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3.1	 �Introduction

Obstacles such as the complexity and chemical 
variability of the lipids present in the stratum 
corneum (SC), disturbing other material like pro-
teins, ethical issues related to the use of excised 
human provided by biological material like 
excised skin, hinder elucidating the molecular 
morphology of the SC lipid matrix. These diffi-
culties led to an increasing use of synthetic SC 
lipids in SC research. To allow for a systematic 
evaluation of the relevance of single ceramide 
(CER) species, multilamellar model membranes 
containing simplistic mixtures of synthetic SC 
lipids represent a suitable approach as shown in 
numerous previous works (Kessner et al. 2008a, 
b; Kiselev 2007: Kiselev et  al. 2005; Wegener 
et al. 1997; Zbytovska et al. 2009). Such a sys-
tematic determination of the impact of particu-
lar CER subclasses is important for a detailed 
understanding of mechanisms in skin diseases. 
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This knowledge supports the development of new 
therapeutic approaches. In addition, enhanced 
understanding of the function of different SC lip-
ids in the process of barrier formation helps to 
develop new carrier systems being able to over-
come the penetration barrier more efficiently.

3.1.1	 �Ceramides of the Stratum 
Corneum Lipid Matrix

It is generally known that the main constituents, 
the ceramides (CER), play a key role in the struc-
turing and hence the maintenance of the barrier 
function of the skin (Coderch et al. 2003; Holleran
et al. 1991). They are a group of structurally het-
erogeneous sphingolipids and consist of a long-
chain fatty acid bound to the amino group of a 
long-chain di- or trihydroxy sphingoid base 
(sphingosine, phytosphingosine, and 6- 
hydroxysphingosine). The bound fatty acid of the 
CER consists predominantly of a very long 
almost entirely saturated alkyl chain (Wertz et al. 
1987) and can be hydroxylated at the α-position 
to the carbonyl oxygen, at the end of the hydro-
carbon chain (ω-position), or it contains no fur-
ther hydroxyl group (Coderch et al. 2003). The 
first nomenclature used to label the different CER 
was based on their mobility in the thin-layer 
chromatography (Wertz and Downing 1983). As 
the number of the identified CER increased, this 
method of labeling was insufficient. Consequently, 
the nomenclature of the CER is based on their 
chemical structure and was developed by Motta 
and coworkers (Motta et al. 1993). In this system 
the ceramides are labeled with letters, whereby 
the last letter assigns the type of sphingoid base 
(S… sphingosine, P… phytosphingosine, H… 
6-hydroxysphingosine). The long-chain fatty 
acid bound to the amino group can be differenti-
ated due to their hydroxylation. This was taken 
up in the nomenclature as amid-bound fatty acids 
without a hydroxyl group were labeled with the 
letter N (=non-hydroxy), while ceramides with
an omega- and alpha-hydroxylated fatty acid 
receive either the letter O or A, respectively. 
Furthermore, within the group of ceramides, the 
exceptionally long-chain ω-acyl ceramides exist, 
which are esterified with a long unsaturated fatty 

acid. In line with the way of labeling, these 
ceramides received the letter E (=esterified). Up
to now, 12 major CER classes have been identi-
fied within the SC lipid matrix (Holleran et al.
2006; Masukawa et al. 2008) (see Fig. 3.1), but 
detailed information about their specific role for 
the barrier formation and function of the SC 
needs to be elucidated. Especially the long-chain 
CER[EOS], [EOP] and [EOH] are discussed to
be of particular relevance because of their unique 
structure. As mentioned above these CER have in 
addition to the amidation either a phytosphingo-
sine (P), sphingosine (S), or hydroxysphingosine 
(H) base, while the ω-hydroxylated fatty acid is 
esterified with a linoleic acid (EO) in ω-position 
(Coderch et al. 2003). Due to the esterified fatty 
acid, those CER have a chain length of 30–32 
carbon atoms (Raith et  al. 2004). However, in
recent years also the short-chain CER such as 
CER[AP] and CER[NP] have been in the focus
of various investigations, and it became evident 
that these CER seem to play a more important 
role in the structural organization of the upper-
most skin barrier than previously assumed. But, it 
is most likely the broad distribution of alkyl chain 
lengths and the heterogeneity in the head groups 
which guarantee the integrity and functionality of 
the lipid lamellae of the SC (Norlen 2001).

