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The current mid-infrared spectroscopic study is a systematic investigation of hydrated stratum corneum lipid
barrier model systems composed of an equimolar mixture of a ceramide, free palmitic acid and cholesterol.
Four different ceramide molecules (CER NS, CER NP, CER NP-18:1, CER AS) were investigated with regard to
their microstructure arrangement in a stratum corneum lipid barrier model system. Ceramide molecules
were chosen from the sphingosine and phytosphingosine groups. The main differences in the used ceramide
molecules result from their polar head group architecture as well as hydrocarbon chain properties. The
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Ceramide mixing properties with cholesterol and palmitic acid are considered. This is feasible by using perdeuterated
Skin lipids palmitic acid and proteated ceramides. Both molecules can be monitored separately, within the same

experiment, using mid-infrared spectroscopy; no external label is necessary.
At physiological relevant temperatures, between 30 and 35 °C, orthorhombic as well as hexagonal chain
packing of the ceramide molecules is observed. The formation of these chain packings are extremely
dependent on lipid hydration, with a decrease in ceramide hydration favouring the formation of orthorhombic
hydrocarbon chain packing, as well as temperature. The presented data suggest in specific cases phase
segregation in ceramide and palmitic acid rich phases. However, other ceramides like CER NP-18:1 show a
rather high miscibility with palmitic acid and cholesterol. For all investigated ternary systems, more or less
mixing of palmitic acid with cholesterol is observed. The investigated stratum corneum mixtures exhibit a rich
polymorphism from crystalline domains with heterogeneous lipid composition to a “fluid” homogeneous
phase. Thus, a single gel phase is not evident for the presented stratum corneum model systems.
The study shows, that under skin physiological conditions (pH 5.5, hydrated, 30-35 °C) ternary systems
composed of an equimolar ratio of ceramides, free palmitic acid and cholesterol may form gel-like domains
delimitated by a liquid-crystalline phase boundary. The presented results support the microstructural
arrangement of the stratum corneum lipids as suggested by the domain mosaic model.

© 2010 Elsevier B.V. All rights reserved.

Stratum corneum
Mid-infrared spectroscopy
Microstructure

1. Introduction The corneocytes, which have a hexagonal-like shape of a diameter

of 30-40 um with a thickness of just 0.3-1 um, are embedded in a

The skin represents the outer defence line of our body [1], with the
stratum corneum being the outermost skin layer. The main functions
of the stratum corneum are (i) mechanical and (ii) antimicrobial
barrier function and (iii) minimising UV and IR radiation cell damages
by absorbing the radiation [2]. Furthermore, the stratum corneum
regulates the water homeostasis and water balance of the skin and
prevents the organism from desiccation [3]. Thus, the skin's primary
functions are to serve as a barrier to the entry of microbes and viruses,
and to prevent water and extracellular fluid loss [4,5].

The stratum corneum represents the main skin barrier. It consists
of dead cells (corneocytes), which are filled with keratin [4].
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multifaceted matrix of multilamellar organised lipids [4,6,7]. The
cartoon often used for illustrating this stratum corneum macrostruc-
ture is the picture of a brick-and-wall-like organisation, with the
corneocytes forming the bricks and the intercellular lipids represent-
ing the mortar of the wall (see discussion below).

Roughly, the stratum corneum consists of 12-15 layers of
interdigitated corneocytes, which are spaced from each other by ca.
75 nm [6,8-10]. The space between the corneocytes is filled with
lipids. It becomes now obvious that the corneocytes are organised in
clusters of size up to 12 cells. The corneocytes are anchored in the lipid
matrix by intercorneocyte lipids [11,12]. These are omega-hydro-
xyceramides, long molecules, which are chemically linked to the cell
envelope of the corneocytes. One consequence of the presence of this
lipid structure is an alignment and self-assembling of the intercellular
lipids [13-17]. This intercellular lipid matrix is composed of a more or
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less equimolar mixture of ceramide, long-chain free fatty acids and
cholesterol [18-20]. Small amounts of cholesterol derivates like esters
or sulphate are also present, but at minor amounts [4].

The chemical structure of the different ceramide molecules
depends on their building blocks. Ceramides (Fig. 1) belong to the
class of sphingolipids. In general a fatty acid molecule is linked via an
amide bond to a sphingoid base [2]. Three types of sphingoid bases are
of relevance: (i) sphingosine, (ii) phytosphingosine and (iii) 6-
hydroxysphingosine [21,22]. Furthermore, three types of fatty acid
structures have to be considered: (i) non-hydroxy acids, (ii) alpha-
hydroxy acids and (iii) omega-hydroxy acids. These fatty acids may
vary in chain length as well as in the saturation degree. Based on these
combinations, the variety of ceramides is formed. Actually nine
subclasses of ceramide molecules have been isolated from human
skin. Initially, the different ceramides identified were classified
according to their order of retention properties in the thin-layer
chromatography (TLC) assay, with an increasing numbering of the
identified ceramides with increasing polarity of the mobile TLC phase
[8,21]. However, this classification was not appropriate. Motta et al.
[23,24] have therefore proposed a new nomenclature for the
classification of ceramide molecules based on their chemical archi-
tecture. They have introduced a letter code indicating the type of
sphingoid base and fatty acid. According to Motta et al. [23], the
last letter represents the sphingoid base (S = sphingosine, P =
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Fig. 1. Chemical structure of the used ceramides. Ceramide CER NS (ceramide 2),
ceramide CER NP (ceramide 3), ceramide CER NP-18:1 (ceramide 3b), ceramide CER AS
(ceramide 5). A = alpha-hydroxy fatty acid, N = non-hydroxy fatty acid, P =
phytosphingosine, S = sphingosine.

phytosphingosine, H = 6-hydroxysphingosine), the letter next to the
last stands for the amide-linked fatty acid (N = non-hydroxy acids,
A = alpha-hydroxy acids, O = omega-hydroxy acids) [21,25]. If
relevant, the additional ester-linked fatty acid is indicated by a third
letter (E = ester-linked fatty acid) standing first [21,26].

It is also known that the exact composition of the stratum corneum
lipid barrier strongly defines the performance of the skin properties
[24,27-29]. Pilgram et al. [30] have, for example, shown that certain
skin diseases are related to an aberrant stratum corneum lipid
composition and organisation.

The present study investigates the microstructural organisation of
hydrated ceramides in a ternary, equimolar mixture composed of free
palmitic acid and cholesterol. Such ternary systems are often used as a
model system for the stratum corneum lipid barrier due to its
chemical defined nature [20,31-36]. However, such “primitive” model
systems do not in each case completely model the stratum corneum
lipid barrier properties [37,38].

