroxyoctadecanoyl)-phytosphingosine)
was kindly donated by Evonik Goldschmidt GmbH (Essen, Germany). The

substance had a purity of >96% and was used without any further
purification. Cholesterol (CHOL), palmitic acid (PA), cholesterol sulfate

(ChS), and the penetration enhancer OA (cis-9-octadecenoic acid) were
purchased from Sigma Aldrich GmbH (Taufkirchen, Germany), while the
specifically deuterated variety (oleic acid-9,10-D2, later referred to as
0A-D2) was purchased from Larodan Fine Chemicals (Malmg, Sweden).
All substances were used as received. Quartz slides (Spectrosil 2000,
25x65x0.3 mm?®) for the neutron diffraction experiments were pur-
chased from Saint-Gobain (Wiesbaden, Germany). For deposition of the
lipids onto the quartz surface, an airbrush instrument (Harder &
Steenbeck, Norderstedt, Germany) was used.

2.2. Sample preparation

Planar multilamellar model membranes were prepared according
to the method described earlier [36]. Briefly, each lipid species was
dissolved in chloroform/methanol (2:1 v/v) and subsequently mixed
with the other components in the amount needed to yield sample
compositions according to Table 1. The chemical structures of all
synthetic SC lipids used for sample preparation are depicted in Fig. 1.
Then, a volume of 1.2 ml of the final lipid mixture equalling a total
lipid amount of 12 mg was spread over the quartz glass surface by
means of an airbrush device. The solvent was allowed to evaporate at
room temperature under atmospheric pressure, before the samples
were kept under vacuum for 12 h.

After complete removal of solvent, the samples were subjected to
alternating heating and cooling cycles under water-saturated atmo-
sphere for the purpose of decreasing the mosaicity of the sample. The
necessity of that so-called annealing procedure was described in detail
before [17]. Furthermore, prior to the measurements the membranes
were treated with a buffer solution of pH 9.5, whereby hydration of
the membranes was facilitated. Such a procedure resulted in an
enhanced lamellar orientation of the SC lipids present in the
membrane as exemplary shown in Fig. 2A and B. Here, rocking
scans around the first order Bragg peak of the multilamellar sample
Basic_OA were recorded before (Fig. 2A) and after the buffer
treatment was applied (Fig. 2B). Clearly visible is the strong increase
in peak intensity and decrease of the broadness of the peak, together
with a highly improved signal-to-noise (s/n) ratio due to the buffer
treatment, indicating that a larger fraction of SC lipids is now oriented
in bilayers parallel to the quartz surface. Such an arrangement is
essential for further evaluation of the neutron diffraction data as
described in the following Section 2.3.

2.3. Neutron diffraction experiment

Neutron diffraction experiments were performed at the V1
membrane diffractometer situated at the cold source of BER II
research reactor of the Helmholtz-Zentrum Berlin (HZB, Berlin,
Germany). A pyrolytic graphite monochromator was used to adjust
the neutron wave length to A=5.23 A which was used for our
experiment. For recording the scattered neutron intensity, a two-
dimensional position-sensitive detector (*He, 20x20 cm? in area,
1.5x1.5mm? spatial resolution) was used. Diffraction data were
collected as 6 — 26 scans from 260 =0° to 45° at a sample to detector
distance of 102.38 cm. To check the lamellar orientation and sample
quality, test rocking scans were performed prior to the measurement
itself. For equilibration and subsequent measurements, the samples
were mounted in portable and lockable aluminum chambers where
they were kept at fixed temperature (T) and relative humidity (RH).

Table 1

Composition of the investigated multilamellar samples.
SC lipid model system, components Designation Ratio (m/m)
1. CER[AP]/CHOL/PA/ChS Basic 55/25/15/5

Basic_OA
Basic_OA-D2

49.5/22.5/13.5/4.5/10
49.5/22.5/13.5/4.5/10

2. CER[AP]/CHOL/PA/ChS/OA
3. CER[AP]/CHOL/PA/ChS/OA-D2
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Fig. 1. Chemical structure of the synthetic SC lipids used for preparation of multilamellar lipid model membranes. Abbreviations: CER[AP]: Ceramide AP, CHOL: cholesterol, PA:

palmitic acid, ChS: cholesterol sulfate, OA: oleic acid.

Saturated salt solutions were used to adjust the vapor at two different
RH as described before [37,38]. For measurements at 57% RH, sodium
bromide (NaBr) was used, while potassium sulfate (K,S0,) was employed
to create a more humid atmosphere of 97% RH. After each change of RH
and prior to the measurements, the samples were allowed to equilibrate
for 8 to 10 h, while T was fixed at 32 °C to allow for comparability to in vivo
conditions. Each sample was studied at no less than three different
neutron contrasts to vary the neutron scattering length density between
the lipids and water. Therefore, the chamber atmosphere was set to three
D,0/H,0 concentrations: 100/0, 50/50 and 8/92 (v/v).

During measurements, the sample was exposed to a monochromatic
and collimated incoming neutron beam, with the intensity I of scattered
neutrons being recorded as a function of the scattering angle 26. The
latter is correlated to Q (scattering vector) by Q=4 sin /A, where Q
is the resulting vector between incoming wave vector k; and scattered
wave vector ks, A is the neutron wavelength, while 6 is the angle of
incident beam and d is the spacing between the scattering planes. From
the positions of a series of equidistant peaks Q,, the repeat distance d
(periodicity) of a lamellar phase was calculated by d =2 - n - 11/Q,,, where
n is the diffraction order of the peak.

To gain insight into the bilayer structure on a nano-scale, commonly
the neutron scattering length density (SLD) profiles ps(x) are calculated
by a Fourier synthesis of the structure factors F, according to Eq. (1):

2 2-n-h»x) &

hmnx
ps(x) =a+ bd'th"' cos( d

Here, a and b are unknown coefficients for the relative normal-
ization of ps(x), d represents the lamellar repeat distance and h is the
diffraction order. The absolute value of F, was calculated by
Fy = \/h I ‘Ay, where h is the Lorentz correction, Ay is the absorption
correction [39] and I, is the integrated intensity of the hth peak.
At least three to four diffraction orders h are needed to reconstruct the
ps(x). As the strong incoherent scattering cross section of the large
number of hydrogen atoms present in biological material accounts for
a poor signal-to-noise (s/n) ratio, well-oriented model membranes
are required in order to record diffraction peaks of higher orders.

Peak positions and intensities were determined by Gaussian fits of
the peak maxima after background subtraction using the software
package IGOR Pro 6.1 (WaveMetrics Inc., Portland, OR, USA). As we
assume the SC lipid model bilayers investigated here to be centrosym-
metric with the synthetic SC lipids being distributed homogeneously
inside the model membrane, the determination of the phase angle and

therewith of the sign of F, simplifies to the possibilities + or —. The signs
of F, are accessible by contrast variation, which is done by measuring the
samples at no less than three different D,O/H,0 ratios as described
previously [40]. For a more detailed description regarding the evaluation
procedure of the neutron diffraction data, see [39-41].

For the exact localization of certain molecular groups, one can
benefit from the advantage offered by neutrons to distinguish not only
between different atoms, but also between isotopes [42]. According to
[43], the coherent scattering lengths b, for hydrogen ('H) and
deuterium (2H) are quite different and equal to —0.374 and
0.667 x 10~ 2 cm, respectively. Hence, specific deuterium labeling of
molecular groups can be used to determine the position of lipids inside
the SC lipid model membrane [15,16]. In the present study, we used the
specifically labeled oleic acid-9,10-D2 (OA-D2) to localize the penetra-
tion enhancer.

In order to receive information about the position of the deuterated
label, it was necessary to determine the structure factors F, ey Of the
“deuterated” sample (Basic_OA-D2) as well as the structure factors
Fr_pro¢ for the “protonated” sample (Basic_OA), and subsequently to
calculate the difference Fj, _qy using Eq. (2):

Fu_gisr = Fn_deur —Fn_prot (2)
Then, the difference profiles ps(x)ay which represent the

distribution of deuterium density across the bilayer were evaluated
as follows:

2 e 2mhx
PWay = 3 5 Fuanycos(*) 3)

As pointed out before in [15], it is reasonable to only use the structure
factors obtained at 8% DO for calculating the difference profiles, as the
scattering signal resulting from the membrane could be disturbed by the
water signal at higher D,0 concentrations. Consequently, the ps(X)qif
presented here refer to the structure factors measured at 8% D,0.

3. Results and discussion
3.1. Lamellar assembly of “Basic” and “Basic_OA”

In this section, the neutron diffraction results obtained for the
quaternary sample composed of CER[AP], CHOL, PA and ChS (Basic,

mass ratio 55/25/15/5), and the sample containing 10% OA (Basic_0OA)
are presented. The corresponding diffraction patterns for both samples
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Fig. 2. Rocking scans around the 1st order Bragg peak (20 =6.6°) of two different
multilamellar samples, which were rotated in an angular range of omega (®) = 4-2° to
check the mosaicity. A and B: sample composed of CER[AP], CHOL, PA, ChS and OA (ratio
49.5/22.5/13.5/4.5/10 m/m) before (A) and after treatment with buffer pH 9.5 (B). C:
rocking scan of the sample containing CER[AP], CHOL, PA and ChS (55/25/15/5 m/m).

recorded at T=32 °C, RH 57% and 8% D,0 are depicted in Fig. 3. Five
diffraction peaks attributed to one lamellar phase are detectable for both
SC lipid model membranes and indicate a high degree of lamellar order
formed under the chosen conditions. Interestingly, neither reflections
from phase-separated CHOL crystals which were observed before in
such SC models [44,45], nor signals from additional lamellar phases
were recorded. The calculated lamellar d-spacings are listed in Table 2.
Since we detected a similar repeat distance for the sample Basic as has
been reported before for the same model system [12], the comparability

of the present results with former findings is proven. An additional
peak (see Fig. 3) could not be assigned to a lamellar phase and was
attributed to a crystal of Na,CO3 or NaHCO; due to the peak position at
260 =31°indicating a lattice parameter of =~ 10 A. This crystal was maybe
introduced during the preparation procedure since the samples were
treated with a buffer containing both compounds. Presumably after
removal of the buffer solution and drying under atmospheric humidity,
a small amount was left and crystallized.

Interestingly, adding 10% (m/m) of the lipophilic penetration
enhancer OA does not induce any change of repeat distance d (see
Table 2). This is contrary to the results of Zbytovska and co-workers [30],
who reported a slight increase in d-spacing upon raising the amount of
0A added to a vesicular SC model. They furthermore observed a separated
phase occurring at higher OA concentration, i.e. 10-15 mol% [30], which
was explained by the formation of a separate domain with more fluid
character, containing OA together with other membrane components.
Former studies using the FT-IR technique [46] or ?H NMR [28] to
determine the influence of OA on the structure of the SC model systems
likewise suggested the OA-induced extraction of certain membrane
components with formation of an isotropic separated OA-rich phase,
which, however, was not detectable in our study: Since only a single
lamellar phase is formed under the chosen experimental conditions, we
assume the whole amount of OA to be incorporated into the lipid lamellae
of the SC model membrane.

These deviations to the former findings may result from the
different techniques applied: Zbytovska and co-workers investigated
vesicular SC lipid systems [30], whereas planar multiple SC lipid
bilayer stacks were used for our neutron diffraction measurements.
Both sample techniques are well established to study the structural
assembly of SC lipids but the resulting SC model systems exhibit
distinct characteristics. While SC lipid vesicles usually consist of few
curved bilayers dispersed in aqueous media, the model membranes
used in the present study are made up of several hundred stacked
bilayers lacking curvature which are oriented parallel to the planar
substrate surface, and hydration is achieved by creation of an
atmosphere with certain RH. Such a preparation technique yields
hydration properties comparable to in vivo conditions of the SC which
was found to hold almost no free water in the intercellular lipid
matrix as reviewed in [47]. For comparability reasons, we refer to
former neutron diffraction studies and used the sample preparation
method described in [36]. Summing up, the different techniques
presumably account for the observed distinctions in lipid assembly.

We found just a marginal increase in d-spacing at raised RH of 97%
as summarized in Table 2 for both samples. Of course, one has to keep
in mind that such humidity does not compare with full hydration
state, but however, it was shown previously that model membranes
based on synthetic CER exhibit extremely poor interlamellar hydra-
tion of the hydrophilic head groups and consequently do not show a
significant swelling [14,48], like for example phospholipid bilayers do
[41]. Kiselev and co-workers suggested the short chain and polar CER
[AP] to account for this observation: acting as a kind of molecular
“linker” between two adjacent membrane leaflets it pulls the latter
together and enables the formation of an extremely stable bilayer
backbone [14,48]. Taking into account the specific characteristics found
especially for CER[AP] [49] and CER[NP] [50], with their head groups being
saturated with intra- and intermolecular hydrogen bonds it seems likely
that such a compact bilayer assembly hinders water penetration into the
lamellar structures and consequently prohibits swelling. Furthermore,
despite the presence of rather ionizable fatty acid species in the model
membrane investigated here, only a very small amount of those molecules
will in fact be deprotonated due to the comparatively high pk, of fatty
acids inside such ordered lamellar structures [51]. This knowledge could
explain the observed poor interlamellar hydration and lack of swelling
found in the present study.