3.2	 �Stratum Corneum Lipid 
Nanostructure Investigated 
With Neutron Diffraction

3.2.1	 �Basic Principles of Neutron 
Diffraction

The SC research comprises many biophysical 
approaches such as Fourier transform infrared 
spectroscopy, differential scanning calorimetry, 
atomic force microscopy or nuclear magnetic 
resonance spectroscopy. Among those the scat-
tering techniques X-ray and especially neutron 
diffraction are very potent methods to investigate 
the structure of isolated SC (Bouwstra et al. 1991) 
as well as SC model membranes constructed 
from extracted and synthetically derived SC lip-
ids (Bouwstra et  al. 1991, 1996, 1998; Friberg 
and Osborne 1987; Kuempel et al. 1998; McIntosh 
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2003; McIntosh et  al. 1996). Both neutron and 
X-ray diffraction are similar techniques, with the 
exception of the irradiation source. While X-rays 
primarily interact with the electrons of an atom, 
the interaction of neutrons with the atomic 
nucleus is short-ranged. To explain the several 
advantages of neutron over X-ray diffraction a 
brief explanation of these methods is necessary.

The technique of neutron diffraction is a versa-
tile method to study the structure and dynamics, 
which specifically applies to biological samples. 
Due to their specific properties, neutrons may pro-
vide structural insights that are hardly obtained by 
other techniques, e.g., X-ray or light scattering. 
As non-charged particles, neutrons are enabled to 
penetrate matter deeply due to the small probabil-
ity of interaction (Harroun et al. 2006). In contrast 
to X-rays, which are scattered by the electron 
cloud, neutrons interact with the atomic nucleus 
and are scattered isotropically (Dachs 1978). 
Hence, while the ability of elements to scatter
X-rays increases with the atomic number through-
out the periodic table of elements, such a correla-
tion does not exist for neutrons (Cantor and 
Schimmel 1980). Particularly hydrogen, a light 
atom that is almost invisible for X-rays, is a strong 
scatterer for neutrons (see Fig. 3.2).

This makes neutron diffraction a particular 
valuable instrument to investigate structural and 
dynamic features especially in biological sam-
ples, which are rich in hydrogen. Moreover, 
neutrons show isotope sensitivity, i.e., even dif-
ferent isotopes of one element may have differ-
ent scattering power for neutrons, for which 
hydrogen (1H) and deuterium (2H, D) are the
most prominent examples (see Fig. 3.2) (Dachs 
1978). The possibility to distinguish between 
components differing in their ability to scatter 
neutrons in one single sample, the so-called 
neutron contrast, is of great advantage for the 
study of biological systems like lipids and pro-
teins (Büldt et  al. 1978; Gutberlet et al. 2001; 
Tomita et al. 1999).

In a typical scattering experiment, a well-
collimated neutron beam with a defined wave-
length λ irradiates a sample, whereby the neutrons 
are scattered in all directions depending on the 
interactions between the sample material and the 
neutrons. The incoming neutrons interact with 
the sample and thereby experience a change in 
their momentum, which appears as a change of 
neutron direction and/or velocity. Consequently, 
monitoring the alterations of the neutron’s 
momentum provides information regarding the 
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Fig. 3.1  Chemical structures of the ceramides found in 
the human stratum corneum. S Sphingosine, P 
Phytosphingosine, H 6-Hydroxysphingosine, N non-
hydroxy fatty acid, A alpha-hydroxy fatty acid, 

O ω-hydroxy fatty acid, E esterified, D dihydro. In addi-
tion the old nomenclature according to the mobility of the 
CER in the thin layer chromatography was included for 
clarification
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structure and dynamics of the sample matter. To 
describe the change in momentum, the so-called 
momentum transfer vector, or scattering vector 


Q , was introduced and is defined as the differ-
ence between incoming 



ki  and scattered 


ks  wave 
vectors 

  

Q k ki s= − . In addition to a change in 
direction, the magnitude of 



k  can also change as 
energy is transferred between incident neutrons 
and sample. When no energy is conveyed, the 
scattering process is considered to be totally elas-
tic; therefore, 



ki  has to be equal to 


ks . Taking 
this in account, the scattering vector 



Q  can be 
evaluated as 

 