To probe the lipid organisation of the ternary stratum corneum
systems, Fourier transform mid-infrared (FTIR) spectroscopy is used,
because FTIR allows to monitor the lipid conformation as well as the
molecular organisation of membranes without the use of external
probe molecules [39-42]. A main advantage using FTIR is the well
known spectral-structural correlation of lipid organisation (Table 1)
[39,40,43]. Furthermore, the experiments can be performed under
physiological relevant conditions (impact of temperature, hydrated
samples, pH of 5.5, osmolality of ca. 300 mOsmol/kg) [44-46].

The use of deuterated and proteated lipids allows the simulta-
neous and separate monitoring of two different lipid components in a
lipid mixture and the investigation of inter- and intra-molecular
interactions [47,48]. In the presented study proteated ceramide
molecules were used and perdeuterated palmitic acid (pd-PA). The
reason for the separate simultaneous monitoring of both lipids lies in
the deuterium induced shift of C-H/C-D vibrations [49] (see Table 1).

Four different ceramides were investigated (CER NS, CER NP, CER
NP-18:1, CER AS) in an equimolar ternary system.

The following aspects were considered:

(1) microstructural lipid organisation (hydrocarbon chain organi-
sation as well as interactions in the polar interface)

(2) mixing properties with free palmitic acid and cholesterol

(3) impact of the ceramide component on the lipid organisation

(4) temperature impact on mixing and structural organisation

(5) water penetration

(6) kinetics of chain organisation.

The derived results are discussed within the frame of the domain
and mosaic model.

2. Materials and methods
2.1. Materials

Bovine non-hydroxy fatty acid ceramide (CER NS), bovine hydroxy
fatty acid ceramide (CER AS), cholesterol, perdeuterated palmitic acid
and deuterium oxide were purchased from Sigma Aldrich (Germany)
(Fig. 1). CER NS has a fatty acid chain length distribution primarily of
C18:0 and (C24:1, whereas CER AS has a fatty acid chain length
distribution primarily of C18:0, C22:0, C24:0 and C24:1. These isolated
natural ceramides are used as model systems for human ceramide NS
and human ceramide AS, respectively, because they have the same
chemical backbone as the human ceramides.

Ceramide CER NP [N-stearoyl phytosphingosine, (N-C18:0-PS)] and
ceramide CER NP-18:1 [N-oleoyl phytosphingosine, (N-C18:1-PS)] were
a gift from Cosmoferm (Delft, The Netherlands) and Goldschmidt AG
(Essen, Germany).
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Table 1

Assignments of the most prominent infrared absorption regions and characteristic group frequencies of skin lipids.

1

Frequency range/cm™— Assignment

Remarks

3300 Amide A (N-H stretching)
ca. 3080 Amide B (N-H stretching)
3010 =C-H stretching of alkenes
2957 Asymmetric CHs stretching
2916-2924 Asymmetric CH, stretching
2846-2855 Symmetric CH, stretching
2872 Symmetric CHs stretching
2180-2195 Asymmetric CD, stretching
2085-2100 Symmetric CD, stretching
1690-1740 Ester C=0 stretch
1650-1660 Amide I (80% C=O0 stretch)
1540-1550 Amide II (60% N-H in-plane bend, 40% C-N stretch)

1462 and 1473 CH, scissoring

1468 CH, scissoring

1466 CH, scissoring

ca. 1395 C=0 stretch of COO™

1378 CH3 symmetric bend

1368 CH, wagging disordered

1353 CH, wagging disordered

1341 CH, wagging disordered

1180-1350 CH, wagging ordered

1300 Amide III (40% C-N stretch, 30% N-H in-plane bend,
20% methyl-C stretch)

1170 Ester C-0 asymmetric stretch

1092 and 1085 CD,, scissoring

1089 CD, scissoring

1087 CD,, scissoring

728 and 720 CH, rocking

721 CH, rocking

720 CH, rocking

Conformational sensitive

Frequency increases when chain becomes disordered
Frequency increases when chain becomes disordered

Frequency increases when chain becomes disordered
Frequency increases when chain becomes disordered

Band position sensitive to hydrogen bond formation

Band position sensitive to hydrogen bond formation

Band position sensitive to hydrogen bond formation

N-H — N-D exchange induces a band shift to ca. 1450 cm™
Orthorhombic phase doublet

Hexagonal phase

Disordered phase

1

gtg or kink (gtg’) conformer sequence

gg sequence

End gauche conformer

Mode splitting in a characteristic fashion of a particular ordered chain length
See amide I

Orthorhombic phase doublet
Hexagonal phase
Disordered phase
Orthorhombic phase doublet
Hexagonal phase
Disordered phase

g = gauche, t = trans.

The lipids were purified by re-crystallisation in a chloroform/
methanol mixture. The purity of the lipid was checked before and
after the experiments [50,51].

2.2. Method: Fourier transform mid-infrared spectroscopy (FTIR)

2.2.1. Instrumentation

The FTIR spectra were collected on a Bruker FTIR spectrometer
Tensor 37 (Bruker-Optics, Ettlingen, Germany) equipped with a broad
band MCT (Mercury Cadmium Telluride) detector. Spectra were
acquired at 2 cm™ ! resolution, 256 interferograms were collected,
apodized with a triangular function and Fourier transformed after one
level of zero filling [52,53]. The thermotropic phase behaviour was
investigated in the temperature range between 20 and 110 °C
(depending on the investigated systems) in steps of 2 K using a
temperature-controlled set-up.

2.2.2. Sample preparation

A pure lipid or lipid mixture (composed of an equimolar mixture of
ceramide, perdeuterated palmitic acid and cholesterol), dissolved in
chloroform:methanol 2:1 (v/v), was added to AgCl windows and
dried to induce the formation of a lipid film. The samples were dried
under vacuum overnight as described previously [11,54]. The sample
was hydrated with H,O or DO, respectively, containing 10 mM
phosphate buffer, 150 mM NaCl, 4 mM EDTA at pH 5.5. Two infrared
windows were sandwiched and placed in a heatable cell set-up for
transmission measurements. The sample cell path length was given by
an 18 pm thick Teflon distance ring placed between the two infrared
windows. Alternatively, a horizontal-ATR (attenuated total reflection)
FTIR set-up was used (for more details see [54]).

2.2.3. Data analysis
The infrared data were analysed using the Moffat software
(written at the National Research Council of Canada). Peak positions

were determined by applying second derivative spectroscopy using a
centre of gravity algorithm. Further spectra evaluation and manipula-
tion were carried out using the Grams (Galactic) software as
described previously [54].