Another notable finding is a considerable decrease in the peak
intensity detected for sample Basic_OA (Fig. 3). While the enhancer-
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Fig. 3. Neutron diffraction pattern of the model membranes Basic_OA and Basic. Both samples were measured under equal conditions: 8% D,0 in H,0, RH 57%. The 1st up to the 5th
diffraction order associated to the lamellar phase are denoted as L1-L5. One additional peak (indicated by an arrow) could not be assigned to the reflections of a lamellar structure.

free sample shows high-intense and sharp Bragg peaks, the OA-based
model membrane exhibits more broadened, less pronounced diffrac-
tion signals under the same measurement conditions. This result
indicates an impaired state of lamellar order due to the presence of
the penetration enhancer. To corroborate this assumption, the rocking
scans around the 1st order Bragg peak for both samples were analyzed.
Comparison of Fig. 2B and C, respectively, reveals the following results:
the 1st order reflection for sample Basic_OA (B) is broadened and less
intense, as the scattered intensity is spread over a wider angular range in
omega (), and sample mosaicity is high [15]. As the Bragg peak is still
visible and exhibits a distinct maximum at # =3.2°, we conclude a part
of the lipids to be arranged in membranes parallel to the substrate
surface in presence of OA. However, the decreased peak intensity can
result from a distinct surface roughness induced by OA. Due to the lipid
disordering effects, the alkyl chains of the SC lipids present in the model
membrane experience a certain perturbation or misalignment which
results in the observed increase of mosaicity. This is in line with former
reports on OA causing increased alkyl chain disorder and disturbing the
lamellar assembly of SC lipids in model bilayers [27]. Contrary to this,
sample Basic exhibits not only a higher reflex intensity, but also a
narrower peak shape. Accordingly, mosaicity must be lower compared
to sample Basic_OA.

Despite the observed impairment of bilayer order in the presence
of OA, the detection of five orders of diffraction allowed for the
calculation of the neutron SLD profiles ps(x). The signs of F, _pr, for
sample Basic_OA were determined to be —, +, —, +, —for the 1st up
to the 5th order of diffraction, respectively. As described before [44],
the calculation of ps(x) on an absolute scale would produce large
errors, consequently, all neutron SLD profiles are presented on a
relative scale in arbitrary units (a.u.). The profiles for sample Basic_OA
at three different D,0/H,0 ratios (100/0, 50/50 and 8/92 v/v) at 57%

Table 2

Lamellar d-spacings recorded for the model membranes Basic and Basic_OA. The value
for 57% RH was averaged over three D,O concentrations, while the value for the
increased RH represents the mean of two D,0 contrasts.

Sample 57% RH 97% RH
Basic 44.65+0.01 A 46.86+03 A
Basic_OA 44.66+0.03 A 47.03+02A

RH are depicted in Fig. 4 and provide insights into the model bilayer
assembly:

. The profile represents the neutron scattering length density (SLD)
distribution across one bilayer. Thereby, the unit cell features two
maxima at the outer edges, indicating the presence of atoms with
positive neutron scattering length, i.e. the polar SC lipid head groups.
Neighbored bilayers are close to each other which indicates the
presence of an extremely small intermembrane space.

i. The lipids are pointing their alkyl chains towards the bilayer center

as supposed. The high density of hydrogen atoms from terminal

methyl groups of the lipid molecules with resulting accumulation
of negative scattering length accounts for the formation of the
minimum at x=0 A. A partial interdigitation is also possible as

shown before [17].

For the sake of interpretation, two molecules of CER[AP] are
added in Fig. 4 to schematically represent the bilayer arrangement.
From the Fourier profiles we conclude that the presence of OA does
not tremendously alter the expected bilayer structure of the
quaternary model membrane. Especially when both samples, Basic
and Basic_OA are compared directly as shown in Fig. 5, the lipid
arrangement appears to be comparable in both model systems, as
the unit cell has the same size and the head groups are in the same
position. For such parallel presentation of the ps(x) for both model
systems, the sum of the F, obtained for each membrane was
normalized to 1 and thereby placed on the same relative scale as
presented in Table 3.

Small variations in the neutron SLD profiles are visible around the
bilayer center with a less pronounced minimum detected for the sample
containing OA, indicating that the middle of the bilayer is no more only
formed by terminal methyl groups. A reason for this observation could be
the presence of OA which is shown to induce a certain state of disorder or
even misalignment of the SC lipids. The result might be a larger
displacement of a certain number of terminal methyl groups (CHs) by
methylene groups (CH,) due to the increased alkyl chain disorder.
Consequently, the reduced number of hydrogen atoms present in the
bilayer center accounts for the lower minimum detected. A similar
observation has been reported for a ternary SC model based on CER[EOS],
CER[AP], and CHOL [45]. The authors concluded the methylene groups
from the outstretched CER[EOS] chain to be extended throughout the
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Fig. 4. Neutron scattering length density (SLD) profile ps(x) calculated for sample Basic_OA at RH 57% and at three different D,0/H,0 concentrations: 8% D,0 (green line), 50% D,0
(blue line) and 100% D,0 (red line). For better understanding, the SC lipid arrangement inside the bilayer is indicated by two molecules CER[AP].

membrane and accordingly to diminish the influence of the methyl
groups present in the bilayer center, which appeared as less pronounced
minimum.

Summarizing, the neutron diffraction data indicate a strongly
impaired lattice orientation in the presence of OA which shows in the
enormously decreased intensity of the 1st order Bragg peak. This is due to
the fact that scattered neutron intensity is spread over a wide angular
range in o, as the lipids are no longer arranged in an exact crystal-like
orientation, but are distributed over the quartz substrate in a powder-like
structure with a high mosaicity. The postulated perturbing effects of
unsaturated fatty acids like OA onto the structure of skin lipids [23,25-
27,52] could thus be corroborated by the present results. Additional
differential scanning calorimetry (DSC) measurements on the SC lipid

40x10°
30
20

10

ps(x), a.u.

— Basic

systems Basic and Basic_OA, respectively, revealed a considerable shift of
the main phase transition to lower temperatures for the sample
containing 10% OA in comparison to the sample without OA (DSC data
not shown). Moreover, the transition peaks are not only occurring at
decreased temperatures, but also the heat flux upon phase transition is
dramatically decreased in presence of the penetration enhancer. These
findings likewise suggest a strong interaction of OA with the SC lipid
chains in terms of markedly impaired alkyl chain order.

Although OA caused a distinct perturbation of the state of lipid chain
order, our results also indicate the persistence of a stable lamellar
structure unaffected in its hydration properties and bilayer size. This
stability is most likely due to the influence of the polar CER[AP] enabling
the formation of a stable bilayer backbone as illustrated in Fig. 6.

x A

Basic_OA

Fig. 5. Comparison of the neutron SLD profiles py(x) for the sample with OA (Basic_OA, black line) and without OA (Basic, red line), both measured at 57% RH and 8% D,0.
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Table 3

The structure factors F, normalized to 1 for the model membrane CER[AP]/CHOL/PA/ChS
(55/25/15/15 m/m, Basic) and the sample composed of 49.5/22.5/13.5/4.5/10 (Basic_OA).
Both samples were measured at D,0O/H,0 ratio of 8/92 (v/v) and 57% RH.

Diffraction order h F, norm Basic Fy norm Basic_OA

1 —0439 —0455
2 0.153 0.177
3 ~0191 ~0.168
4 0.103 0.101
5 —0107 —0084
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Fig. 6. Sketch of the lamellar SC lipid arrangement in the investigated model systems. A:
the Basic model containing CER[AP]/CHOL/PA/ChS. B: sample Basic_OA additionally
containing OA.

3.2. Evidence of OA insertion into the model bilayers

To corroborate the assumption that OA closely interacts with and is
incorporated within the SC lipid model membrane components, we

40x10°
30
20

10

ps(x), a.u.

applied specifically deuterated OA-D2 to the SC model membranes.
The multilamellar sample allowed for detection of up to five orders of
diffraction (data not shown) assigned to one lamellar phase with
d=44.3940.07 A, which is approximately the same value as for the
protonated sample. Fig. 7 illustrates the Fourier profiles of both model
membranes simultaneously on the same relative scale. As expected, the
neutron SLD distribution across the bilayer is in general comparable;
however, some significant differences appear in the hydrophobic
membrane region, where the p(x) of sample Basic_OA-D2 is clearly
shifted towards a more positive value. This observation is attributed to the
appearance of additional positive neutron scattering length in that
membrane region. As the SC lipid model membranes compared here
only differ in the presence or absence of 2 deuterons, the observed
variations appear due to the localization of the D2 label in that position.
To verify this assumption, the difference scattering length density profile
Ps(x) i was calculated as described above and is included in Fig. 7 (black
solid-dotted line).

The two maxima appearing in this function represent the location of
the D2 label within the SC lipid model bilayer, i.e. the cis double bond
present in OA, where the deuterons are positioned according to Fig. 1. As
the membrane is centrosymmetric, the two maxima can be fitted by two
identical Gaussian functions, with the position of maximum deuterium
density determined to be |x|=86-+0.04A. The full width at half
maximum (FWHM) of the Gaussian was found to be about 5.4 A, a bit
larger than the nominal resolution of Ad = £ =45 A of the experiment.
Due to the limited number of diffraction peaks detectable, the resolution
of the Fourier synthesis is limited as well. Considering an average C—C
bond length for sp® hybridized C atoms of 1.5 A [53], the carboxyl group of
OA pointing towards the head group region of the model membrane is
presumably located at about 20 A. This value is in good agreement with
the calculated position of the head groups of 22.2 A, which is defined as
Xpy=d/2 [14].

Summing up, the bilayer architecture of the model membranes
with and without the lipophilic penetration enhancer OA was
studied on a molecular level. Furthermore, we were able to localize
the position of the penetration enhancer inside the lipid lamellae
by applying specifically deuterium-labeled OA-D2. The neutron
diffraction results prove the incorporation of 10% (m/m) OA into
the lipid lamellae, where the penetration enhancer then can
interact with the SC lipids. The assumption that OA tends to form

‘ne’ wjd(x)sd » map(x)sd
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—— Basic_OA-D2
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Fig. 7. Neutron SLD profiles at 8% D,0, RH 57%, of the model membrane containing the deuterated (blue line) and the protonated OA (red line), and the difference scattering length
density profile ps(x)qyy representing the deuterium distribution across the membrane (black dash-dotted line). The two maxima of p(x) iy represent the position of the D2 label of
OA. For the sake of interpretation, a sketch of the arrangement of two molecules of OA is added.
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a separated domain due to its poor miscibility with the other
membrane components [30] could not be affirmed by the present
neutron diffraction study.

Additionally, the SC lipid membrane composed of CER[AP]/CHOL/
PA/ChS which was extensively studied before [12,14,30,48] was shown
to serve as an appropriate model for studying the impact of penetration
enhancer species like OA to the molecular arrangement of SC lipids by
means of the neutron diffraction technique.

4. Conclusions

The present study investigates OA, a lipophilic substance well-
known to act as penetration enhancer, and its impact to an SC lipid
model membrane extensively analyzed before [12-14]. The neutron
diffraction technique enabled to evaluate the bilayer structure on a
nano-scale and to compare different membrane characteristics of
samples with and without the presence of enhancer molecules, e.g.
bilayer thickness and hydration behavior.

Our findings indicate that OA does not provoke a change of bilayer
thickness in the model membrane investigated here. In contrast to
former reports on OA-induced phase separations due to fluidization
effects [28,30,46], the present neutron diffraction data reveal the
formation of a single lamellar phase in the presence of 10% m/m OA
under the chosen experimental conditions. This finding can be
attributed to different techniques applied for preparation of SC model
systems. To further analyze whether OA is in fact incorporated into the
model matrix bilayers, and to localize the exact position of the
penetration enhancer in the membrane, we applied specifically
deuterated OA-D2. Our results give direct evidence that the deuterated
label and therewith the penetration enhancer is effectively integrated
within the model matrix, with the double bond positioned at a distance
of about 8.5 A from the bilayer center. Finally, the diffraction data
emphasize the dramatic impact of OA to the state of lamellar order of the
SC lipids as already described before [54]. We detected a substantial loss
of order when OA is present inside the SC lipid model membrane
indicating the perturbation of proper alkyl chain alignment by the
lipophilic penetration enhancer, which became apparent in decreased
neutron scattering amplitudes. The presence of the cis double bond in
the OA molecules is probably causing the perturbation of the SC lipid
chains which accounts for the observed lamellar disorder. Therefore, we
conclude that the intercalation of OA into the lipid lamellae together
with the increase of alkyl chain disorder preferentially accounts for the
reported enhancing effects of OA on the drug permeation through the
skin.
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Abstract
In order to elucidate the mode of action of the lipophilic pen-
etration enhancer isopropyl myristate (IPM) on a molecular
scale, we investigated oriented quaternary stratum corneum
(SC) lipid model membranes based on ceramide AP, choles-
terol, palmitic acid and cholesterol sulfate containing 10
wt% IPM by means of neutron diffraction. Our results indi-
cate that IPM affects the lamellar lipid assembly in terms of
bilayer perturbation and disordering. Phase segregation oc-
curred, indicating that IPM is not likely to mix properly with
the other SC lipids due to its branched structure. We used
selective deuterium labelling to localize the penetration en-
hancer, and could successfully prove the presence of IPM in
the two coexisting lamellar phases. We conclude that IPM’s
mode of action as penetration promoter is presumably
based on incorporation into the SC lipid matrix, extraction of
certain SC lipids into a separate phase and perturbation of
the multilamellar lipid assembly.