Q ki= ⋅2 sinq , including the Bragg 
angle, which in case of crystalline and lamellar 
material appears at 



Q   values equivalent to the 

reciprocal spacing of the lattice: 


Q
d

= 2p
, where 

by d denotes the characteristic spacing of a set of 
crystal planes. The complete Bragg formula 
λ = 2d/sin θ can be received when the wave vector 


ki  is appropriately substituted with 


ki = 2p l/ .
Diffraction can be considered as a special type 

of scattering, whereby an organized structure 
such as a crystal or a lamellar arrangement is ana-
lyzed. According to Bragg’s law, the incident 
beams are diffracted at a defined angle 2θ, and 
due to the interference between the waves, scat-
tered from the parallel planes, diffraction occurs 
as depicted in Fig. 3.3.

The neutron scattering experiment now mea-
sures the scattering intensity I as a function of the 

scattering direction; the interpretation of the data 
offers information about the structure of the 
analyzed sample.

3.2.2	 �Investigation of Stratum 
Corneum Lipid Model 
Membranes with Neutron 
Diffraction

The initial biological materials, analyzed with 
neutron diffraction, were phospholipids due to 
the ability to form stable and highly organized 
multilamellar lipid bilayers necessary for neutron 
diffraction experiments. In recent years this 
technique has also been successfully introduced 
into the elucidation of the structural arrangement 
of the stratum corneum lipids. The application of 
neutron diffraction offers new possibilities to 
investigate the nanostructure of SC lipid systems 
and especially to gain information about the 
impact of the different CER subspecies as shown 
by Charalambopoulou and coworkers on fully 
hydrated human SC (Charalambopoulou et  al. 
2002) and by Kiselev et al. on well-defined SC 
lipid model membranes (Kiselev et al. 2005).

3.2.2.1	 �Evaluation of the Neutron 
Diffraction Data

As mentioned above, the scattering process is 
assumed as an elastic event with no energy  
transfer taking place. Consequently, the scattering 
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Fig. 3.2  Schematic comparison of the X-ray relative scattering lengths and neutron scattering lengths of different ele-
ments and their isotopes
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vector 


Q  can be correlated to the scattering angle 
2θ. Furthermore, the intensity of the scattered neu-
tron is measured as a function of the scattering 
angle 2θ. As the Bragg condition is complied, the 
integrated intensities can be calculated by using 
Gaussian fits to the received Bragg reflections. In
order to gain deeper insight into the nanostructural 
arrangement of the SC lipids, it is necessary to 
compute the absolute value of the structure factors 
Fh from the integrated peak intensities: 
F A h IH h h= ( ) ⋅ ⋅q  with Lorentz correction h 

and absorption factor Ah (θ) (Franks and Lieb 
1979). The structure factor Fh serves as a mathe-
matical description in which mode the incoming 
neutron wave is scattered by the investigated mate-
rial (Franks and Lieb 1979; Nagle and Tristram-
Nagle 2000a, b). The SC lipid multilamellar layers 
are composed of numerous bimolecular lipid 
membranes, which in other terms can be described 
as two equal monolayers facing each other. Such 
stacks of lipid layers are considered centrosym-
metric for the neutron diffraction experiment, 
which allows for the construction of the neutron 
scattering length density (NSLD) profile ρs(x) 
across the bilayer as Fourier transform 

r
p

s
h

h

hx
d

F
x

d
( ) = ⋅ ⋅ ⋅



=

∑2 2

1

max

 

(Nagle and Tristram-Nagle 2000b). In order to cal-
culate the NSLD profile, it is essential to define the
sign of the structure factor Fh. This can be easily 
done by variation of the D2O/H2O ratio in the sur-

rounding atmosphere, the so-called contrast 
variation (Wiener and White 1991), assuming that 
water can penetrate between the bilayer sheets 
(Franks and Lieb 1979; Worcester 1976). It was 
shown for such symmetrical and hydrated bilayers 
that the phase problem of Fhs simplifies to the 
determination of the sign of + or  – (Franks and 
Lieb 1979) and can be derived from the slope of 
the correlation of Fh against the D2O content in 
water vapor as shown in Fig. 3.4.