3. Results

A number of infrared active vibrations are used for the elucidation
of the organisation of lipids. Fig. 2 represents a mid-infrared spectrum
of a dry ceramide (CER NS) film. The main vibrational modes that are
used to decipher the structural organisation of the ceramides are
labelled in Fig. 2. The exact positions of the different modes are listed
in Table 1. From the same spectrum, information arising from (i) the
hydrocarbon chain organisation as well as the (ii) interactions in the
interfacial polar head group region are readily derived.

v(C-H)

Amide 1

Amide 11

Amide A

Absorbance

8(CH,)

7(CH,)

4000 3600 3200 2800 2400 2000 1600 1200 800
Wavenumber / cm™

Fig. 2. A representative mid-infrared spectrum of a dry ceramide film (CER NS). The
position of the major vibrational modes of the chain and head group is shown (see also
Table 1). v = stretching, § = scissoring, w = wagging, y = rocking mode.
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3.1. Pure hydrated lipids

3.1.1. Chain vibrations

In the spectral region between 2800 and 3000 cm™ ! the methylene
stretching modes are observed as the most intensive bands (Fig. 2). The
asymmetric (Vasym(CHz)) and symmetric (Vsym(CH,)) modes for
proteated chains are found at ca. 2920 and 2850 cm™ '. If H (hydrogen)
is substituted by D (deuterium) a shift to lower wavenumbers is induced
(Table 1). The corresponding vibrations for deuterated chains arise for
Vasym(CD2) at ca. 2190 and for Vsym(CDy) at ca. 2095 cm~ ! (see for
example Fig. 5A) [55]. The methylene stretching modes are extremely
sensitive to temperature changes and to external conditions like the
interaction of compounds (e.g. peptides) with the membrane. This
sensitivity provides a quantitative indication of changes in the
hydrocarbon chain packing or conformational order and alkyl chain
“fluidity”. For tightly packed hydrocarbon chains adopting a fully
extended all-trans conformation the vyym(CH,) arises at low wavenum-
bers of ca. 2847 cm™! [41]. Increasing the temperature the amount of
gauche conformers increases which lead to an increase of the Vsy,,(CH,)
wavenumbers above 2853 cm™ ! [35,41]. Therefore, this band indicator
is very useful for monitoring the gel to liquid-crystalline phase
transition. The same applies for V,sym(CH>) or the corresponding CD,
vibrations (see Table 1).

Fig. 3A represents the phase transition of hydrated ceramides. The
steep rise in the vs,m(CH,) versus temperature plot is defined as the
main phase transition (Ty,). The corresponding Ty, are: T;,,(CER NS) =
92 °C, T(CER NP) =109 °C, T;,,(CER NP-18:1) =88 °C, T,»(CER AS) =
78 °C.

The exact T, depends on the thermal history of the sample as well
as the hydration degree or the presence of ions, especially divalent
cations etc. This has been discussed extensively ([52] and references
cited therein).

As can be seen from Fig. 3A sharp phase transitions, indicating the
transition from a crystalline, gel-like phase to the liquid-crystalline
phase are observed indicating a highly cooperative melting behaviour.

Compared to phospholipids with the same hydrocarbon chain
length, the phase transition temperatures of ceramides are in general
much higher. Furthermore, the absolute position of Vym(CHy)
wavenumbers, which are below 2849 cm~! are indicative for the
organisation of the hydrocarbon chains in a fully extended and
conformationally ordered (all-trans) structure. For two ceramides a
second, smaller transition is observed in the temperature range
between 60 and 70 °C. For CER NP this transition arises at 68 °C and for
CER NS at ca. 66 °C. This transition is related to a solid-solid transition
(see also discussion below).

The analysis of the infrared spectrum also allows the determina-
tion of the chain packing properties [34,41,49]. To elucidate the chain
packing organisation, the CH; scissoring (6(CH;)) and/or CH; rocking
(v(CH2)) modes are used. The position of these vibrations as well as
the shape of the corresponding bands are indicative whether the alkyl
chains adopt a chain packing in a hexagonal or orthorhombic
perpendicular subcell lattice (Table 1 and Fig. 13E). A splitting of
the scissoring or rocking band shows the formation of the hydrocar-
bon chains packed in an orthorhombic lattice. The positions of the
¥(CH,) for the four hydrated ceramides as a function of temperature
are shown in Fig. 3B. CER NS is packed in an orthorhombic lattice and
with increasing temperature this chain packing disappears and is
converted in a less tight chain packing (hexagonal). This solid-solid
conversion is observed at the first transition located at ca. 66 °C. The
hydrocarbon chains still adopt an all-trans conformation. Between
66 °C and the onset of the main phase transition temperature at
ca. 88 °C hexagonal chain packing is observed. In the liquid-crystalline
phase, the chains become disordered, with a strong increase of gauche
conformers of the hydrocarbon chains (Fig. 3A).

The hydrocarbon chains of CER NP are able to adopt two packings,
namely an orthorhombic and a hexagonal one, which depend on the
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Fig. 3. (A) Temperature dependence of the symmetric CH, (methylene) stretching mode
frequency (Vsym(CH;)) of hydrated ceramides (10 mM phosphate buffer, 150 mM NacCl,
4 mMEDTA, in D,0, pD 5.5). (B) Temperature dependence of the CH, (methylene) rocking
mode frequency (7y(CH,)) of hydrated ceramides (10 mM phosphate buffer, 150 mM NaCl,
4 mM EDTA, in D,0, pD 5.5).

sample history (for more details see [52,65]). The solid-solid
conversion of the orthorhombic to hexagonal chain packing is
observed at ca. 68 °C. This is consistent with the changes detected
for the methylene stretching vibrations (Fig. 3A). The time evolution
of the formation of the orthorhombic chain packing, after the sample
was heated above the gel to liquid-crystalline phase transition and
cooled down to 32 °C, is represented in Fig. 4A. As can be seen, the
appearance of a more or less pure orthorhombic chain packing of CER
NP is achieved after a long incubation of more than 3 weeks at 32 °C.
This is the case for fully hydrated CER NP. If water evaporation is
induced, the re-crystallisation into an orthorhombic lattice is much
faster and can be achieved within 24 h (data not shown) [56,57].
Therefore, it is very important to control water hydration, because this
parameter has a strong impact on the re-organisational process of the
acyl chains [52,58,59].

CER NP-18:1, which is a ceramide component used in dermato-
logical applications [60-62], adopts only hexagonal chain packing; an
orthorhombic chain packing is not observed. This is due to the
presence of the double bond in the ceramide fatty acid chain
compared to CER NP [52,54,63,64]|. Therefore, the initial frequencies
Vsym(CHy) are higher compared to the same data for CER NP (Fig. 3A).

CER AS can adopt both chain packings. The orthorhombic chain
packing of CER AS undergoes directly the disordered chain organisa-
tion, because this is observed at the onset of the main phase transition
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Fig. 4. Evolution of the CH, (methylene) rocking mode frequency (7y(CH,)) of hydrated
ceramides (10 mM phosphate buffer, 150 mM NaCl, 4 mM EDTA, in D,0, pD 5.5) at
32 °C as a function of time (d: days). (A) CER NP. (B) CER AS.

at 78 °C. A solid-solid transition is not observed. A quenching of the
sample from ca. 95 °C to 32 °C induces the formation of hydrocarbon
chains packed in a hexagonal subcell lattice. The re-organisation into
an orthorhombic packing is much faster for CER AS compared to CER
NP. For CER AS the doublet formation of the rocking y(CH,) mode is
observed after a storage of ca. 24 h and full re-organisation is achieved

after 3.5 day storage at 32 °C under fully hydrated conditions (Fig. 4B).