Copyright © 2012 S. Karger AG, Basel

Introduction

The protecting barrier properties of mammalian skin
are generally accepted to be founded on the very thin out-
ermost skin layer, the stratum corneum (SC). A highly
ordered intercellular lipid matrix consisting of ceramides
(CER), cholesterol (CHOL) with its derivatives and free
fatty acids is arranged around protein-filled flat cells, the
corneocytes. This coherent system substantially limits
uncontrolled transepidermal water loss and prevents the
unwanted absorption of substances [, 2]. At the same
time, those barrier properties can be obstructive for the
dermal treatment of various skin diseases requiring a cer-
tain amount of drug to penetrate into skin. Acceleration
of drug absorption can be facilitated by application of so-
called penetration enhancers. Enhancer activity is pre-
sumably based on interaction with the SC lipid matrix
and/or SC protein components, disordering or fluidizing
effects on the SClipids [3], and introduction of phase sep-
aration [4]. However, the exact mode of action is not yet
fully elucidated on a molecular level. Synergetic effects
in terms of drug flux enhancement have also been de-
scribed, e.g. for myristic acid isopropyl ester (referred to
as isopropyl myristate or IPM - a pharmaceutically used
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Table 1. Composition of the multilamellar SC lipid model membranes investigated by means of neutron dif-

fraction
Sample SC lipid components wt%
Basic_IPM CER[AP]/CHOL/PA/ChS/IPM 49.5/22.5/13.5/4.5/10

Basic_IPM-d;

CER[AP]/CHOL/PA/ChS/IPM-d;

49.5/22.5/13.5/4.5/10

liquid wax with well-established skin tolerability) in
combination with alkanols [5, 6] and with propylene gly-
col [7]. Although it was also reported that IPM decreases
hydrocortisone permeation through human skin [8], the
ester is assumed to change the SC microstructure by in-
sertion into the lipid lamellae where it is largely retained
due to its high lipophilicity [5, 6]. Furthermore, the wax
presumably liquefies the SC lipids due to its branched
structure [7], which is supposed to account for the en-
hancer activity of IPM.

In recent years, the benefits offered by the neutron dif-
fraction technique for the structural investigation of the
SClipid matrix in model membranes were highlighted in
numerous works [9-11]. By using a simplistic model, the
bilayer architecture of a membrane based on CER[AP],
CHOL, palmitic acid (PA) and cholesterol sulfate (ChS)
was revealed to be highly dependent on the phytosphin-
gosine type CER[AP] which dictates the bilayer size due
to its unique properties [12, 13]. A preceding study eluci-
dated the mode of action of the penetration enhancer ole-
ic acid on a molecular level [14]. It was shown that the
position of lipid molecules within the model bilayers can
be determined by specific deuterium labelling of molecu-
lar groups which can help shedding a light on the mode
of enhancer activity on a molecular scale.

In the present work, we investigated the impact of
IPM on the structure of a quaternary SC lipid model sys-
tem based on CER[AP], CHOL, PA, and ChS which has
been described before [13], containing either the proton-
ated compound IPM (referred to as sample Basic_IPM)
or the specifically deuterated compound IPM-d; which
was received from chemical synthesis (sample Basic_
IPM-d5). In order to allow for a sufficient strength of the
deuterium label to localize the enhancer, we decided to
add an amount of 10 wt% IPM to the model membrane.
The composition of the oriented multilamellar model
membranes to be investigated by means of neutron dif-
fraction can be found in table 1, and the chemical struc-
tures of the synthetic SC lipids used for sample prepara-
tion are displayed in figure 1. Local contrast enhance-

Influence of IPM on the Nanostructure of
SC Lipid Model Membranes

ment by the deuterium label enabled us to directly
localize the position of the liquid wax inside the mem-
brane lipid lamellae.

Materials and Methods

CER[AP]  [N-(a-hydroxyoctadecanoyl)-phytosphingosine]
was generously provided by Evonik Goldschmidt GmbH (Essen,
Germany). A chromatographic procedure using a silica gel col-
umn and chloroform/methanol gradient was applied to increase
the purity of the substance above 96% before it was used. PA,
CHOL, ChS, and tetradecanoic acid isopropyl ester (IPM) were
purchased from Sigma Aldrich GmbH (Taufkirchen, Germany)
and used as received. Specifically deuterated 14,14,14-d;-tetra-
decanoic acid isopropyl ester (IPM-ds) was received from own
chemical synthesis [see Synthesis of 14,14,14-d;-Tetradecanoic
Acid Isopropyl Ester (IPM-d3)]. All substances used for synthesis
were purchased from Sigma Aldrich GmbH (Taufkirchen, Ger-
many) except the deuterated compound, tetradecanoic acid-
14,14,14-d3, which was received from Larodan Fine Chemicals
(Malmé, Sweden) and used without further purification. The
product IPM-d; was purified by column chromatography using
heptane/ether and gradient technique. The isopropanol was
dried with sodium before use. All solvents were dried and dis-
tilled before use. Thionyl chloride was distilled twice at normal
pressure. The 'H NMR spectrum was recorded on a Varian Ino-
va 500 apparatus (International Equipment Trading Ltd., Vernon
Hills, 111, USA, with an Oxford Instruments Ltd. superconduct-
ing magnet) at 27°C and CDCl; as internal standard. The mass
spectrometric analysis was done using a Q-TOF1 mass spectrom-
eter (Waters Micromass, Manchester, UK). The quartz slides
(Spectrosil 2000, 25 X 65 X 0.3 mm) used for the neutron dif-
fraction experiments were received from Saint-Gobain (Wies-
baden, Germany). An airbrush device (Harder & Steenbeck, Nor-
derstedt, Germany) was employed to deposit the lipids onto the
quartz surface. All buffer substances used were obtained from
Sigma Aldrich.

For the preparation of oriented SC lipid model membranes to
be investigated by neutron diffraction, we used a procedure ac-
cording to the literature [15]. Appropriate amounts of the syn-
thetic SC lipids dissolved in a mixture of chloroform/methanol
(2:1 v/v) were combined. Twelve milligrams of the respective final
SC lipid mixture (table 1) were sprayed onto the quartz surface
using the airbrush device at constant air flow. The solvent was al-
lowed to evaporate first under atmospheric pressure and subse-
quently under reduced pressure (<50 mbar), where the samples

Skin Pharmacol Physiol 2012;25:200-207 201
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IPM

Fig. 1. The molecular structures of the syn-
thetic SC lipids used for sample prepara-
tion.
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were stored for 10-12 h. After the solvent was removed complete-
ly, a subsequent annealing procedure was applied, whereby the
samples were heated to 75°C and cooled down to room tempera-
ture in water-saturated atmosphere. Subsequently, the samples
were hydrated using a buffer solution of pH 9.6, for 5 min, and
kept at room temperature until the diffraction measurements.

Synthesis of 14,14,14-ds-Tetradecanoic Acid Isopropyl Ester

(IPM-d3)

0.43 mmol (100 mg) 14,14,14-d; tetradecanoic acid was sus-
pended in 0.5 ml thionyl chloride. The mixture was allowed to
stand overnight at room temperature. The excess of thionyl chlo-
ride was removed in vacuum. To the oily residue was dropped a
mixture of 2.0 mmol (0.12 g) isopropanol and 0.2 mmol (0.16 g)
dry pyridine, dissolved in 1 ml dry chloroform at 0°C over a pe-
riod of 10 min with stirring. After a further hour at that tempera-
ture, the mixture was brought to room temperature and stirred
for another hour. For workup, the solvent was removed in vacuum
and the residue was purified by column chromatography with
heptane and ether with a continuous increase of the polarity of
the eluent. Yield: 120.4 mg, colotless oil, C;;H3 D;0, (273.46). 'H
NMR (400 MHz, CDCLy): & = 1.19 (d, 6H, 2x [-CH;]), 1.21-1.31
(m, 2H, [chain]), 1.55-1.63 (m, 2H, [-CH,CH,CO]), 2.2-2.25
(t, 2H, [-CH,CO]), 4.98 (q, 111 = 6.26, 1H, [-CH(CHs),]). ESI-
MS 274.27 [M*]+H, 296.24 [M*]+Na.

Neutron Diffraction Experiment

Neutron diffraction experiments were carried out using the
small momentum transfer diffractometer D16 of the High-Flux
Reactor at the Institut Laue-Langevin (Grenoble, France). The
neutron wavelength \ was adjusted to 4.752 A. The scattered neu-
tron intensity was recorded during rocking scans (w-scans, sam-

202 Skin Pharmacol Physiol 2012;25:200-207

Table 2. Calculated d spacings (in A) for both samples investi-
gated by means of neutron diffraction

Sample Phase A Phase B
Basic_IPM 46.8£0.14 42.8%0.6
Basic_IPM-d; 45.9%0.4 42.5%0.43

ple-to-detector distance: 95.0 cm) by the two-dimensional *He
position-sensitive detector MILAND (area 320 X 320 mm, spatial
resolution 1 X 1 mm). The samples were allowed to equilibrate
before each measurement in lockable aluminium chambers at
fixed temperature of 32°Cand arelative humidity of 58%, achieved
by a saturated aqueous solution of sodium bromide. Each sample
was studied at three different D,O concentrations in water (100/0,
50/50 and 8/92, v/v D,O/H,0) in order to vary the neutron scat-
tering length density between the lipids and water. From a series
of equidistant peaks, the spacing between the scattering planes
(bilayer repeat distance d) was calculated using the correlation
d=2 X n X 7w/Q,, where n is the diffraction order of the peak
and Q, is the scattering vector. The latter is correlated with the
scatteringangle 20by Q=4 X m X sin6/\. Calculated d-spacings
are presented in table 2.

For the interpretation of neutron diffraction data, commonly
the neutron scattering length density profiles p;(x) are calculated
by a Fourier synthesis of the structure factors Fj, according to

h max
px)=a +b§>< > F, XCOS[Z#hx]
h=1

Engelbrecht/Demé/Dobner/Neubert

83



RESULTS REPRESENTED BY ACCEPTED PUBLICATIONS

LAl 1,100
Tt
2 r’
IHB
1004 i 1 850
= 3 t
g ER | e
° = I 1 L2A %
g E 5 1 'E S 600
£ c 4 11 i g
I Il b 3
= g 1 1318 L3A ]
% | %
2 U ‘E i.' 1 ft 350
L L’LL%LSB
L
|90- x
T T T 100
2.59 7.26 12.00 16.74 21.41 5 15 20 2.59 7.26 12.00 16.74 21.41
a 2theta xc b Scattering angle 26 (degree) (4 2theta xc

Fig. 2. Neutron diffraction pattern recorded at the first detector
position for sample Basic_IPM at 32°C, 58% relative humidity,
100% D,0O. Shown are the Ist to 3rd Bragg reflections of phase A
(L1IA/L2A/L3A) and phase B (L1B/L2B/L3B), respectively. The
first- and second-order diffraction peaks of phase-separated

The py(x) represent the distribution of neutron scattering
length density across one unit cell, i.e. one model bilayer, and
therefore provide direct insight into the molecular arrangement
of the SClipids on a nanoscale. The phase of eachF), is determined
by the isomorphous replacement method [16]. This is achieved by
measuring each sample at least at three different D,O/H,O ratios.

The absolute value of Fj, is received by

|F, | :\/hXIhXAh’

where & is the Lorentz correction; Ay is the absorption correction
and I, is the integrated intensity of the hth peak. Data reduction
to 26 versus intensity I was performed with the Large Array Ma-
nipulation Program provided by the Institut Laue-Langevin [17],
determination of the peak positions and intensities after back-
ground subtraction was performed using the software package
IGOR Pro 6.1 (WaveMetrics Inc., Portland, Oreg., USA). A more
detailed description of the neutron diffraction data evaluation
can be found in the literature [18, 19].

Since neutrons are scattered by the atoms’ nuclei and not by
the electrons, the coherent neutron scattering length b, can dif-
fer markedly for different isotopes. According to the literature,
beon for hydrogen ('H) equals -0.374 X 107'? cm and 0.667 X
10712 cm for its isotope deuterium (*H or D) [20]. Hence, it is pos-
sible to distinguish between protonated and deuterated com-
pounds by means of neutron diffraction. For the localization of
the deuterium label and therewith of the deuterated penetration
enhancer IPM-dj; inside the SC lipid model bilayers, the deuteri-
um density distribution function pgi(x) was calculated as differ-
ence profile between the deuterated and the protonated sample:
Pdiff(%X) = Pdeut = Ppror- The maxima in the pyi(x) represent the posi-
tion of the deuterium label within the unit cell.

Influence of IPM on the Nanostructure of
SC Lipid Model Membranes

CHOL crystals (2theta = 7.49 and 14.84°) are marked with an as-
terisk in b. a Two-dimensional integrated intensity collected dur-
ing an omega scan (sample rocking scan as shown in c). b Inte-
grated intensity, plotted as log(I) versus 2theta. ¢ Omega (w) de-
pendency of scattered neutron intensity (reciprocal space map).

Results and Discussion

The neutron diffraction pattern of sample Basic_IPM
recorded at 32°C, 100% D,O and 58% relative humidity
is shown in figure 2b.

First, the neutron diffraction results reveal the occur-
rence of phase separation in the investigated model mem-
branes containing 10 wt% IPM. Whereas the enhancer-
free model membrane composed of CER[AP], CHOL, PA,
and ChS was reported to feature a one-phase system [12,
13], the presence of the penetration enhancer obviously
provokes the formation of two clearly pronounced and
coexisting lamellar phases referred to as phase A and
phase B. For reasons of simplicity, we will further refer to
the enhancer-free quaternary model membrane lacking
IPM as the reference system. In addition to the two lamel-
lar phases, the 1st- and 2nd-order diffraction signals of
crystalline CHOL were detected and are indicated with
asterisks in figure 2b. The occurrence of such separate
CHOL domains was described before and has been shown
not to influence the bilayer assembly of SC lipid model
systems [21, 22]. The lamellar repeat distances of the in-
vestigated samples were calculated as described above
and are listed in table 2. In case of sample Basic_IPM, d
equals 46.8 A for phase A, and 42.8 A for phase B, respec-
tively. For sample Basic_IPM-d;, the d spacings were de-
termined as 45.9 A (phase A) and 42.5 A (phase B). There

Skin Pharmacol Physiol 2012;25:200-207 203
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is rather good agreement of the d spacings found for the
present phase A (table 2) and the reference system of
45.6 A being reported before [13]. Since just one compo-
nent, IPM, was added to this model in the present study,
it appears reasonable that phase A corresponds with the
membrane structure reported for the reference system,
and that furthermore the arrangement of the SC lipids in
phase A is comparable to the reference system. In con-
trast, the lamellar spacing of phase B is comparatively
smaller. We will refer to that later. Surprisingly, there is a
small deviation for the lamellar repeat distance of phase
A in sample Basic_IPM and sample Basic_IPM-d;. Al-
though the preparation procedures for both membranes
were exactly the same, this experimental finding could
indicate that there are slight variations in the lipid com-
position of phase A of both samples, e.g. a slightly higher
or lower amount of CHOL and/or fatty acid and/or IPM.
Yet the difference is quite small, therefore we regard phase
A in both samples to be equivalent.