The NSLD profile offers detailed information
about the nanostructure of the investigated lipid 
membrane and can also contribute to assign the 
position and orientation of the bilayer constitu-
ents. Furthermore, the evaluation of the NSLD
profile allows for determining specific membrane 
regions such as the polar head groups, CH3 
groups, hydrocarbon chain region, and the region 
of cholesterol location (Kiselev et al. 2005). Next
to the assignment of the position of these groups 
in the lipid bilayer membrane, the determination 
of parameters such as the region of polar head 
group or thickness of the intermembrane space 
further improves and intensifies the knowledge 
about such SC lipid organization.

3.2.3	 �Advantages and 
Disadvantages of Neutron 
Diffraction

As up to now a clear and detailed picture of the 
organization of the SC lipid matrix on a molecu-

Fig. 3.3  Schematic drawing of the scattering process 
from ordered material. (Left) Neutrons strike an array of
atoms (spheres) from the left side and are scattered to the 
right. The planes of atoms are separated by the interplanar 
distance d. The angle θ to the plans of atoms of the inci-
dent and the scattered beam are identical. The path length 

difference between the waves interfering constructively is 
equal to 2d sin θ. (Right) A typical experimental setup of 

a neutron diffraction experiment, whereby 


ki  designates 

the incoming wave vector, while 


ks  represents the scat-
tered neutron wave vector
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lar scale has not been elucidated, it is of supreme 
importance to comprehend the mode of action of 
the different SC lipid classes and particular the 
impact of the different ceramide subspecies. For 
the investigation of the driving forces and mech-
anisms that govern the self-assembling process 
of such lipid layers, the native SC lipid mem-
branes are too complex objects to probe, espe-
cially with neutron diffraction. Consequently, 
for such an approach, model membranes will be 
the objects of choice. Moreover, issues due to 
the variability of the native lipids, for example, 
the variability in the head group architecture, can 
be overcome.

Neutrons as irradiation source are non-
charged particles; they have only small interac-
tion potential with matter, which enables a deep 
penetration into the studied material. This makes 
this method particularly suitable for biological 
issues such as the investigation of the structural 
arrangement of the SC lipids. In addition, as 
mentioned before the neutrons are scattered dif-
ferently by different isotopes of the same element 

(see Fig.  3.2). This special feature renders the 
possibility of the contrast variation as described 
before. In the same line, there is another distinct 
advantage of the neutron diffraction technique, 
which is the possibility of specific deuteration, as 
the coherent scattering length bcoh (the scattering 
ability) of hydrogen (1H) and its isotope deute-
rium (2H) differs significantly (bcoh(1H) = − 3.741
fm,  bcoh(2H) = 6.671 fm). Accordingly, hydrogen 
atoms in a lipid molecule can be specifically 
substituted by deuterium, which does not alter 
the properties of the lipid molecule. When a par-
tially deuterated lipid sample is compared to its 
protonated counterpart, it is possible to identify 
the exact position of the labeled group within the 
lipid membrane (see Fig. 3.5). This is a distinct 
advantage of neutron diffraction over X-ray dif-
fraction, which does not allow for such localiza-
tion. As the SC lipid molecules are rich in 
hydrogen atoms, there is a variety of substitution 
positions, which then permit to make distinction 
between different conformational states of the 
studied lipid species. This feature is of high inter-

Fig. 3.4  Illustration of the dependency of the membrane structure factor Fh of the orders h = 1, 2, 3, 4 and 5 on the D2O 
content on the water vapor a SC lipid model system

A. Schroeter et al.



25

est, especially for the investigation of SC lipids, 
as it is known for CER to exhibit different con-
formational states (Dahlen and Pascher 1972, 
1979; Raudenkolb et al. 2003a, b, 2005).

The disadvantages are the limiting factors for 
application of the neutron diffraction for explora-
tion of the SC lipid matrix. When compared to 
X-rays the neutron fluxes are relatively small,
which necessitates a much longer experimental 
timescale and a higher amount of lipid material 
to achieve a reasonable signal-to-noise ratio. 
Furthermore, when native SC is probed with  
neutron diffraction, this yields to only one or two 
diffraction orders, which are not sufficient for the 
analysis of the NSLD profile (Charalambopoulou
et al. 2002). Consequently only SC lipid model 
systems can be studied.