In both cases (CER NP and CER AS) two different chain packings are
detected [65]. However, the main phase transition is similar and
independent of the original hydrocarbon chain packing (data not
shown). Small differences are observed for the initial position of the
methylene stretching vibration [52].

Pure, hydrated perdeuterated palmitic acid (pd-PA) at pH 5.5
shows the gel to liquid-crystalline phase transition at ca. 63 °C
(Fig. 5A). The phase transition is extremely sharp, which is consistent
with a highly cooperative process. The exact chain melting temper-
ature depends on the pH of the solution as well as the presence of ions,
buffer etc. The initial value at 25 °C for the Vsy,(CD,) is very low with
2086 cm™ !, indicating a tightly packed chain arrangement. The
hydrocarbon chains adopt orthorhombic chain packing below the
main phase transition temperature. The collapse of the doublet to a
single peak is detected at the onset of the chain melting.

3.1.2. Polar region vibrations
For elucidating the molecular organisation at the polar interface of
fatty acids, the analysis of the carbonyl stretch, which is observed
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Fig. 5. Temperature dependence of (A) the symmetric CD, (methylene) stretching
mode frequency (Vsym(CD2)) and CD, (methylene) scissoring mode frequency (6(CD))
and (B) the ester (¥(C=0)) of hydrated perdeuterated palmitic acid (pd-PA) (10 mM
phosphate buffer, 150 mM NaCl, 4 mM EDTA, in D,0, pD 5.5).

between 1690 and 1740 cm™~! is useful (Fig. 5B). With increasing
temperature the carbonyl stretching mode frequency increases in a
highly cooperative manner at the phase transition temperature from
ca. 1695 to 1715 cm™ '. Low wavenumbers are characteristic for the
involvement of the carbonyl group in a strong hydrogen bond
network, and a weakening of these interactions is shown by an
increase of the wavenumbers up to 1715 cm™ .

For ceramides, the strong bands observed in the spectral regions
from 1700 to 1500 cm™ ! arise from the amide I and amide Il modes
(Table 1). The amide bond vibrations of these polar head group
regions are extremely sensitive to the formation of a hydrogen bond
network. The shape of the amide I and II bands as well as the position
of the maxima of these bands are indicative for the involvement of the
amide group to hydrogen bonding interactions (Fig. 6). The amide I
mode arises mostly from the carbonyl stretch, whereas the amide II
mode arises from a mixture of the N-H in-plane bending and C-N
stretching.

Performing the experiment in D,0 instead of H,O allows
monitoring the penetration of water into the polar interface. This is
due to the hydrogen-deuterium (H— D) exchange, which induces a
shift of the amide II from 1545 to 1450 cm™ ' (amide II’) Thus, the
accessibility to water in the polar region is followed by a decrease of
the amide II band intensity.
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Fig. 6. Absorbance spectra of the 1700-1500 cm ™' spectral region of 1st heating and
cooling scans of CER NS (10 mM phosphate buffer, 150 mM NaCl, 4 mM EDTA, in D,0,
pD 5.5). 1st heating scan: start at the bottom of the figure.

For illustrative purposes, the spectral region from 1700 to 1500 cm ™!

of a ceramide film (CER NS) is shown in Fig. 6. At low temperature the
amide I mode is split into a doublet (1645 and 1617 cm™!), whereas the
amide II is quite broad with its maxima located at ca. 1545 cm™ !. With
increasing temperature strong alterations in the shape of the amide
bands are observed. At ca. 66 °C the overall band shape of the amide I is
shifted to lower wavenumbers (ca. 1630 cm™ '), indicating a re-
organisation of the polar head groups. The shift to lower wavenumbers
indicates a stronger involvement of the amide group in a hydrogen bond
network. The organisational changes in the polar head group region
correspond with the re-organisation of the hydrocarbon chain from an
orthorhombic to a hexagonal chain packing (compare Figs. 3A, B and 6).
It is to mention that there is also a frequency shift of the amide I to lower
wavenumbers due to the fact that this mode is not a pure carbonyl
stretching mode and therefore contains minor contributions from other
internal coordinates (Table 1) that are sensitive to the hydrogen-
deuterium exchange. This shift is small with ca. Av=5cm~".

A further increase of the temperature above the main phase
transition induces a strong broadening of the amide I with its
maximum between 1640 and 1650 cm™ . Cooling down the sample
to room temperature shows the re-appearance of the doublet of the
amide I, with the maxima shifted to lower wavenumbers (Fig. 6).

The analysis of the amide II (experiment performed in D,0) allows
the monitoring of water penetration into the polar interface. With
increasing temperature the amide Il band decreases and completely
disappears at the onset of the chain melting. This is a general
observation for ceramides that water penetration is extremely low
[2,4,54] and only fully realised at the onset of hydrocarbon chain
melting (for more details see [11,34,35,49,52,54]).

Thus the positions of the amide I and amide II are used as marker
bands for understanding the organisation and interaction in the polar
interface.

3.2. Hydrated ternary lipid mixtures composed of an equimolar ratio of a
ceramide, perdeuterated palmitic acid (pd-PA) and cholesterol (Chol)

3.2.1. CER NS:pd-PA:Chol

Using one lipid with perdeuterated alkyl chains and one lipid with
proteated alkyl chains allows the simultaneous and separate
monitoring of the hydrocarbon chain organisation within the same
experiment.

In a ternary, fully hydrated system the melting property of CER NS
alkyl chains is shifted to lower temperature with a strong broadening
of the phase transition (from 45 to 75 °C) (Fig. 7A). This indicates that
the gel phase is destabilised by the presence of palmitic acid and
cholesterol. Also the absolute position of the symmetric methylene
stretching vibration, which is shifted by ca. 0.5cm™"' to higher
wavenumbers compared to pure CER NS, indicates a lower structural
organisation. The CER NS chains, however adopt an orthorhombic
chain packing at room temperature, and the collapse of the doublet to
a single peak arises at the onset of the main phase transition at
ca. 57 °C.
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Fig. 7. Temperature dependence of (A) the symmetric CH, (methylene) stretching
mode frequency (Vsym(CH,)) and CH, (methylene) rocking mode frequency (y(CH>))
of hydrated CER NS and (B) the symmetric CD, (methylene) stretching mode frequency
(Vsym(CD3)) and CD, (methylene) scissoring mode frequency (6(CD,)) of hydrated
perdeuterated palmitic acid (pd-PA) of an equimolar mixture (1:1:1 mol:mol:mol)
composed of CER NS, pd-PA and cholesterol (Chol). Buffer: 10 mM phosphate buffer,
150 mM NaCl, 4 mM EDTA, in D,0, pD 5.5.
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The hydrocarbon chains of palmitic acid (Fig. 7B) adopt also an
orthorhombic packing at room temperature. This phase is stable up to
40 °C. The thermotropic response of the symmetric CD, stretching
mode shows also a broad phase transition. Compared to pure pd-PA,
the main phase transition is shifted by approximately 10 K to lower
temperature. Thus at about 50 °C palmitic acid chains show a strong
fluidisation, whereas the ceramide CER NS is still in its “crystalline-
like” phase. At this temperature “crystalline-like” (gel-like) CER NS
enriched domains are in equilibrium with molten palmitic acid
enriched domains.