From these first results, we conclude that the mem-
brane components are not likely to mix properly with
each other in the presence of IPM. The branched struc-
ture of IPM with a highly mobile terminal isopropyl
group probably prevents the other SC lipids to arrange in
a densely packed and stable bilayer structure. Phase sep-
aration may further indicate that the solubility of the
penetration enhancer IPM islimited in the lamellar 45.6-
A structure of the quaternary reference system which
corresponds with the present phase A: after a certain
limit value of IPM is exceeded, a fraction of the SC lipids
is sequestered in the arising new lamellar structure. This
emphasizes the impact of only 10% IPM added to the
model membrane, and suggests that the enhancer indeed
is incorporated into the bilayers and interacts with the
SC lipids. To clarify whether IPM is localized in both
phase A and phase B, or is accumulated in just one of the
lamellar structures, the selectively deuterated IPM-d;
was applied.

Furthermore, a distinct perturbation of the state of la-
mellar order was deduced from the shape of the neutron
scattering signals in the diffraction pattern displayed in
figure 2c. The Bragg sheet intensity is spread over a wid-
er angular range in w. This observation results from in-
creased lamellar disorder in the model bilayers. Despite
the still existing multilamellar assembly of the SC lipids,
the bilayers seem to discover a certain perturbation. A
possible explanation could be that the alkyl chains are no
longer arranged in an all-trans zigzag structure, but ex-
hibit an increased number of gauche defects. This is due
to IPM, which is incorporated into the model bilayers but

204 Skin Pharmacol Physiol 2012;25:200-207

presumably requires more space due to its branched
structure. The experimental finding of bilayer perturba-
tion is in line with former reports [14], where a similar
effect was observed after the addition of 10 wt% of the
penetration enhancer oleic acid to the same quaternary
model membrane as investigated here. Phase separation
was not observed in this former work, but based on the
findings the authors concluded that the introduction of
gauche defects to the SC lipid alkyl chains and SC lipid
bilayer perturbation considerably contribute to the en-
hancer activity of oleic acid [14].

Since the values of the d spacings are in the same order
of magnitude for both model membranes studied here,
further comparison between the samples Basic_IPM and
Basic_IPM-d; was drawn. To gain insight into the bilayer
architecture on a nanoscale and to prove the incorpora-
tion of IPM into the model bilayers, the neutron scatter-
ing length density profiles py(x) were calculated for both
samples and are comparatively displayed in figure 3 for
phase A and phase B. Generally, both phases exhibit the
typical py(x) found for SC lipid bilayers. The two maxima
that correspond with the hydrophilic bilayer region con-
stituted by the SC lipid head groups are surrounding the
lipid alkyl chains pointed towards the bilayer center,
which is indicated by the central minimum. The differ-
ence profiles pyi(x) representing the density distribution
of the deuterium label across the membrane are added.
In comparison to the protonated SC model membrane
(fig. 3), the curve progression for the deuterated sample is
considerably lifted towards more positive values. This is
observed for both, phase A and phase B, and arises from
the presence of the d; label at the respective position with-
in the membrane unit cell. We conclude from this finding
that the deuterium label and therewith the enhancer IPM
resides in both observed lamellar phases.

Yet, the distribution of the deuterium label itself ap-
pears to be different in both phases: whereas pgi(x) for
phase B exhibits one maximum, three maxima are ob-
served for phase A. This finding indicates that the ar-
rangement of IPM is different within the two lamellar
phases. Taking into account that all considerations re-
garding the molecular arrangement of the SC lipids in the
present system are based on a centrosymmetric bilayer as-
sembly, we interpret the diffraction results as follows. As
expected from its molecular structure, a certain fraction
of IPM points its myristoyl side chain towards the bilayer
center, where the accumulation of positive neutron scat-
tering length density due to the presence of three deute-
rium atoms at the chain end position causes the observed
maximum in the pgp(x) around x = 0. Since the central

Engelbrecht/Demé/Dobner/Neubert
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Fig. 3. a The neutron scattering length density profiles for phase
A of sample Basic_IPM (red) and sample Basic_IPM-d; (blue) at
32°C and 50% D,O. The difference profile or deuterium density
distribution profile is presented as black solid line. For clarity, a
sketch of the assumed arrangement of the penetration enhancer
is added to the diagram. b The neutron scattering length density

maximum is observed in both lamellar structures, this as-
sembly of IPM is conceivable for both, phases A and B. For
clarity, a sketch of the proposed assembly of two IPM mol-
ecules has been added to figure 3. Due to the hydrophobic
match [23], the C14 chain of IPM will have high affinity
to the C16 fatty acid (PA) present in the mixture and
stretches through one hydrophobic bilayer leaflet. The
more hydrophilic ester group most likely lies in the bi-
layer head group region, where hydrogen bonds with the
other SClipid head groups stabilize this arrangement. The
isopropyl group would then be located near the hydro-
philic bilayer region. Such an interaction of IPM and the
SC intercellular lipid matrix has been proposed before
[24]. Due to the limited number of structure factors F), be-
ing available in the neutron diffraction experiment, the
resolution of the Fourier synthesis is limited, which prob-
ably accounts for the comparatively broad dispersion of
the maximum in the pg;g(x) (fig. 3). The smeared-out max-
imum might also refer to a relatively broad distribution of
the deuterium label itself inside the bilayers. As the C14
alkyl chain of IPM is slightly shortened compared to the
C16 PA or the C18 chains of CER[AP], it seems likely that
the terminal methyl group of IPM does not exactly reach
the bilayer center, and that the CD; label therefore is local-
ized slightly beside the position x = 0, as schematically
presented in figure 3. Furthermore, since the presence of
IPM was found to cause gauche defects and lamellar dis-
order, the alkyl chains will possess a certain mobility,

Influence of IPM on the Nanostructure of
SC Lipid Model Membranes

profiles for phase B of sample Basic_IPM (red) and sample Ba-
sic_IPM-d; (blue) at 32°C and 50% D, 0. The difference profile or
deuterium density distribution profile is presented as black solid
line. For better understanding, a sketch of two molecules IPM is
added to illustrate the presumed enhancer arrangement. Colors
refer to the online version only.

which maybe results in akind of delocalization of the deu-
terated label.

For phase A, the two additional maxima in the pgig(x)
determined at the position of |x| = 11.86 *+ 0.39 A suggest
that a certain population of IPM is accommodated in the
unit cell in a different way as explained above. Based on
a centrosymmetric bilayer assembly, we regard both bi-
layer leaflets as mirrored equals. Surprisingly, the termi-
nal methyl group with the deuterium label seems to be
shifted away from the bilayer middle towards the region
between center and head group moiety. To explain this
observation, we assume that a fraction of the penetration
enhancer might be inserted completely into the SC lipid
bilayer, stretching the myristoyl chain through the bilay-
er center towards the neighbor bilayer leaflet, where the
deuterated terminal methyl group is localized at the de-
tected position of about 12 A away from the bilayer center.
Consequently, the ester group is no longer localized in the
hydrophilic bilayer region, but has to integrate between
the more hydrophobic alkyl chain moieties of the other
SC lipids. Although this arrangement appears unexpect-
ed, such a complete incorporation into the SC lipid bilay-
ers might be conceivable since IPM exhibits a compara-
tively high lipophilicity and is largely retained in the SC
lipid matrix as highlighted before [6]. Moreover, a former
neutron diffraction study revealed that CHOL is im-
mersed in the bilayers of a quaternary model membrane
in a similar way as proposed here for the molecule IPM,
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Fig. 4. Schematic presentation of the as-

sumed lamellar structure in the presence of

10 wt% IPM-d;. a Lamellar assembly of the

components CER[AP], CHOL, PA and ChS 456 A 459 A 425 A

in the short periodicity phase as reported N

in Kiselev et al. [13]. b The assumed bilayer = - e ."\_'—'\._._ .'m_
structure of phase A. As described in the et —.—! —, .

text, IPM can be either anchored with its I

ester group in the hydrophilic head group - % tx—\‘.q-
region, or completely inserted into the hy-

drophobic membrane region. The bilayer a Reference system Phase A c Phase B

repeat distance is comparable to the qua-

ternary reference system. Remarkable is @, oL @ PA - CERIAP], full extended conformation
the increased lamellar disorder. ¢ The

membrane structure and assembly of IPM .. Chs = IPM — CERIAP], hairpin conformation

in phase B. Note the decreased lamellar
spacing, indicating an increased state of
lipid fluidity and alkyl chain disorder.

with the hydrophilic OH group positioned inside the hy-
drophobic membrane region in order to allow for maxi-
mum hydrophobic interaction of the steroid ring system
with the other membrane components [25]. Further-
more, the penetration enhancer IPM lacks a pronounced
hydrophilic head-hydrophobic tail structure, for which
reason the complete insertion - of at least few IPM mol-
ecules — might be possible. At this point, we have no def-
inite explanation why only phase A shows two different
arrangements for the penetration enhancer IPM, but it
might be due to the larger spacing of phase A.

For a better understanding, the assumed structural as-
sembly of the SC lipids in the two lamellar phases in the
presence of IPM is schematically represented in figure 4
and compared to the bilayer nanostructure of the refer-
ence system. The latter has been extensively studied and
described before [12, 13, 25]. It was shown that the driving
forcefor the highly ordered nanostructure of the CER[AP]-
based model membrane is the ceramide itself [13], and
that the lamellar repeat distance remains stable even if the
fatty acid is replaced by long-chain species [26]. Probably
due to strong hydrogen bonds formed between the head
groups of the CER molecules, a framework with a high
state of lamellar order is built, and the other membrane
components such as PA, CHOL and ChS are forced to ar-
range themselves inside the bilayers of short repeat dis-
tance of about 46 A. We deduce that this bilayer structure
is still intact after addition of 10 wt% IPM, since phase A
exhibits a comparable repeat distance like reported for the
reference system. Consequently, we conclude that
CER[AP] remains to be the driving force for the formation
of the bilayer structure, even in the presence of the pene-

206 Skin Pharmacol Physiol 2012;25:200-207

tration enhancer. Yet, the lamellar arrangement is strong-
ly impaired and alkyl chain disorder is increased, as seen
from the neutron diffraction signals. Selective deutera-
tion proved that indeed, IPM is located in this phase A.
The occurrence of an additional phase indicates thata
certain threshold of IPM may be exceeded, which sepa-
rates together with other model membrane components
in a new lamellar structure, phase B. The spacing of the
latter is clearly decreased, which could further indicate
that the presence of the enhancer causes a certain fluidi-
zation of the SC lipid alkyl chains arranged in this phase.
This leads to stronger interdigitation of the other SC lip-
ids and consequently to a decrease in the lamellar spacing
[27]. Moreover, one could speculate that the bilayer-sta-
bilizing impact of CER[AP] is reduced in phase B, maybe
due to a slightly smaller amount of CER being present in
this newly formed lamellar structure. A bilayer structure
altered in such a way with increasingly disordered alkyl
chains due to the presence of IPM would consequently
offer a diminished resistance against drug flux and could
provide an optimal route for the drug molecules travers-
ing the skin barrier. With regard to the mechanism of the
enhancer activity of IPM, it is therefore conceivable that
the incorporation of IPM together with its significant
bilayer disordering effects strongly contribute to IPM’s
ability to increase drug flux through the skin. It was al-
ready suggested by Brinkmann and Mueller-Goymann
[24] that IPM is inserted into the SC lipid bilayers with
the isopropyl group anchored in the polar region and the
myristoyl chain pointing towards the bilayer center. The
present results corroborate the assumption of such an ar-
rangement of IPM. In addition, our study suggests that

Engelbrecht/Demé/Dobner/Neubert
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IPM might also be completely immersed into the SClipid
bilayers, and that IPM causes phase separation in an ori-
ented quaternary SC lipid model based on CER[AP]. The
stabilizing influence of the ceramide present in the mem-
brane seems to be outbalanced by the perturbing effect of
the penetration enhancer.

In conclusion, we successfully localized the deuteri-
um-labelled penetration enhancer and could therewith
prove the incorporation of IPM into the SC lipid model
membrane. In the presence of the lipophilic penetration
enhancer IPM, a dense lamellar arrangement of all mem-
brane components in a single phase is hindered. Our re-
sults provide direct evidence that IPM’s mode of action

as penetration enhancer results from affecting the bilayer
architecture of the SC lipids, by introducing phase sepa-
ration, and by direct perturbation of a proper lamellar
arrangement.

Acknowledgements

We thank Evonik Goldschmidt GmbH (Essen, Germany) for
the donation of CER[AP]. T.N.E. thanks Evonik Goldschmidt
GmbH and the Graduiertenférderung des Landes Sachsen-An-
halt for funding. Granting of beam time and financial assistance
by Institut Laue-Langevin (Grenoble, France) is gratefully ac-
knowledged.

—

References

Elias PM: Epidermal lipids, membranes, and
keratinization. Int ] Dermatol 1981;20:1-19.

neum lipid model membranes. Soft Matter
2011;7:8998-9011.