Another drawback of the neutron diffraction 
technique is its availability, as there exist only a 
few neutron facilities at which such an experi-
ment can be carried out (e.g., Helmholtz Centre
Berlin for Material and Energy (HZB) and Institut
Laue-Langevin (ILL), Grenoble, France).

3.2.4	 �X-Ray Diffraction 
for the Investigation 
of the Stratum Corneum 
Lipids

As mentioned before, X-ray diffraction has been 
widely used for the investigation of the structural 
arrangement of the SC lipids. So Hatta and
coworkers could establish the impact of ethanol 
on the lipid membranes. They discovered by 
X-ray diffraction, that lipid compounds can be 
extracted and even recrystallized as well (Hatta
et al. 2001). The investigations of Kessner et al. 
could establish by X-rays that the phase behavior 
of the long-chain CERs is effected by their long 
acyl rests (Kessner et al. 2010).

Compared to other scattering techniques, it has 
a variety of advantages. In contrast to the above-
described neutron diffraction technique, X-rays 
are scattered by the electrons surrounding the 
atomic nuclei. This results in peaks of high inten-
sity and high resolution. Furthermore, many X-ray 
sources for such experiments are accessible.

Fig. 3.5  Example of the localization of partially deuter-
ated behenic acid (BA) molecules (d22BA) in a SC lipid 
model membrane composed of ceramide [AP], choles-
terol, d22BA and cholesterol sulfate. The neutron scatter-
ing length density (NSLD) profiles display the comparison
of the sample membrane containing either deuterated 

(dashed line) or protonated BA (solid line). Dotted lines: 
corresponding errors, Long dash: difference NSLD pro-
file, Fat solid line: fit of the difference NSLD profile by
two Gaussian functions (deuterium distribution). All mea-
surements were carried out at 57 % relative humidity, at 
8 % D2O in water vapor and T = 20 °C

3  The Importance of Stratum Corneum Lipid Organization for Proper Barrier Function
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Nevertheless, as described above the major
drawback of the application of X-ray in the field 
of SC research is the low capability to depict light 
atoms such as hydrogen, which is one of the main 
components of a biological relevant material. 
Furthermore, as the number of electrons between 
different isotopes of the same element does not 
change, X-rays cannot distinguish isotopes. Its 
application as an irradiation source does not allow 
for the evaluation of the sign of the structure fac-
tor, which is essential in order to be able to calcu-
late the scattering length density profile to gain 
deeper insight into the arrangement of the lipid 
bilayer. When the lamellar thickness of a lipid 
membrane is changed by way of varying the 
thickness of the water layer, it is possible to eval-
uate the sign of the structure factor and conse-
quently calculate the electron density profile. 
However, it is well known that the repeat dis-
tances of SC lipid mixtures prepared from cerami-
des (CER), cholesterol (CHOL), and free fatty
acids (FFAs) are very insensitive to hydration and 
that especially for the short periodicity phase 
(SPP), only a limited number of diffraction orders 
are obtained with X-ray diffraction. Therefore, 
again it is difficult to acquire an electron density 
profile by X-ray diffraction analysis.

3.3	 �ω-acyl Chain Ceramides and 
Their Influence on the 
Nanostructure of the Stratum 
Corneum Lipid Matrix

The lipids of the SC and particularly the cerami-
des (CER) are responsible to uphold the proper 
barrier function as pointed out in the introduction. 
The CER are a very heterogeneous group of 
sphingolipids (see Fig. 3.1), which can roughly 
be divided into two groups: (1) short-chain CER 
such as CER[AP] or CER[NP] and (2) the excep-
tionally long-chain ω-acyl CER such as 
CER[EOS] or CER[EOP]. So far, there has been 
a general consensus that especially the long-
chain ω-acyl CER seem to be of particular rele-
vance because of their unique structure.

Besides the assumed importance of long-chain 
ω-acyl CER in forming the so-called long-
periodicity phase (LPP), their presence plays a 

key role with regard to some skin diseases. For 
atopic dermatitis there was found a decrease 
especially in the CER[EOS] content as proposed 
by Yamamoto and coworkers (Yamamoto et  al. 
1991), whereas psoriatic skin among others is 
thought to be caused by an increase in the 
CER[EOS] amount (Motta et al. 1994).