The data presented in Fig. 7 show strong evidence that both lipids
are in fully extended all-trans conformation at skin physiological
relevant temperature (30-35 °C).

Based on the melting properties of the two lipids, which are
observed at 66 °C for CER NS and 52-54 °C for pd-PA, one could
deduce that both lipids are organised in more or less separated
domains. However, these domains are not formed of pure CER NS and
pure pd-PA, respectively, because in both cases the thermotropic
response of the lipids in the ternary systems is different to the
response of the pure lipids. Furthermore, the phase cooperativity in
the ternary system for both lipids is strongly reduced. Thus, it is very
likely that these separated domains are enriched with cholesterol.
This is also supported by the observation, that the orthorhombic
crystalline phase of CER NS is stable up to 57 °C, whereas the
orthorhombic phase of pd-PA collapses at much lower temperatures.

However, if one considers the onset and offset of the melting of the
chains, the former is observed at ca. 40-45 °C and the latter at 65-
75 °C, one has a broad temperature range where the two lipids melt.
This observation may result from the fact that limited amounts of one
lipid would mix with the other one. However, full mixing of both
components is not obvious from the data.

The analysis of the interactions in the head group region of the pd-
PA (Fig. 8) shows that the hydrogen bonding network is weakened at
the onset of the main phase transition of the fatty acid. This can be
deduced by a comparison of the initial position of the carbonyl stretch
for palmitic acid in the ternary systems and pure palmitic acid
(Figs. 5B and 8).

As shown in Fig. 9A, the amide I of CER NS is split into two
components with their respective maxima at 1618 and 1644 cm™ . A
collapse to a single amide I peak is observed at ca. 59 °C, which
corresponds to the onset of melting of the hydrocarbon chains of CER
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Buffer: 10 mM phosphate buffer, 150 mM NaCl, 4 mM EDTA, in D,0, pD 5.5.
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Fig. 9. Temperature dependence of the peak maximum/maxima of the (A) amide I and
(B) amide Il band of hydrated ceramides (CER NS, CER NP, CER NP-18:1 and CER AS) of
an equimolar mixture (1:1:1 mol:mol:mol) composed of a ceramide, perdeuterated
palmitic acid (pd-PA) and cholesterol (Chol). Buffer: 10 mM phosphate buffer, 150 mM
NaCl, 4 mM EDTA, in H,0, pH 5.5.

NS in the ternary mixture. The amide II (Fig. 9B) shows strong
alterations at approximately 42 °C, and 59 °C. According to the
thermotropic response of the hydrocarbon chains of CER NS, up to
50 °C the chains are packed in an orthorhombic lattice. However, a
first alteration in the head group region of CER NS is observed at a
temperature which corresponds to changes observed in the head
group region of the fatty acid. So, does this indicate CER NS-pd-PA
interactions or is it just coincidence? The amide I mode seems not to
be sensitive to this alteration. With regard to water accessibility of the
ternary lipid polar head group system, the H/D experiment (with
D,0) shows that the amide Il completely disappears at the onset of the
phase transition of the ceramide (data not shown). This behaviour is
also observed for the other three systems.

3.2.2. CER NP:pd-PA:Chol

Pure CER NP shows under fully hydrated conditions a gel to liquid-
crystalline phase transition at 109 °C (Fig. 3A). In a ternary lipid
system composed of an equimolar mixture with pd-PA and choles-
terol, the melting temperature is reduced by 5 K. At room temperature
the symmetric methylene stretching vibration of CER NP is shifted by
ca. 0.5 cm™ ! to higher wavenumbers, indicating a less tight packing
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compared to the pure ceramide. The chains adopt a hexagonal chain
packing (Fig. 10A). A chain packing in an orthorhombic lattice was not
observed for the ternary, hydrated system, even after a storage of
4 weeks at 4, or 32 °C, respectively. In case the sample loses water, a
re-crystallisation of the hydrocarbon chains into an orthorhombic
lattice is induced.

The chain melting for the pd-PA alkyl chains seems to occur in two
steps (Fig. 10B). A first increase of the vsym(CD,) from 2088.7 to
2090.5 cm™ ' is observed at ca. 45 °C and corresponds to the collapse
of the y(CD,) splitting. Thus below 45 °C the pd-PA acyl chains adopt
an orthorhombic cell packing. A further increase of Vsyn,(CD,) from
2090.6 to 2096 cm™ ! at ca. 63 °C is detected. This transition occurs in
a similar temperature range as for the pure, hydrated pd-PA. At room
temperature Vsym(CD;) of pd-PA in the ternary mixture is increased
by 2.7cm™!, a strong evidence that the hydrocarbon chains of the
fatty acid are less tightly packed compared to the pure fatty acid. In
the ternary mixture both lipids show a chain melting close to the
chain melting temperature of the pure systems. This would indicate
that both lipids are organised in more or less pure domains. However,
due to a broadening of the phase transition and to a slight decrease of
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Fig. 10. Temperature dependence of (A) the symmetric CH, (methylene) stretching
mode frequency (Vsym(CHs)) and CH, (methylene) rocking mode frequency (y(CH,))
of hydrated CER NP and (B) the symmetric CD, (methylene) stretching mode frequency
(Vsym(CD3)) and CD, (methylene) scissoring mode frequency (6(CD;)) of hydrated
perdeuterated palmitic acid (pd-PA) of an equimolar mixture (1:1:1 mol:mol:mol)
composed of CER NP, pd-PA and cholesterol (Chol). Buffer: 10 mM phosphate buffer,
150 mM NaCl, 4 mM EDTA, in D,0, pD 5.5.

the phase transition temperature for the lipids, and due to changes of
the initial value of the wavenumbers of the methylene stretching
vibration, a mixing with at least cholesterol has to be considered.
Thus, this ternary system is prone for phase segregation.

The analysis of the carbonyl stretch of pd-PA (Fig. 8) shows a
strong weakening of the hydrogen network at ca. 46 °C, which is
consistent with a loosening of the orthorhombic chain packing and an
increase of rotational freedom of the chains.