1

)

Worcester DL, Franks NP: Structural analy-
sis of hydrated egg lecithin and cholesterol

2 Potts RO, Francoeur ML: The influence of 10 Groen D, Gooris GS, Barlow DJ, Lawrence bilayers. 2. Neutron diffraction. ] Mol Biol
stratum corneum morphology on water per- M]J, van Mechelen JB, Deme B, Bouwstra JA: 1976;100:359-378.
meability. ] Invest Dermatol 1991;96:495- Disposition of ceramide in model lipid mem- 20 Sears VF: Neutron scattering lengths and
499. branes determined by neutron diffraction. cross sections. Neutron News 1992;3:26-37.

3 Barry BW, Bennett SL: Effect of penetration Biophys J 2011;100:1481-1489. 21 Ali MR, Cheng KH, Huang J: Ceramide
enhancers on the permeation of mannitol, 11 Schréter A, Kessner D, Kiselev MA, Hauss T, drives cholesterol out of the ordered lipid bi-
hydrocortisone and progesterone through Dante S, Neubert RHH: Basic nanostructure layer phase into the crystal phase in 1-palmi-
human skin. J Pharm Pharmacol 1987;39: of stratum corneum lipid matrices based on toyl-2-oleoyl-sn-glycero-3-phosphocholine/
535-546. ceramides [EOS] and [AP]: a neutron dif- cholesterol/ceramide ternary mixtures. Bio-

4 Ongpipattanakul B, Burnette RR, Potts RO, fraction study. Biophys ] 2009;97:1104-1114. chemistry 2006;45:12629-12638.

Francoeur ML: Evidence that oleic acid ex- 12 Kiselev MA: Conformation of ceramide 6 22 Pata V, Dan N: Effect of membrane charac-
ists in a separate phase within stratum cor- molecules and chain-flip transitions in the teristics on phase separation and domain
neum lipids. Pharm Res 1991;8:350-354. lipid matrix of the outermost layer of mam- formation in cholesterol-lipid mixtures. Bio-

5 Goldberg-Cettina M, Liu P, Nightingale J, malian skin, the stratum corneum. Crystal- phys J 2005;88:916-924.
Kurihara-Bergstrom T: Enhanced transder- logr Rep 2007;52:525-528. 23 Ouimet J, Lafleur M: Hydrophobic match
mal delivery of estradiol in vitro using bina- 13 Kiselev MA, Ryabova NY, Balagurov AM, between cholesterol and saturated fatty acid
ry vehicles of isopropyl myristate and short- Dante S, Hauss T, Zbytovska ], Wartewig S, is required for the formation of lamellar lig-
chain alkanols. Int ] Pharm 1995;114:237— Neubert RHH: New insights into the struc- uid ordered phases. Langmuir 2004;20:
245. ture and hydration of a stratum corneum lip- 7474-7481.

6 Miiller-Goymann CC, Mitriaikina S: Syner- id model membrane by neutron diffraction. ~ 24 Brinkmann I, Mueller-Goymann CC: An at-
getic effects of isopropyl alcohol (IPA) and Eur Biophys ] 2005;34:1030-1040. tempt to clarify the influence of glycerol,
isopropyl myristate (IPM) on the perme- 14 Engelbrecht TN, Schroeter A, Hauss T, Neu- propylene glycol, isopropyl myristate and a
ation of betamethasone-17-valerate from bert RH: Lipophilic penetration enhancers combination of propylene glycol and isopro-
semisolid pharmacopoeia bases. ] Drug De- and their impact to the bilayer structure of pyl myristate on human stratum corneum.
livery Sci Technol 2007;17:339-346. stratum corneum lipid model membranes: Pharmazie 2005;60:215-220.

7 Arellano A, Santoyo S, Martin C, Ygartua P: neutron diffraction studies based on the ex- 25 Kessner D, Kiselev MA, Hauss T, Dante S,
Influence of propylene glycol and isopropyl ample oleic acid. Biochim Biophys Acta 2011; Wartewig S, Neubert RH: Localisation of
myristate on the in vitro percutaneous pen- 1808:2798-2806. partially deuterated cholesterol in quaterna-
etration of diclofenac sodium from carbopol 15 Seul M, Sammon M]J: Preparation of surfac- ry SC lipid model membranes: a neutron dif-
gels. Eur ] Pharm Sci 1998;7:129-135. tant multilayer films on solid substrates by fraction study. Eur Biophys J 2008;37:1051-

8 Brinkmann I, Mueller-Goymann CC: Role deposition from organic solution. Thin Solid 1057.
ofisopropyl myristate, isopropyl alcohol and Films 1990;185:287-305. 26 Ruettinger A, Kiselev MA, Hauss T, Dante
a combination of both in hydrocortisone 16 Franks NP, Lieb WR: Structure of lipid bilay- S, Balagurov AM, Neubert RH: Fatty acid
permeation across the human stratum cor- ers and the effects of general anaesthetics: an interdigitation in stratum corneum model
neum. Skin Pharmacol Appl Skin Physiol X-ray and neutron diffraction study. ] Mol membranes: a neutron diffraction study. Eur
2003;16:393-404. Biol 1979;133:469-500. Biophys J 2008;37:759-771.

9 Engelbrecht T, Hauss T, Suss K, Vogel A, 17 Richard D, Ferrand M, Kearley GJ: Analysis 27 Zhang RT, Sun WJ, Tristramnagle S, Head-
Roark M, Feller SE, Neubert RHH, Dobner and visualisation of neutron-scattering data. rick RL, Suter RM, Nagle JF: Critical fluc-
B: Characterisation of a new ceramide EOS ] Neutron Res 1996;4:33-39. tuations in membranes. Phys Rev Lett 1995;
species: synthesis and investigation of the 18 Nagle]F, Tristram-Nagle S: Structure of lipid 74:2832-2835.

thermotropic phase behaviour and influence
on the bilayer architecture of stratum cor-

Influence of IPM on the Nanostructure of
SC Lipid Model Membranes

bilayers. Biochim Biophys Acta 2000;1469:
159-195.

Skin Pharmacol Physiol 2012;25:200-207

207

88



FINAL DISCUSSION AND PERSPECTIVES

4 FINAL DISCUSSION AND PERSPECTIVES

This thesis aimed at the investigation of structural properties of various oriented
SC lipid model membranes with different composition. Furthermore, the impact of
CER species with differing head group architecture on the bilayer assembly of the
lipid model systems was studied. In addition, the mode of action of two representa-
tive penetration-promoting substances with lipophilic character was elucidated on a

molecular scale.

4.1 The SC lipid bilayer morphology and the influence of phytosphingosine-
and sphingosine-type CER species

For the maintenance of an efficient and penetration-rate limiting skin barrier, the
CER fraction of the SC extracellular lipid matrix is generally accepted to play a key
role [192], for which reason this outstanding class of SC lipids has been in the focus
of extensive research efforts during the past decades [1, 4, 47, 50, 54, 99, 193]. De-
tailed knowledge about the function of each CER subclass might significantly con-
tribute to a better understanding of structural mechanisms in skin disorders and to
the development of new target-oriented concepts for dermal and transdermal treat-
ments. However, the exact relationship between CER structure and function is not
yet fully elucidated. Consequently, to provide new insights into this topic the first step
was to investigate the importance of different CER species for the formation of a sta-
ble lamellar SC lipid assembly, which is regarded as a prerequisite for the mainte-
nance of an efficient skin penetration barrier. Complex biological material as found
within the native SC lipid matrix is not suited for such an approach, since the compo-
sitional heterogeneity of the SC lipid matrix hinders a systematic evaluation of the
influence of particular CER subspecies. Thus, the present work is based on the ap-
proach of studying simplistic multilamellar SC lipid model systems.

As reported previously, the bilayer architecture of a quaternary SC model is sig-
nificantly determined by CER[AP] [3, 4] whose protruding influence was assumed to
result from the high polarity of the CER head group and the phytosphingosine back-
bone. To widen the existing knowledge about the importance of the phytosphingo-
sine-type CER subclass for the barrier integrity, a new ternary SC lipid model matrix
was established containing CHOL, stearic acid (SA) and CER[NP], another phyto-

sphingosine-based CER subclass constituting a major part of the CER fraction in
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human SC [194]. This CER has only three OH groups in the head group region in
comparison to four OH groups in CER[AP]. As the most interesting result of the inter-
disciplinary approach using neutron diffraction and ’H NMR spectroscopy, the ternary
model membrane CER[NP]/SA/CHOL showed a phase-separated dense and ex-
tremely impervious lamellar assembly where water was completely absent. The poor
hydration of the SC lipid matrix in human skin is well known [88, 195], but a thin wa-
ter layer of approximately 1 A in thickness allows at least for H,O/D,O exchange
(contrast variation) in the quaternary model membrane CER[AP]/CHOL/PA/ChS, re-
ferred to as reference system [3]. This was clearly not the case for the CER[NP]-
based model system studied here. Typically, the head group of one CER molecule
binds approximately one molecule H,O [196], but in presence of CER[NP] it seems
that water penetration into the head group region is completely hindered. A plausible
reason for this observation is most probably the occurrence of phase-separated
CERI[NP] which prefers a V-shaped arrangement [197, 198] stabilized by the strong
network of intra- and intermolecular hydrogen bonds [199, 200]. The resulting dense
assembly of V-shaped CER molecules prevents any diffusion of water into the inter-
lamellar spaces and accounts for the lack of D,O contrast variation that was ob-
served here and already described previously for flms made up of CER[NP] [201,
202]. The V-shaped assembly of CER[NP] might furthermore explain the detected
increase of the lamellar repeat distance at increased temperature by an expansion of
the angle between the CER alkyl chains. The second observed lamellar phase ac-
commodating CHOL, SA and a part of the CER molecules was highly ordered even
at 80°C. This finding underlines the stabilizing effects of CER[NP] representing the
driving force for the other membrane components to arrange themselves inside the
densely packed bilayer assembly. Interestingly, contrast variation was observed for
this phase, indicating that the CER[NP] arrangement must differ from the V-shaped
structure in such a way that penetration of H,O into the head group region and its
exchange with DO is possible. We conclude that CER[NP]'s intra- and intermolecu-
lar hydrogen bonds are considerably weakened due to the higher temperature, which
facilitates water penetration into the loosened structure at 99 % RH. Due to the highly
hydrophobic character of CER[NP], the increased RH induced a distinct hydration
pressure to the lipid lamellae, which resulted in the segregation of SC lipids with
higher water affinity into the second phase. The reversible formation of this phase at
80°C and 99 % RH, and its disappearance at 80°C and low humidity of 58 % under-
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line the distinct hydration characteristics of the CER[NP]-based model, which have
never been described before for the CER[AP]-based membranes. In addition, we
compared the ternary model membrane based on either CER[NP] or CER[AP] be-
sides CHOL and perdeuterated SA (SA-dss) with regard to the motional freedom of
the deuterated fatty acid chain by using °H NMR spectroscopy. The results revealed
a restricted mobility of SA-dss owing to a condensation of SC lipid packing in pres-
ence of CER[NP], which accounts for enhanced alkyl chain rigidity. This effect is
most probably mediated by the OH groups of the phytosphingosine-backbone being
in an optimal position for the formation of stabilizing intra- and intermolecular hydro-
gen bonds. The resulting proximity of the CER head groups involves a dense ar-
rangement of the CER alkyl chains reinforcing the bilayer backbone. In contrast, the
one additional a-hydroxy group in CER[AP] was shown to perturb the densely packed
arrangement and to cause slightly decreased order parameters with a less tight pack-
ing of SA-dss. This result impressively underlines that small changes in the head
group architecture of the CER species may have pronounced impact on the overall
bilayer architecture of the SC lipid model membranes. One can deduce that compa-
rable effects may also occur in the case of unphysiological states of skin accompa-
nied by barrier impairment. Altered SC lipid profiles and absence of CER subclasses
enhancing the lipid chain rigidity could result in architectural alterations of the extra-
cellular SC lipid bilayers and a less condensed lipid arrangement. These relation-
ships have already been subject to research efforts, however the mechanisms are
not yet fully understood and require further clarification on a molecular scale. The
present results may contribute to an enhanced understanding of the nanostructural
alterations taking place in the lamellar architecture of the extracellular SC lipid matrix.
It would further be of particular interest to enhance the barrier properties in impaired
unphysiological states by applying compounds intensifying the SC lipid interactions.
Such penetration-retarding characteristics due to increased chain rigidity and con-
densed lipid packing have been reported [203] and should, based on the actual find-
ings, be also considered for the CER[NP] subclass. Consequently, the development
of suitable vehicles for dermal application of e.g. CER[NP] constitutes the remaining
challenge [204]. Summing up, the present results highlight the protruding impact of
the short-chain phytosphingosine-type CER subspecies for the formation of stable
SC lipid bilayer structures. Those effects are most probably founded on the high po-

larity of the phytosphingosine backbone and the resulting stabilizing hydrogen bond
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network. Finally, we could successfully prove that SC research benefits from interdis-
ciplinary approaches in order the gain a more comprehensive insight into the molecu-
lar structure of the skin penetration barrier.