At room temperature the amide I of hydrated CER NP in the ternary
mixture shows a band with a maximum located at 1613 cm™ '. Changes
of the amide [ of CER NP are observed as strong broadening above 100 °C
with a shift to approximately 1621 cm™ !. For the amide Il of CER NP in
the ternary mixture a change is observed at 60 °C.

Water penetration arises at the onset of the CER NP phase
transition.

3.2.3. CER NP-18:1:pd-PA:Chol

The synthetic ceramide CER NP-18:1 shows a strong depression of
the main phase transition from 88 °C (pure CER NP-18:1) to 53 °C
(ternary system) (Fig. 11A). The CER NP-18:1 acyl chains adopt a
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Fig. 11. Temperature dependence of (A) the symmetric CH, (methylene) stretching
mode frequency (Vsym(CH;)) and CH, (methylene) rocking mode frequency (y(CH>))
of hydrated CER NP-18:1 and (B) the symmetric CD, (methylene) stretching mode
frequency (Vsym(CD3)) and CD, (methylene) scissoring mode frequency (6(CD;)) of
hydrated perdeuterated palmitic acid (pd-PA) of an equimolar mixture (1:1:1 mol:mol:
mol) composed of CER NP-18:1, pd-PA and cholesterol (Chol). Buffer: 10 mM
phosphate buffer, 150 mM NaCl, 4 mM EDTA, in D,0, pD 5.5.
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hexagonal chain packing. Such a chain packing is also observed for pd-
PA (Fig. 11B). The chain melting of the fatty acid arises as a two step
melting. However, the average melting temperature is at ca. 55 °C.
This behaviour would suggest mixing between both lipids and
cholesterol.

The weakening of the fatty acid hydrogen network arises at
36-38 °C. At this temperature the amide I, which at room temperature
is composed of a doublet (1610 and 1630 cm™!), collapses to a single
peak located at 1608 cm™ . Between 50 and 60 °C strong changes of the
position of the amide I are observed and above 60 °C the amide I band
broadens and its maximum is shifted above 1630 cm™".

3.2.4. CER AS:pd-PA:Chol

The thermotropic response of CER AS in the ternary system shows
a phase transition temperature at 62 °C (Fig. 12A). Compared to pure,
hydrated CER AS the stability of the crystalline phase in the ternary
system is reduced by approximately 16 K. The initial Vsym(CHy) is
shifted by 0.5 cm™ ! to higher wavenumbers for the CER AS acyl chains
in the ternary system. The chains adopt an orthorhombic chain
packing until the onset of the phase transition.
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Fig. 12. Temperature dependence of (A) the symmetric CH, (methylene) stretching
mode frequency (Vsym(CH;)) and CH, (methylene) rocking mode frequency (y(CH,))
of hydrated CER AS and (B) the symmetric CD, (methylene) stretching mode frequency
(Vsym(CD3)) and CD, (methylene) scissoring mode frequency (6(CD,)) of hydrated
perdeuterated palmitic acid (pd-PA) of an equimolar mixture (1:1:1 mol:mol:mol)
composed of CER AS, pd-PA and cholesterol (Chol). Buffer: 10 mM phosphate buffer,
150 mM NaCl, 4 mM EDTA, in D,0, pD 5.5.

Perdeuterated palmitic acid shows its main phase transition at
53 °C, the temperature at which the orthorhombic chain packing
collapses (Fig. 12B). The phase transition is broad, indicating a
reduced cooperativity. This is in contrast to other studies [66]. In cases
full water hydration is guaranteed, the phase transition of palmitic
acid was always observed as a broad phase transition between 40 and
60 °C. Thus, pd-PA mixes at least with cholesterol.

At about 53 °C, the interactions in the head group of the fatty acid
are strongly perturbed and reduced (Fig. 8). The position of the fatty
acid carbonyl stretch (1698 cm~!) shows that the fatty acid
molecules are involved in a strong hydrogen bond network.

The maximum of the amide I is located at 1631 cm™ ! and at 60 °C
the amide I band is shifted to 1635 cm™!, whereas the amide II,
located at 1537 cm™ !, is more or less unaffected by temperature [66].
However, the position of the amide I and amide I are indicative for the
involvement of the amide group in the formation of a strong hydrogen
bond network. Full water hydration is observed at the onset of the CER
AS phase transition.

4. Discussions

Compared to other lipids, like phospholipids, with a similar
hydrocarbon chain length, hydrated ceramides exhibit extremely
high gel to liquid-crystalline phase transition temperatures. Their
hydrocarbon chains adopt orthorhombic chain packing [67-69]. This
is the case for CER NS, CER NP and CER AS. These ceramides show a
quite complex polymorphism with a solid-solid phase transition,
which is marked by a transformation of an orthorhombic to hexagonal
chain packing. This is consistent with published studies, whereas the
extent of the formed phases is strongly sensitive to external
parameters like hydration degree and storage temperature
[34,49,52,58,66]. The hydrocarbon chains are tightly packed with
the chains adopting all-trans conformation in a multilamellar layer.
Various models were presented with regard to the orientation of the
hydrocarbon chains [21,31,58,65]. Some of the models consider the
hydrocarbon chains of the ceramide molecule being aligned parallel,
whereas in other models a V-shaped structure is discussed (for more
details see [21,58,59]).

The extent of this orthorhombic chain packing of ceramides
depends, beside the chemical structure of the ceramide, also on
parameters like temperature and the hydration degree [21,51,52].

The high phase transition temperature is due to strong interactions
in the head group region between the hydroxyl groups and the amide
group. The amide I of phytosphingosine ceramides are usually found at
extremely low wavenumbers, in the region of 1610 cm™ ! [65]. This is a
clear indication of a strong involvement of the amide group in a tight
hydrogen bond network. Higher amide I frequencies, as are found for
sphingosine ceramides, are characteristic for weaker hydrogen bonding
interactions between the head groups. Using the amide II shift in an H/D
exchange experiment allows monitoring the water accessibility of the
ceramide film. Hydration of a ceramide film is observed at the onset of
the solid-solid transition, which corresponds to an orthorhombic to
hexagonal chain packing transformation. The overall alignment of the
hydrocarbon chains is also of importance. In a comparative study using
phytosphingosine ceramides of type 3 of the same hydrocarbon chain
length, but containing 2, 1 or no double bond, it was shown in a
hydration experiment performed for 7 days at 37 °C that the ceramide
with saturated hydrocarbon chains shows the lowest water penetration
property, whereas the ceramide containing two double bonds exhibits
the fastest hydration [54].

Full hydration is observed at the onset of the main phase
transition. This is the case for the pure ceramides as well as for
ceramides incorporated in a ternary system (see discussion below).

The mixing properties of ceramides with palmitic acid and
cholesterol at an equimolar ratio are quite different depending on
the considered ceramide (Table 2). In cases CER NP (hexagonal
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Table 2

The characteristics of ceramides and palmitic acid in a hydrated ternary, equimolar mixture composed of ceramide, perdeuterated palmitic acid and cholesterol compared to the

respective pure hydrated component. T,,: main phase transition temperature.

Characteristics CER NS CER NP CER NP-18:1 CER AS

T of CER-ter® compared to pure CER Decreased Decreased Decreased Decreased

Chain ordering® CER-ter compared to pure CER Decreased Decreased Decreased Decreased
CER-ter acyl chain packing Orthorhombic Hexagonal Hexagonal Orthorhombic
Head group interactions® CER-ter compared to pure CER Similar Similar Increased Similar

Ty, of pd-PA-ter? compared to pure pd-PA Decreased Similar Decreased Decreased
pd-PA-ter acyl chain packing Orthorhombic Orthorhombic Hexagonal Orthorhombic
Chain ordering® pd-PA-ter compared to pure pd-PA Decreased Decreased Decreased Decreased

Head group interactions’ pd-PA-ter compared to pure pd-PA Slightly increased Slightly increased Slightly increased Slightly increased
Phase segregation Yes Yes No Yes

@ Cer-ter: ceramide component in the ternary mixture composed of an equimolar ratio of ceramide, perdeuterated palmitic acid and cholesterol.

b
c
d
e
f

packing) is used, one observes that the presented data are indicative
for phase segregation with palmitic acid (orthorhombic packing) at
low temperature. Thus lipid domains are formed with more or less
pure CER NP and palmitic acid. However, the palmitic acid domains
are enriched with cholesterol. In cases a fatty acid component is used
with longer chain length (stearic acid) the situation changes [70].
Both lipids (CER NP and stearic acid) adopt hexagonal chain packing
and mixing becomes more likely. It is described that for the stearic
acid ternary system, the melting property of the fatty acid is even
reduced (main phase transition temperature is increased), an
observation which deviates from the observation found for fatty
acids of shorter chain length. This phenomenon is surprising because
both components are hexagonally packed and up to now the melting
temperature increase of stearic acid is not quite clear [70].

For the four investigated stratum corneum model systems, the
thermotropic response of the palmitic acid chains are characteristic for a
system being perturbed by another component, although reports have
been presented showing for a ternary hydrated system composed of an
equimolar mixture CER AS, palmitic acid and cholesterol a much higher
cooperative melting for the fatty acid [66]. The melting of “pure”
palmitic acid domains is not likely. In the case of the investigated ternary
systems, cholesterol acts as a homogenising and fluidising agent. This
has also been found by others [49].

The presented results also show that the hydrocarbon chains of the
investigated sphingosine ceramide molecule adopt an orthorhombic
cell lattice in the ternary system, which is consistent with the results
of a study of a ternary system containing stearic acid [70]. This is
however, not the case for the phytosphingosine ceramides, as is
derived from the analysis of the methylene scissoring and/or rocking
modes (Table 2).

Snyder et al. [71-75] have demonstrated that the quantitative
evaluation of the splitting and broadening of the scissoring stretch
band contour contains information to the extent of microaggregation,
i.e. lateral domain formation, for lipids forming orthorhombic phases.
The magnitude of the band splitting is a function of the domain size.
Snyder et al. [71-73] have presented a relationship between the
splitting of the scissoring band and the domain size, and found that
their approach is most sensitive for domain sizes below hundred
chains. This seems to be the case for the investigated ceramide ternary
model systems which segregate (Table 2).

The difference between the mixing properties of CER NP and CER
NP-18:1 with palmitic acid and cholesterol is quite remarkable, the
former system showing phase segregation, whereas the second
system is favouring the formation of a more or less “homogeneous”
phase. The chemical nature of the polar head group as well as the
hydrocarbon chain length of CER NP and CER NP-18:1 is the same. The
difference results from the saturation degree of the hydrocarbon chain

Chain ordering derived from the absolute position (32 °C) of the symmetric stretching vibration of the ceramide.

Head group interactions derived from the absolute position (32 °C) of the amide I stretching vibration of the ceramide.

pd-PA-ter: perdeuterated palmitic acid component in the ternary mixture composed of an equimolar ratio of ceramide, perdeuterated palmitic acid and cholesterol.
Chain ordering derived from the absolute position (32 °C) of the symmetric stretching vibration of the perdeuterated palmitic acid.

Head group interactions derived from the absolute position (32 °C) of the carbonyl stretching vibration of the perdeuterated palmitic acid.

(Fig. 1). The presence of a double bond in the middle of the fatty acid
ceramide hydrocarbon chain is responsible for a strong reduction of
the crystallisation property of CER NP-18:1. For example, analysing
the pure, hydrated ceramides, the initial position of the symmetric
methylene stretch at 25 °C is Vsym(CH,) =2848.9 cm~ ! for CER NP
and Vsym(CH,) = 2849.6 cm~ ! for CER NP-18:1. This demonstrates a
conformationally higher disorder for the hydrocarbon core of CER NP-
18:1 compared to CER NP (Table 2). Furthermore, the hydrocarbon
chains of CER NP-18:1 adopt a hexagonal chain packing, whereas pure
CER NP is able to form an orthorhombic as well as hexagonal chain
packing [54,65], in a ternary system the hexagonal packing is
preferred. However, in the presence of stearic acid in hydrated
ternary systems, CER NP adopts a hexagonal chain packing [70]. Thus,
the presence of the free fatty acid has an impact on the packing
property of the ceramide component.

For the ternary system, the hydrocarbon chains of both ceramides
CER NP and CER NP-18:1 adopt hexagonal packing. Interestingly, also
the hydrocarbon chains of palmitic acid in the CER NP-18:1, palmitic
acid and cholesterol system is constrained to adopt hexagonal chain
packing. This may favour mixing of both lipids.

The investigated sphingosine ceramides (CER NS and CER AS)
show the formation of a “crystalline-like” phase with tightly packed
and aligned hydrocarbon chains. The position of the initial symmetric
methylene stretch at 25 °C for the pure ceramides is much below Vg,
(CH,)=2848 cm~ . This is also the case for the ternary systems.
Furthermore, orthorhombic chain packing determines the organisa-
tion of the hydrocarbon chains, although CER AS is also able to adopt
its chains in a hexagonal lattice. This is due to the different nature of
the head group structure, with CER AS having an additional hydroxyl
group (in alpha position) compared to CER NS (Fig. 1). The presence of
this additional hydroxyl group in the polar region alters the overall
packing characteristics such that the hydrocarbon chains of CER AS are
able to adopt both packing conformations. However, in the ternary
system both ceramides adopt orthorhombic chain packing, as do the
hydrocarbon chains of palmitic acid.