Besides confirming the protruding role of the short-chain phytosphingosine-type
CER for the bilayer stability, we were interested in the structural properties of model
membranes containing both sphingosine- and phytosphingosine-type CER species.
Of particular interest is the very long-chain CER[EOS] being often discussed as a
prerequisite for the formation of the LPP due to its outstanding chemical structure.
Numerous studies on SC lipid model systems containing several CER subspecies
exist, with some reporting the existence of a lamellar 130 A spacing [99, 103, 205,
206], while others do not corroborate the existence of the LPP but again state a pro-
truding role of CER[AP] even in presence of CER[EOS], which is forced to fit into a
short periodicity phase (SPP) [1, 102]. In this context, the impact of a novel and artifi-
cial CER[EOS] species with a methyl-branched and saturated w-acyl chain on the
bilayer architecture of a quaternary CER[AP]-based SC lipid model membranes was
investigated. We were interested whether the protruding influence of CER[AP] can be
outbalanced by adding another CER compound with stabilizing effects on the bilayer
assembly. Since the new compound denoted as CER[EOS]_branched lacks unsatu-
ration, its very long side chain might exhibit a more rigid character and could hence
stabilize the LPP, thereby exceeding the impact of CER[AP] enforcing the SPP.
Thus, differences in alkyl chain packing behaviour and consequently in the thermo-
tropic phase behaviour were expected to occur for CER[EOS] branched and
CERI[EQOS], appearing as e.g. higher temperature of the main phase transition or
clear hints for higher alkyl chain order in the case of CER[EOS]_branched. Addition-
ally, there are intimations in literature regarding penetration-reducing effects of fatty
acid species with branched structures [207] whose penetration retarder activity pre-
sumably results from increased alkyl chain order and rigidity [203]. It was to evaluate
if the artificial CER[EOS]_branched also exhibits increased alkyl chain order, and if it
consequently has similar reinforcing effects on SC lipid lamellae. Such stabilizing
effects could be of importance to prevent or postpone the penetration of harmful
agents [104]. Interestingly, DSC and Raman measurements revealed comparable
thermotropic phase behaviours for both CER species, neither an increased state of
alkyl chain order nor a higher temperature of main phase transition was detected for

the artificial compound. Hence, it was concluded that although the two cis double
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bonds present in naturally occurring CER[EOS] are substituted by a saturated alkyl
moiety, the packing behaviour of the CER alkyl chains is not altered. From these find-
ings, penetration retarder effects are not expected for the artificial pendant
CERI[EOS]_branched. To verify whether also the SC lipid packing in an oriented qua-
ternary model membrane remains unaffected by the exchange of the w-linoleoyl
moiety with an w-(10-methyl) palmitoyl chain, the oriented model membrane
CER[EOS]_branched/CER[AP]/BA/CHOL was studied by means of neutron diffrac-
tion. The nanostructural organization of the lipid bilayer was then compared to the
model CER[EOS])/CER[AP]/BA/CHOL that was already described previously [102].
Indeed, like already indicated by the DSC and Raman studies, both CER[EOS] spe-
cies show comparable alkyl chain packing properties and hence induce similar SC
lipid arrangements in oriented model membranes. Neither was the LPP observed for
the membrane containing the artificial saturated species nor for the one with the nat-
urally occurring compound. Apparently, the methyl-branched w-acyl chain does not
provide the rigidity effects that are probably required for the stabilization of an elon-
gated LPP in presence of the short-chain CER[AP]. The detected lamellar repeat dis-
tance of about 48 A can be interpreted as an SPP assembly, which again is dictated
by the polar and short-chain phytosphingosine-type CER subclass according to the
structure described previously [1, 102]. The experimental results can be explained
with the methyl branching present at the C-10 position of the w-palmitoyl moiety hin-
dering a rigid and dense assembly of the long acyl chain by introduction of enhanced
mobility and gauche defects. This hindrance is of the same quality as introduced by
the two unsaturated bonds present in the native CER[EOS]. Consequently, CER[AP]
remains the driving force dictating the lamellar nanostructure of this quaternary mod-
el membrane. Based on the presented experimental findings, an arrangement of the
SC lipids in an extended 130 A phase seems unlikely for the studied quaternary
model membrane since the gauche defects in the terminal acyl moiety increase mo-
bility, thereby preventing the formation of a sufficiently rigid bilayer backbone re-
quired for the stabilization of the long lamellar phase. This result also provides new
arguments for the debate regarding the existence of the LPP and underlines that the
importance of the w-acyl-type CER species for the SC lipid bilayer morphology often
found in literature [94, 100, 206] might be in some respects overrated. The proposed
arrangement of CER[EOS], with its exceptional long-chain structure assembled into

the SPP by spanning its amide-bound acyl chain through the whole bilayer unit cell
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and extending the w-acyl moiety through the head group area into the adjacent bi-
layer [102] likewise applies to the CER[EOS] branched based model membrane.
The proposed arrangement was corroborated by the calculated NSLD profiles, which
exhibit slight variations most probably attributed to the chemical variation of the w-
acyl chain, i.e. the varying number of hydrogen atoms due to the presence or ab-
sence of the unsaturation and methyl branch. These findings underline the sensitivity
of the neutron diffraction technique to small structural alterations of the SC lipids. Fi-
nally, all-atom molecular dynamics (MD) simulations proved the accuracy of the pro-
posed structural bilayer arrangement of CER[EOS] branched stretching through a
short CER[AP]-induced lamellar SC lipid assembly. Yet most surprisingly, a small
population of the w-acyl CER obviously inserts its branched acyl chain into the same
bilayer by folding back at the ester group position. This assembly of w-acyl chain
CER species has not been described before but might also represent a possibility to
insert the long-chain CER present in the SC intercellular matrix into the SPP. Our
results demonstrate that the artificial CER[EOS]_branched may serve as pendant to
the naturally occurring CER[EOS] for the purpose of structural investigation of orient-
ed SC lipid model membranes. Due to the lack of unsaturated moieties being sensi-
tive to oxidative alterations, the artificial CER species offers improved storage stabil-
ity being advantageous for preparation and storage of oriented SC lipid model mem-
branes. Handling and processing of the substance is therefore more convenient in
terms of chemical stability. In this approach we could again highlight the advantage
of combining different techniques to receive more information about the structural
properties of the lamellar SC lipid assembly, since the surprising finding of folded
CER[EOS] molecules would not have been detected from the diffraction data without

computational assistance and MD simulation.

4.2 Mode of action of two representative lipophilic penetration enhancers on
the lamellar architecture of SC lipid multilayers

There is substantial interest in dermal or transdermal application of pharmaceu-
ticals, especially for particular groups of patients [208]. In addition to modern carrier
systems developed for improving the dermal and transdermal drug delivery, penetra-
tion enhancers are used for this purpose as well. Consequently, the second im-

portant task of this work was to shed a light on the molecular mechanisms of pene-

94



FINAL DISCUSSION AND PERSPECTIVES

tration enhancement activity, whereby the focus was placed in particular on penetra-
tion enhancer species influencing the lipophilic penetration pathway and interacting
with the intercellular SC lipid matrix. Modelling the lamellar SC lipid assembly with
oriented SC lipid membranes and studying their bilayer architecture using neutron
diffraction thereby provides detailed insights into the molecular mode of action of the
enhancer species within the model bilayers. As representative model compounds,
oleic acid (OA) was chosen from the enhancer substance class of unsaturated fatty
acids, and isopropyl myristate (IPM) was selected from the group of pharmaceutical
waxes. Both penetration enhancer subclasses exhibit a high lipophilicity and there-
fore have a distinct affinity to the lipophilic SC lipid model membranes. Each of the
two selected compounds has been in the focus of previous research efforts, but the
presented results are the first received by applying the technique of neutron diffrac-
tion combined with selective deuterium labelling. Thereby, the present work could
elucidate the mode of action of these penetration promoters on a nanoscale. For
comparability reasons, the same quaternary SC lipid model membrane (the reference
system, CER[AP])/CHOL/PA/ChS) was chosen as basis for studying the effect of both
enhancers. Explicit knowledge regarding the detailed molecular mechanisms of pen-
etration enhancing agents interacting with the extracellular SC lipid matrix is essen-
tially needed for the further development of new dermal and transdermal formula-
tions, hence the present results regarding the mode of action of IPM and OA might
be of particular interest in this field.

The enhancer activity of cis-unsaturated OA is well known [126, 134, 209].
Here, its effect on the molecular structure of oriented SC lipid model membranes was
studied for the first time using combined neutron diffraction and deuterium labelling
technique. Due to the low scattering intensity resulting from limited neutron flux it was
decided to add an amount of 10 % (m/m) of OA allowing for sufficient strength of the
deuterium label. Contrary to other reports, the present findings indicate that this
amount is completely incorporated into the SC lipid bilayers of the quaternary refer-
ence system without any indication of co-existing phase-separated lamellar domains
as described before [6, 129]. Although the specific molecular structure of OA featur-
ing a kink is likely to provoke phase separation by hindering a simultaneous ar-
rangement of OA in the SC lipid bilayers [6] and extracting some lipid fractions into
separate domains [132], such an effect was not observed in this study. This unex-

pected finding might be attributed to the different sample preparation procedures re-
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sulting in SC lipid model systems with different properties in terms of bilayer curva-
ture and state of hydration (curved SC lipid bilayer in the case of vesicle dispersions
[6, 132] and planar multilayers in the case of model membranes). We cannot pre-
clude the OA-mediated phase separation under in vivo conditions in human SC, but
at least for the studied quaternary SC model membrane, this mechanism can be
ruled out to contribute to OA’s mode of action. Equal values of the lamellar spacing d
detected for the enhancer-containing and the corresponding enhancer-free reference
system indicate the absence of significant lipid alkyl chain fluidization which other-
wise would become apparent as shrinking of the periodic spacing of the bilayer unit
cell due to increased gauche conformers, increased terminal alkyl chain mobility and
consequently stronger chain interdigitation. However, the diffraction results revealed
a state of severely impaired lamellar order for the OA-based model membrane in
comparison to the enhancer-free reference system. Although the lamellar SC lipid
arrangement is still intact probably due to the stabilizing and reinforcing effects of
CERIAP], the presence of OA apparently induces alkyl chain disorder and a distinct
perturbation of the lamellar SC lipid assembly resulting in diminished scattering sig-
nals. This finding can be explained by the exceptional chemical structure of OA: its
cis double bond between C9 and C10 results in a bended molecular arrangement,
where the terminal alkyl chain possesses a high degree of motional freedom and only
the alkyl moiety between carboxyl group and the unsaturation contributes to a dense
lipid chain packing [210]. Consequently, the insertion of OA requiring more space
due to its kinked structure will change the bilayer lipid arrangement in terms of loos-
ened chain packing. Such a disruption of the continuous lamellar assembly of the
other membrane components after insertion of the highly flexible and bended OA
molecules as observed here was also reported previously [125]. The SC lipids disor-
dered by OA are less resistant against the diffusion of agents, which would ideally
explain the mode of action of this lipophilic penetration enhancer species. Based on
the present results we draw the conclusion that intercalation into the SC lipid lamel-
lae, alkyl chain disordering effects and impairment of the bilayer assembly constitute
the main mode of action for the penetration enhancer of OA. Further evidence for the
lipid-disordering effects of OA was provided by DSC measurements of the SC lipid
mixture with and without OA. A shift of the main phase transition towards lower tem-
perature was evident from the thermograms recorded for the SC lipid mixture con-

taining 10 % (see Appendix 6.3), which is in line with former reports [211]. The inser-
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tion of the enhancer molecules into the SC lipid bilayers was definitely proven by
means of the selectively deuterated compound OA-ds. Its application additionally al-
lowed for the exact localization of the enhancer molecules within the lamellar unit cell
and revealed OA to be anchored with its carboxyl moiety in the bilayer head group
area while pointing its alkyl chain towards the bilayer center. The cis double bond is
located approximately in the middle of one bilayer leaflet, half the way between cen-
tral and head group region.

In summary it can be stated that the results presented in this work provide new
and interesting insights into the mode of action of the penetration promoter OA on a
molecular scale. Former reports of OA inducing phase separation were not corrobo-
rated by the present study. However, the articulate bilayer disordering effects of OA
reported previously were confirmed by the actual findings, indicating that those
mechanisms might significantly contribute to OA’s enhancer activity.

As second step, the mode of action of the pharmaceutically used liquid wax IPM
was investigated. Here, the diffraction results indeed revealed the occurrence of
phase separation apparent as segregated lamellar domains. Applying the selectively
deuterated compound IPM-d; allowed for proving the presence of the deuterium label
and therewith of the penetration enhancer in both coexisting bilayer assemblies. The
branched molecular structure of IPM apparently constrains the complete mixing of
the enhancer and SC lipids. With 10 % (m/m) IPM added, a certain threshold is ex-
ceeded and a fraction of the SC lipids is forced into a new lamellar phase together
with a part of IPM. The lamellar d-spacing of one of the two phases (Phase A) is in
the range of the enhancer-free reference system, indicating that CER[AP] is the key
compound stabilizing this bilayer structure, and that the lamellar architecture is com-
parable to the reference system [4]. However, compared to the d-spacing of the OA-
containing model membrane, Phase A of the IPM-based system exhibits a slightly
enlarged bilayer size. The incorporation of the wax apparently results in a kind of ex-
pansion of the CER[AP]-based assembly. This finding can be explained by the spe-
cific position of the IPM molecules within the bilayer unit cell revealed by deuterium
labelling. Most interestingly, two different arrangements of IPM are conceivable:
Some IPM molecules are anchored with their ester group in the bilayer head group
region and point their myristoyl chain towards the bilayer center, but another fraction
of the wax is completely embedded in the SC lipid bilayers. The latter assembly