Comparing ceramides with the same chain length, or chain length
distribution, one observed that the gel to liquid-crystalline phase
transition is higher for the phytosphingosine (e.g. CER NP) com-
pounds, in contrast to sphingosine ceramides (e.g. CER NS, CER AS).
This may result from stronger interactions between the polar head
groups. Monolayer measurements have revealed that the head group
area of phytosphingosine is larger compared to sphingosine cera-
mides (unpublished results). This more open polar interface allows
for phytosphingosine ceramides to form a stronger hydrogen bond
network compared to sphingosine ceramides [65]. The low position of
the amide I for CER NP compared to the other ceramides is an
indication of a strong involvement of the amide group in a strong
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hydrogen bond network. This is also observed for the ternary systems
(Fig. 9A).

Thus, head group hydrogen bonding is less strong for sphingosines
probably due to geometric constraints such that it allows the
orthorhombic chain packing.

Therefore, variations in the head group architecture determine the
formed phases. The extent of the formed phase can on the other side
be modulated by the variation of the hydrocarbon chain configuration.

The observed phase transitions and chain arrangements have also
been observed for isolated stratum corneum lipid extracts [36,76-78].

The macrostructure of the stratum corneum is represented by the
bricks and mortar model (Fig. 13A) with the corneocytes (Fig. 13B)
being the bricks of the wall [4]. Different models for the organisation of
the stratum corneum lipids (Fig. 13C) have been presented [79-81].
Norlén [80] has proposed a few years ago, a skin barrier model for the
stratum corneum, in which the intercellular lipids are organised in a
single and coherent lamellar gel phase. The stabilisation of this
membrane structure is due to the very particular lipid composition and
lipid chain length distributions of the stratum corneum intercellular
space and has virtually no phase boundaries. He also suggests that the
intact, that means, the unperturbed, single and coherent lamellar gel
phase is mainly located at the lower half of stratum corneum. In the
upper stratum corneum layers, crystalline segregation and phase
separation (Fig. 13C and D) may occur as a result of the desquamation
process. Thus, Norlén differentiates between the microstructural
arrangement of the upper and lower parts of the stratum corneum
lipid barrier. As a consequence, the proposed stratum corneum lipid
model shows a horizontal “phase separation”, the upper layer being
more heterogeneous in its structure, and the lower layer adopting a
more or less homogeneous phase.

The single gel phase model is in opposition to the domain mosaic
model (Fig. 13) which is formed of gel-like/crystalline-like domains
delimitated from more or less liquid-crystalline-like phase boundaries
(Fig. 13C and D), because the single gel phase model predicts a
homogeneous lipid distribution so that phase separation is not
observed, neither between liquid-crystalline and gel phases nor

lipid matrix

Bricks and Mortar
Model

Liquid crystalline

5 X

between different crystalline phases with hexagonal and orthorhom-
bic chain packing, respectively (Fig. 13E).

3 years ago, Norlén [81] has also proposed that the skin barrier
formation does not take place as a ‘lamellar body’ fusion process, but
as a lamellar ‘unfolding’ of a small lattice parameter lipid ‘phase’ with
cubic-like symmetry with subsequent ‘crystallisation’ and concomi-
tant lamellar re-organisation of the extracellular lipid matrix.

In the same year, 2007, Norlén in collaboration with Plasencia et al.
[82] have presented a biophysical study entitled “direct visualization
of lipid domains in human skin stratum corneum's lipid membranes:
effect of pH and temperature”, showing that domain formation is
observed for the stratum corneum lipid barrier. To “reconsolidate” the
two models, the single gel phase model and the domain mosaic
model, they investigated the impact of pH and temperature on the
lipid organisation and found that these two parameters largely
dominate the organisation of the lipids.

They concluded from their study [82]: “At skin physiological
temperatures (28-32 °C), the phase state of these hydrated bilayers
correspond microscopically (radial resolution limit 300 nm) to a
single gel phase at pH 7, coexistence of different gel phases between
pH 5 and 6, and no fluid phase at any pH. This observation suggests
that the local pH in the stratum corneum may control the physical
properties of the extracellular lipid matrix by regulating membrane
lateral structure and stability.”

Thus, both models seem to be of relevance. Another factor that has
also to be carefully monitored is water hydration, as has been
mentioned in this study.

Nevertheless, if one speculates a heterogeneous horizontal
distribution of ceramides in the stratum corneum, one might be
able to discuss such a “two-layered” model, because some ceramides
are more prone for the formation of a more or less homogeneous
phase, whereas other mixtures form phase separated domains.

This shows that the systematic investigations of the single
components as well as lipid mixture systems are necessary to
understand the quite complex nature of the microstructural organi-
sation of the stratum corneum lipid barrier.

| Domain Mosaic Model |

Gel domains
Liquid crystalline
grain boundaries

Orthorhombic
chain packing

Hexagonal
chain packing

T A
g e

chain packing

‘LX+

Fig. 13. Schematic representation of the stratum corneum and stratum corneum lipid structure. (A) “Bricks and mortar” model of the stratum corneum organisation.
(B) Photomicrograph of isolated corneocytes. (C) Domain and mosaic model of the stratum corneum lipid barrier. (D) Gelphase lipids with hydrocarbon chains adopting an all-trans
conformation and liquid-crystalline domains/grain boundaries with hydrocarbon chains adopting gauche conformations (microstructure of the stratum corneum lipid barrier).

(E) Hydrocarbon chain packing.
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5. Conclusions

When hydrated, in contrast to the two investigated sphingosine
ceramides, the two analysed phytosphingosine ceramides in a ternary
system composed of the ceramide, palmitic acid and cholesterol,
exhibit hexagonal chain packing with extremely strong head group
interactions via hydrogen bondings. Therefore, the driving force for
microstructural arrangement of phytosphingosine ceramides results
from the formed hydrogen bond network in the polar interface, i.e. the
chemical structure of the head group. On the other side, the head
group architecture of sphingosine ceramides mainly determines the
organisation of the hydrocarbon chains, with favouring in general the
orthorhombic perpendicular subcell lattice.

Based on the different chemical nature of ceramides the interaction
and mixing properties with fatty acids and cholesterol are quite
different. Phase segregated domains, with highly aligned hydrocarbon
chains coexist with domains of higher conformational disorder. The
extent of the microstructural organisation is governed by the chemical
architecture and amount of the different ceramides. Also the presence of
free fatty acid molecules modulates the phases adopted by the ceramide
molecule and vice versa. Further modulation of the mixing property of
the stratum corneum lipids may arise from external conditions like the
presence of divalent cations, buffer components, pH, water hydration or
the presence of extrinsic compounds. This has to be considered with
more care in further studies.

The presented data support the domain mosaic model (Fig. 13), i.e.
formation of distinct crystalline-like domains embedded in a more
fluid phase, reflecting the properties of the stratum corneum lipid
barrier. However, the generalisation of findings from the analysis of
single systems, for other ceramides or other ceramide mixtures have
to be considered with care, because the mixing properties seem to be
modulated by a number of tiny factors like ceramide head group
architecture, ceramide backbone and fatty acid chain composition, the
presence and nature of the free fatty acid, cholesterol and derivatives
thereof, as well as the external factors mentioned above.
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