causes the more hydrophilic ester group to be immersed in the hydrophobic bilayer
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region and the myristoyl chain to be spanned through the central bilayer area into the
other membrane leaflet. We conclude from the neutron diffraction results that this
assembly is thoroughly possible although it initially appears unexpected due to the
consequential exposure of the hydrophilic ester group to a highly hydrophobic envi-
ronment. The possibility of complete insertion of hydrophilic molecular moieties into
lipophilic bilayers has been described before [2], and the fact that IPM lacks the typi-
cal amphiphilic head-tail structure might support the observed complete intercalation
of the lipophilic enhancer molecules. Hence, the complete insertion of IPM might ac-
count for the detected expansion of the bilayer unit cell by pushing apart the mem-
brane leaflets. The second lamellar structure observed for the model membrane,
Phase B, shows a clearly smaller d-spacing when compared to Phase A, and the
application of the selectively deuterated IPM-ds revealed the penetration enhancer to
be located just at one single position, with the hydrophilic ester moiety positioned at
the SC lipid head groups and the acyl chain arranged in the hydrophobic bilayer ar-
ea. This arrangement stabilized by hydrogen bonds between the SC lipid head
groups and hydrophobic interactions of the hydrocarbon chains corresponds with the
assembly also observed for a part of IPM in Phase A and is in line with previous re-
ports [142]. The considerably smaller d-spacing of Phase B observed in the present
study was concluded to result from fluidizing effects and stronger alkyl chain interdigi-
tation [212] induced by the presence of IPM. Furthermore, significantly increased bi-
layer disorder due to the addition of the penetration enhancer was detected for both
coexisting phases. This perturbation appears plausible since the enhancer molecules
exhibit a branched molecular structure. Although the myristoyl moiety can efficiently
interact with the hydrocarbon chains of the SC lipids, the isopropyl group located in
proximity to the lipids” head groups is likely to influence the required close packing of
the SC lipids. The consequence is a loosened SC lipid assembly and increased la-
mellar disorder due to IPM’s intercalation. Additional FT Raman measurements con-
firmed the strong impact of IPM on the bilayer stability by revealing a higher state of
lamellar disorder in presence of IPM (see Appendix 6.4). Based on the assumption of
a SC lipid membrane with significantly disordered bilayer structures, it is easy to im-
agine that this condition provides easier access for agents penetrating into or travers-
ing this lipid matrix. The presence of phase separation as observed here in presence
of IPM might furthermore increase the penetrability of the model membrane, as the

coexistence of fluid and gel phases was shown to considerably enhance the perme-
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ability of membrane structures by enabling the diffusing agents to cross through the
interface between gel and fluid phases [213]. Even if the present simplistic model
does not resemble the human SC and cannot represent the physiological state of the
extracellular lipid matrix, it yet provides an idea about the processes taking place on
a molecular scale when the enhancer IPM is added to oriented multilamellar stacks
of SC lipids. In conclusion it can be stated that an amount of 10 % (m/m) IPM affects
the lamellar architecture of an oriented CER[AP]-based model membrane in terms of
induction of phase separation and bilayer disordering. Based on the present findings
received from neutron diffraction it appears reasonable that IPM’s penetration en-

hancer activity is significantly based on these two processes.

4.3 Perspective

The SC intercellular lipid lamellae of mammalian skin contain in sum at least 12 CER
subclasses. During the last decades, much research effort was placed on the issue
of elucidating the role of single subclasses for the formation and maintenance of the
skin barrier. Yet, despite some first insights there are several more CER subspecies
whose particular function for the stability of the SC lipid lamellae remains unclear. Of
particular interest is the investigation of structure-function relationships in order to
determine the impact of characteristics of individual sphingolipid subclasses.

It will be necessary to further clarify the role of different CER head group archi-
tectures, which appears to be of outstanding importance for the bilayer stability as
indicated by the present findings. In this context special attention should be paid to
the respective position of the hydrophilic OH groups in the CER head group. For ex-
ample, the 6-hydroxysphingosine-type CER species also contain three OH groups in
the hydrophilic head, like the phytosphingosine-type CER, but in another molecular
position. The SC lipid architecture after exchange of CER[NP], e.g. in the ternary
model membrane composed of CER[NP]J/CHOL/SA (55/25/20, m/m) by CER[NH]
and CER[AH] should therefore be studied by neutron diffraction and compared in
terms of hydration properties, occurrence of phase separation, and behaviour at
varying temperature conditions. This will provide an insight whether the number or
the exact position of the OH groups determines the CER’s impact on the SC lipid
bilayer structure. As the CER[NP]-based model membrane was shown to exhibit ex-

ceptional hydration behaviour, it would be of interest whether a considerable interla-
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mellar hydration is possible after a sufficient time period. Time-resolved diffraction
measurements might further elucidate the hydration kinetics of the CER[NP]-based
ternary model membrane.

There is substantial need for innovative formulations for dermal and transdermal
drug delivery, and a reversible reduction of the skin barrier properties using penetra-
tion enhancers is a valuable approach to increase the amount of active traversing the
barrier. Although numerous substance classes with enhancer activity are known,
their exact mode of action on a molecular scale is not fully elucidated. Similar studies
as the ones performed in the course of the present thesis could provide knowledge
regarding the impact of other enhancer species, e.g. terpenes, other unsaturated fat-
ty acids and pharmaceutically used waxes. In addition, the composition of the SC
lipid model matrix should be varied (e.g. exchange of the CER species) to clarify
possible differences of enhancer activity in dependency of the architecture of the re-
spective model matrix. As a further point of interest the threshold of IPM in the refer-
ence system investigated here before the phase separation occurs should be deter-
mined. The use of perdeuterated enhancer molecules for FT Raman or ’H NMR
spectroscopic studies could also prove if separate domains enriched with the en-
hancer molecules are formed in the SC lipid membranes, which are not detectable by
means of neutron diffraction.

Finally, it would be of interest to perform diffusion studies of model drugs
through SC lipid model systems containing different enhancer species, or different
amounts of one specific enhancer. In combination with information regarding struc-
tural alterations of the bilayers obtainable by neutron diffraction, additional insights

considering the mode of action of the penetration enhancers can be obtained.
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5 SUMMARY
5.1 English version

The penetration barrier of mammalian skin resides in its outermost skin layer, the
SC. Since the intercellular SC lipid matrix was recognized to represent the major
pathway for drug penetration, this remarkable lamellar structure has increasingly at-
tracted interest during recent years. Oriented SC lipid membranes of simplistic com-
position as studied in this thesis were shown to represent ideal models resembling
the structural conditions of the SC lipid lamellae despite their simplicity. The present
work addressed the issue of elucidating the way different lipid species modify the
morphology of SC lipid model bilayers. Different methodological approaches were
applied such as neutron diffraction combined with deuterium labelling for the study of
the molecular bilayer structure, and DSC and FT Raman spectroscopy for the inves-
tigation of the thermotropic phase behaviour of the lipids. The experimental findings
were confirmed using additional techniques like 2H NMR spectroscopy and MD simu-
lations. The phytosphingosine-type CER[NP] was shown to induce the formation of
an exceptional lamellar architecture in a ternary SC lipid model membrane. This
structure is characterized by the occurrence of phase separation, an extremely low
interlamellar hydration deviating from the behaviour of the likewise phytosphingosine-
based CER[AP], and an outstanding lamellar stability even under thermal stress. The
SC lipids were shown to be in a true liquid-crystalline and highly ordered state, clear-
ly exceeding the degree of chain order detected in presence of CER[AP]. Conse-
quently, the phytosphingosine-based ceramide subclasses are concluded to be of
utmost importance for the stability of the SC lipid bilayer assembly. Next, the equiva-
lence of an artificial CER[EOS] with a branched and saturated w-acyl chain
(“CER[EOS]_branched”) and its natural pendant was verified. DSC and FT Raman
spectroscopy proved the phase behaviour of CER[EOS]_branched to be comparable
to its naturally occurring pendant CER[EOS]. Moreover, the investigated model
membranes containing either the artificial or the natural CER[EOS] species besides
CER[AP], CHOL and BA exhibited the same bilayer architecture. The assumption
that the saturated w-acyl chain in CER[EOS]_branched might exceed the stabilizing
forces of the polar CER[AP] and induce the formation of the LPP was not corroborat-
ed. CER[AP] remained to be the driving force for the lamellar lipid arrangement and

constrained all other components to fit into the short bilayer structure. For that pur-
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pose the long-chain CER[EOS] branched either spans the long acyl chain through
the whole membrane into the adjacent bilayer unit cell, or surprisingly integrates in-
side one unit cell by folding back the w-acyl moiety and bending at the carboxyl
group. The latter arrangement was revealed by MD simulations and might also apply
for CER[EOS]. These findings also underline the protruding role of the phytosphingo-
sine-type ceramides obviously exceeding the impact of the long-chain w-acyl
ceramide species.

In the second part the modes of action of the lipophilic penetration enhancers OA
and IPM on the basis of the quaternary model membrane containing CER[AP],
CHOL, PA and ChS were verified. For the unsaturated fatty acid OA a significant per-
turbation of lamellar order of the SC lipid model bilayers was detected. This was at-
tributed to the bended structure of the cis unsaturated enhancer molecules. The posi-
tion of the enhancer was determined using the specifically deuterated compound.
Since phase separation was not observed, the bilayer disordering effects were con-
cluded to constitute the major mode of enhancer activity of OA. On the contrary, the
branched ester IPM induces phase separation. A specifically deuterated compound
was again used for proving the presence of IPM in both coexisting phases and for
determination of its exact position. In one of the coexisting phases IPM is accommo-
dated in a surprising arrangement: in addition to the expected assembly of IPM with
its ester group anchored in the bilayer head group region and the myristoyl chain
stretched to the bilayer center, a second fraction of IPM is completely immersed in
the hydrophobic area of the SC lipid bilayers with the tetradecanoyl moiety stretched
through the central region into the other bilayer leaflet. Based on the present experi-
mental findings, IPM’s mode of action is predominantly founded on induction of
phase separation and the likewise observed bilayer perturbation.

To conclude, the present work verified the mode of action of two penetration
enhancers on a molecular scale by means of neutron diffraction. In addition, the im-
pact of two different ceramide subclasses on the lamellar architecture of simplistic
SC lipid model systems was investigated. The latter were proven to be the appropri-
ate tool to determine the relevance of single SC lipid species for the bilayer stability.
Moreover, the present thesis highlights the benefit offered by using multidisciplinary

approaches for the purpose of studying the properties of SC lipid model membranes.
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5.2 German version

Die Penetrationsbarriere der menschlichen Haut wird von deren &ulerster
Schicht, dem Stratum corneum gebildet. Die aulRergewohnliche lamellare Struktur
seiner interzellularen Lipidmatrix stellt die Hauptroute flr penetrierende Stoffe dar
und hat in den letzten Jahren aul3erordentliches Interesse ausgeldst. Orientierte Lip-
idmembranen mit einfacher Zusammensetzung, wie sie in der vorliegenden Arbeit
untersucht wurden, stellen trotz ihrer Einfachheit ausgezeichnete Modelle zur Abbil-
dung der strukturellen Besonderheiten der Lipiddoppelschichten des Stratum corne-
um dar. Die vorliegende Arbeit widmete sich der Fragestellung, auf welche Art und
Weise verschiedene Lipidspezies die Nanostruktur von Stratum corneum-
Lipiddoppelschichten modifizieren. Dazu wurden mehrere Methoden genutzt, wie
zum Beispiel die Neutronenstreuung zusammen mit spezifischer Deuterium-
Markierung fur die Strukturaufklarung der molekularen Bilayerstruktur, und DSC so-
wie FT-Raman-Spektroskopie zur Untersuchung des thermotropen Phasenverhal-
tens der Lipide. Die experimentellen Befunde wurden durch zusatzliche Techniken
wie Deuterium-NMR-Spektroskopie und Molecular Dynamcis (MD) Simulationen ab-
gesichert und bestatigt.

Im Rahmen dieser Arbeit konnte gezeigt werden, dass das Phytosphingosin-
basierte Ceramid NP die Ausbildung einer aul3ergewohnlichen lamellaren Struktur in
einer ternaren Stratum corneum-Lipidmodellmembran bewirkt. Diese Struktur zeich-
net sich durch das Auftreten von Phasenseparierungen, eine fur Ceramid AP nicht
beschriebene marginale interlamellare Hydratisierung, sowie eine besondere Stabili-
tat der Doppelschichten auch unter thermischer Belastung aus. Es stellte sich her-
aus, dass sich die Lipide in einem flussigkristallinen Zustand befinden, und dass der
lamellare Ordnungsgrad im Ceramid NP-basierten System deutlich hdher ist als im
Ceramid AP-basierten Modell. Es wurde geschlussfolgert, dass die Phytosphingosin-
Ceramidklassen eine besondere Bedeutung fur die Stabilitat der Stratum corneum-
Lipiddoppelschichten haben. Im nachsten Schritt wurde die Aquivalenz eines artifizi-
ellen Ceramid EOS-Abkommlings mit gesattigter und verzweigter w-Acyl-Seitenkette
(CER[EOS]_branched) und des naturlichen Ceramid EOS bewiesen. Messungen
mittels DSC und FT-Raman-Spektroskopie zeigten ein vergleichbares thermotropes
Phasenverhalten der beiden Verbindungen. Daruber hinaus wurde fur Modellmemb-
ranen jeweils bestehend aus Ceramid EOS oder Ceramid EOS_branched in Verbin-

dung mit Ceramid AP, Cholesterol und Behensaure die gleiche Membranstruktur er-
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mittelt. Die Vermutung, dass durch die gesattigte w—standige Seitenkette der nicht
natlrlich vorkommenden Substanz Ceramid EOS_branched die stabilisierenden
Krafte des polaren Ceramid AP unter Bildung einer LPP unterbunden werden kon-
nen, wurde nicht bestatigt. Ceramid AP bleibt die entscheidende Triebkraft, welche
die anderen Lipide dazu zwingt, sich in einer kurzen lamellaren Phase anzuordnen.
Dabei streckt das kunstliche Ceramid EOS_branched seine lange Seitenkette durch
die Einheitszelle bis in die benachbarte Doppelschicht, oder es integriert sich interes-
santerweise durch ein Umknicken an der Estergruppe und entsprechendes Zuruck-
falten der w-Acyl-Seitenkette in die urspringliche Doppelschicht. Diese molekulare
Anordnung wurde mittels MD Simulationen gefunden und ist gleichermalien denkbar
fur das naturlich vorkommende Ceramid EOS. Auch diese Ergebnisse stellen die
besondere Bedeutung der Phytosphingosin-Ceramidklassen heraus, welche den Ein-
fluss der langkettigen w-Acylceramide deutlich Ubertreffen.

Im zweiten Teil der Arbeit wurde der Wirkmechanismus der lipophilen Penetra-
tionsenhancer OA und IPM anhand einer quaternaren Modellmembran basierend auf
Ceramid AP, Cholesterol, Palmitinsaure und Cholesterolsulfat untersucht. Fir die
ungesattigte Fettsaure OA wurde eine erhebliche Stérung der lamellaren Ordnung
innerhalb der Lipiddoppelschichten detektiert, was der gekrummten Struktur der cis-
konfigurierten ungesattigten Enhancermolekile zugeschrieben werden kann. Mittels
der spezifisch deuterierten Olsdure-Spezies OA-d» konnte die exakte Position des
Enhancers bestimmt werden. Phasenseparierungen wurden nicht beobachtet und es
wurde geschlussfolgert, dass das Auslosen lamellarer Unordnung den Hauptwir-
kungsmechanismus des Penetrationsenhancers OA darstellt. Im Gegensatz dazu
bewirkt die verzweigtkettige Struktur des flussigen synthetischen Wachses IPM das
Auftreten von Phasenseparierungen. Mittels der spezifisch deuterierten Spezies IPM-
ds wurde der Beweis erbracht, dass die Enhancermolekule in beiden lamellaren Pha-
sen zugegen sind. Daruber hinaus wurde auch hier die exakte Position des Penetra-
tionsenhancers bestimmt. In einer der beiden nebeneinander vorliegenden Phasen
ist IPM in ungewohnlicher Weise angeordnet: zusatzlich zur erwarteten Position, bei
der IPM mit seiner Estergruppe im hydrophilen Kopfgruppenbereich der Stratum cor-
neum-Lipiddoppelschicht verankert ist und die Myristoylseitenkette zur Bilayermitte
zeigt, existiert noch eine zweite Moglichkeit der Anordnung. Bei dieser sind die Mole-
kule des synthetischen Wachses IPM vollstandig in den hydrophoben Bereich der

Lipiddoppelschichten eingelagert. Dabei erstreckt sich die Tetradecanoylseitenkette
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Uber die Bilayermitte hinaus in die andere Halfte der Doppelschicht. Eine Storung
des lamellaren Ordnungszustandes wurde in den experimentellen Ergebnissen flur
IPM ebenfalls beobachtet, was hier in Kombination mit der Erzwingung von Pha-
senseparation als Hauptmechanismus der Wirkung des synthetischen Wachses IPM
als Penetrationsenhancer angesehen wurde.

Abschlief3end lasst sich sagen, dass im Rahmen der vorliegenden Arbeit die
molekularen Wirkmechanismen von zwei Penetrationsenhancer-Spezies mittels
Neutronenstreuung aufgeklart wurden. Daruber hinaus wurde der Einfluss zweier
Ceramidsubklassen auf die Morphologie einfacher Stratum corneum-
Lipidmodellysteme untersucht. Es konnte gezeigt werden, dass solche orientierten
Systeme einen idealen Ansatz darstellen, um die Bedeutung einzelner Stratum cor-
neum-Lipidspezies fur die Stabilitat der lamellaren Strukturen zu bestimmen. Dartber
hinaus wird durch die vorliegende Arbeit hervorgehoben, dass ein multidisziplinarer
Ansatz basierend auf der Kombination mehrerer Methoden von entscheidendem Vor-

teil fur die Strukturuntersuchung von Stratum corneum-Lipidmodellmembranen ist.
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6 APPENDIX
6.1 List of Substances

In this section, all substances used for the experiments performed in the course

of the present thesis are listed.

SC lipids used for the preparation of oriented model membranes

The CER species used for preparing oriented multilamellar SC models were gener-
ously provided by Evonik Goldschmidt (Essen, Germany), except the artificial
CER[EOS] _branched, which was received from a synthetic procedure. The latter,
and the origin of all substances used for the chemical synthesis are described in de-
tail in chapter 3.1.2. All chemical structures are listed in Table A 1. The purity of the
CER species was >96 %, hence the substances were used as received, except for
the w-acyl ceramide CER[EOS]. The substance was purified by middle-pressure lig-
uid chromatography using gradient technique and chloroform/methanol as eluents on
a silica gel column to increase the purity. Mass spectrometry was used to prove the

identity of the substance.

OH
\/\/\/\/\/\/\/\)\?0
/\N\/\/\NHN\I\OH N-(a-hydroxy-octadecanoyl)-

o phytosphingosine, CER[AP]

OH

V\NW\AWO

MOH N-(octadecanoyl)-phytosphingosine, CER[NP]
OH

HN
/\/\/\/\/\/\/\I\OI
o

30-linoyloxy-triacontanoyl-sphingosine, CER[EOS]
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o)

/\/\/\/\/\/\/\/u\o’\/\/\/\/\/\/\/\/\/\/\/\/\/\/\f

/\/\/\/\/\/\/iNJ\/\OH
oH

30-(10-methylhexadecanoyloxy) triacontanoyl-sphingosine,

CER[EOS] branched

Table A 1: Chemical structures of the synthetic CER species used for preparing
oriented SC lipid model membranes.

The other SC lipids like CHOL, ChS, and the protonated FFA species (behenic
acid, palmitic acid, stearic acid, oleic acid) were purchased from Sigma Aldrich
(Taufkirchen, Germany) and used as received. The selectively deuterated CHOL-
25,26,26,26,27,27,27-d; was purchased from Avanti Polar Lipids (Alabaster, AL,
USA). The perdeuterated stearic acid (stearic acid-dss) was used as received from
Dr. Ehrenstorfer (Augsburg, Germany). The protonated ester isopropyl myristate
(IPM) was purchased from Sigma Aldrich (Taufkirchen, Germany) and used as re-
ceived. The deuterated fatty acid oleic acid-9,10-d, (OA-d2) was received from La-
rodan Fine Chemicals (Malmo, Sweden) and used without further purification. The
specifically deuterated ester isopropyl myristate-14,14,14-d; (IPM-d;) was received
from chemical synthesis. A detailed description of the synthetic procedure, and the
origin of all materials used for the synthesis can be found in chapter 3.2.2.The deu-
terated compound myristic acid-14,14,14-d; required as precursor was purchased
from Larodan Fine Chemicals (Malmd, Sweden) and used as received, while isopro-
panol, the second precursor for the synthetic procedure was received from Sigma
Aldrich (Taufkirchen, Germany) and also used as received. All these lipids are listed
in Table A 2.

cholesterol,
CHOL
HO
sodium cholesteryl sulphate, cholesterol
Na® sulphate,
0_ ,/0
6}3\0 ChS
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D cholesterol-25,26,26,26,27,27,27-d;

CHOL-d;

HO

palmitic acid,
PA

stearic acid,
SA

stearic acid-dss,
SA- dss

behenic acid,
BA

cis-9-octacecenoic acid, oleic acid,

OA

oleic acid-9,10-d,,

OA-d>

tetradecanoic acid isopropyl ester,

o} isopropyl myristate, IPM

isopropyl myristate-14,14,14-ds,

DMO
D Y IPM-d

Table A 2: A list of the other synthetic SC lipids and penetration enhancers used
for sample preparation.

Other substances and equipment used

The solvents used for sample preparation or for the chromatographic purification of
the SC lipids (chloroform, methanol, heptane, ether) were of analytical grade. Organ-
ic solvents used for the synthetic procedures were of analytical grade and distilled
and dried before use. Substances for the synthetic procedures mentioned in the re-

spective chapters 3.1.2 and 3.2.2, the buffer substances for hydrating the oriented

108



APPENDIX

SC lipid model membranes as mentioned in chapter 3.2.1 and 3.2.2, the salts for ad-
justment of a certain relative humidity during the neutron diffraction experiments, so-
dium bromide and potassium sulphate, were of analytical grade and received from
Sigma Aldrich. Water was demineralized before use. The D20 for the neutron diffrac-
tion experiments was supplied by HZB, Germany (for experiments performed at V1,
received from Sigma Aldrich), or supplied by the ILL, France (experiments at D16).
An airbrush instrument (Harder & Steenbeck , Norderstedt, Germany) was used with
constant air flow for the deposition of the lipids on quartz substrates to create orient-

ed model membranes.

6.2 Composition of the oriented SC lipid model membranes studied in the
present thesis

This section provides an overview of the oriented SC lipid model membranes

investigated in the course of the present thesis.

Simplistic SC lipid model membranes investigated

In the following table a list of the investigated SC lipid model membranes can be

found.
Sample name Components Ratio (m/m)
Basic* CER[AP]/CHOL/PA/ChS 55/25/15/5
Basic_OA CER[AP]/CHOL/PA/ChS/OA 49.5/22.5/13.5/4.5/10
Basic_OA-d, CER[AP])/CHOL/PA/ChS/OA-d; 49.5/22.5/13.5/4.5/10
Basic_IPM CER[AP]/CHOL/PA/ChS/IPM 49.5/22.5/13.5/4.5/10
Basic_IPM-ds CER[AP]/CHOL/PA/ChS/IPM-d3 49.5/22.5/13.5/4.5/10
CER[NP])/CHOL/SA 55/25/20
CER[AP]/CHOL/SA 55/25/20
CER[EOS]/CER[AP]/BA/CHOL 23/10/33/33
CER[EOS]_branched/CER[AP]/BA/CHOL 23/10/33/33

Table A 3: The sample compositions, all given in mass ratio (*: also termed refer-
ence system).
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Complex SC lipid model membrane approximating the physiological lipid con-
stitution of human SC

To approximate the physiological state present in the SC intercellular lipid matrix, a
model membrane with more complex composition was established and subsequently
subjected to neutron scattering experiments. According to literature reports on the
SC lipid composition in human SC [194], the following composition (given in mass

ratio, m/m) was chosen:

CER fraction FFA fraction CHOL ChS
50 25 20 5

CER[EOS] 20 C16:0 10
CERI[NP] 60 C18:0 10
CER[AP] 20 C18:1 5
C20:0 10

C22:0 10

C24:0 30

C26:0 25

Table A 4: Lipid composition of the more complex SC model membrane given in
mass ratio.

6.3 The effect of OA on the SC lipid architecture: DSC measurements

For the purpose of confirming the bilayer disordering effects of OA, additional
DSC measurements were performed to investigate the thermotropic phase behaviour
of the SC lipid model system of the composition CER[AP]J/CHOL/PA/ChS/OA
(49.5/22.5/13.5/4.5/10, m/m). The thermograms were recorded for the first, second
and third heating scan and subsequently compared with the thermograms for the en-
hancer-free reference system as displayed in Fig. A 1. A clear shift of the main phase
transition temperature towards lower values indicates a loosened SC lipid packing
behaviour. The thermal energy required to “break” the forces stabilizing the bilayer
backbone are significantly decreased when OA is present, indicated by lower transi-

tion enthalpies and decreased onset temperatures of the transition peaks. This cor-
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roborates the results obtained from neutron diffraction suggesting the induction of

bilayer disorder as a major mode of action for the penetration enhancer OA.

0,9

] —— reference system, 1st heating
] reference system, 2nd heating
084 reference system, 3rd heating

reference system + 10 % OA, 1st heating
reference system + 10 % OA, 2nd heating
""" reference system + 10 % OA, 3rd heating

073

-

Heat Flow, mW*mg

Temperature, °C

Fig. A 1: Thermograms recorded during the first, second and third heating scan of
the enhancer-free reference system and the according model system containing
10 % OA.

6.4 The impact of IPM on the SC lipids: FT Raman spectroscopy

Additional FT Raman spectroscopic measurements were performed in order to
verify the impact of IPM on the SC lipid alkyl chain packing and the thermotropic
phase behaviour of the model system composed of CER[AP]/CHOL/PA/ChS/IPM
(49.5/22.5/13.5/4.5/10, m/m). Data evaluation was focused on the band position of
the symmetric CH; stretching mode v;,,,(CH2) in dependency of T. The lower the
band position, the higher the state of order [172, 177], which makes this Raman
mode an ideal marker for monitoring the decreasing order upon heating. When the
thermal energy applied to the system is sufficiently high, the start of the chain melting
appears as abrupt shift of the band position by about 1 cm’’ within a small T range.

While the enhancer-free reference system exhibits a strong shift of the position
of v, (CH2) around 70-75°C [214], such an abrupt change is not observed for the
present SC lipid mixture containing the enhancer IPM where the band position raises
more or less constantly, with only a slight implied “jump” beginning around 55°C dur-

ing the first scan (Fig. A 2). This indicates the disordering influence of IPM, which
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induces bilayer perturbation and gauche defects. The already disordered bilayers
experience thermal influence, and consequently the degree of motional freedom and
the number of gauche conformers increase, yet not in a sudden but a constant way.
During the second heating scan, a small additional “peak” around 45°C might indi-
cate a kind of pre-transition suggesting that a fraction of the SC lipids looses the or-
dered gel structure and exhibits increased chain disorder already at lower T. A possi-
ble explanation could be that a part of SC lipids together with a higher fraction of IPM
is located in a separate, maybe fluidized domain, which exhibits less dense chain
packing and consequently gets disordered prior to the other SC lipid assembly.

This corroborates the results obtained from neutron diffraction suggesting the

induction of bilayer disorder and phase separation as mechanisms of IPM’s enhanc-

er activity.
] °
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Fig. A 2: Position of the peak attributed to the symmetric CH, stretching mode for
the sample composed of CER[AP]/CHOL/PA/ChS/IPM (49.5/22.5/13.5/4.5/10, m/m).

in relationship to the temperature T.
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