3.3.1	 �Physicochemical Aspects

In addition to the amidation of the sphingosine 
backbone, the ω-hydroxylated fatty acid is at its 
ω-position mainly esterified with a linoleic acid 
(EO) (Coderch et al. 2003). Nevertheless, Hinder
and coworkers identified for CER [EOS] differ-
ent amid-bound fatty acids with chain lengths 
varying from 17 to 22 carbon atoms (Hinder et al.
2011). The same chain length ranging was found 
for the sphingosine part. Therefore, it was con-
cluded that not only linoleic acid as fatty acid 
compound is esterified to the sphingosine back-
bone. Subsequently, the influence of these differ-
ent chain lengths was studied by de Sousa Neto
et  al. with small-angle X-ray scattering and 
Fourier transform infrared spectroscopy (de 
Sousa Neto et al. 2011). Their results show an 
important influence of chain length on the lipid
organization. Whereas linoleate- and oleate-
linked fatty acid CER[EOS] showed both the for-
mation of the LPP and SPP, the stearate-linked 
variety did not form the LPP. Hence, unsaturated
amid-bound fatty acids seem to be crucial for the 
formation of the LPP.

Due to the high mobility of the exceptionally 
long-chain ω-acyl residue, these CER form less 
ordered structures than it is known for short-chain 
CER (Raudenkolb 2002). Additionally, the melting 
points being 86 °C for CER[EOS] and above 100 °C
for CER[EOP], respectively, hardly differ from 
those found for short-chain CER as stated by 
Kessner and coworkers (Kessner et al. 2010). The 
discrepancy in melting points of both ω-acyl chain 
CER was argued to be due to the more polar head 
group structure of CER[EOP] (2 OH groups for
CER[EOS] versus 3 OH groups for CER[EOP]),
which enables this CER to create more hydrogen 
bonds. In contrast to their expectations, Kessner and 
coworkers could additionally ascertain that the ther-
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motropic phase behavior of these CER is reversible 
and the melting process does not induce major mod-
ifications of the lipids (Kessner et al. 2010). This is 
in line with other discoveries, which found the polar 
head group architecture to be responsible for poly-
morphism (Raudenkolb et al. 2003a, b, 2005).

3.3.2	 �Long-Chain ω-acyl Ceramides 
Studied Using Native Stratum 
Corneum

As there is a high demand to comprehend the struc-
tural arrangement of the different components of 
the SC lipid, especially, the long-chain CER were 
supposed to be of great influence. Consequently,
the focus of many researchers was first placed on 
these exceptionally long-chain ω-acyl CER with 
their extraordinary characteristics concerning SC 
lipid organization. For example, Bouwstra et al. 
stated the importance of CER[EOS] not only for 
the formation of the LPP but also for the forma-
tion of a liquid phase which enables molecules 
to permeate along the lipid layer (Bouwstra et al. 
2002). In this context the same group analyzed 

mixtures of CER, cholesterol (CHOL), and free
fatty acids (FFAs) with regard to a diminish-
ing content of CER[EOS] by X-ray and elec-
tron diffraction studies (Bouwstra et  al. 2001a). 
According to their assumption, the fraction of 
lipids forming the LPP decreases by reducing 
the amount of CER[EOS]. Thus, they concluded 
that the presence of the long-chain ω-acyl CER 
is necessary for the formation of the LPP and 
subsequently for a proper barrier function of the 
SC lipid matrix. Resulting from different electron 
diffraction studies, the LPP is described as a trila-
mellar broad-narrow-broad arrangement of the 
SC lipids with a membrane thickness or repeat 
distance of 13  nm (Madison et  al. 1987; White 
et  al. 1988). Based on these insights Bouwstra 
et al. developed the sandwich model, depicted in 
Fig. 3.6. According to this model the liquid sub-
lattice consists of CHOL and the linoleic acid res-
idues of the long ω-acyl CER[EOS], [EOP], and 
[EOH], which are located in the center of this tril-
amellar structure and encompass nearly 3 nm of 
the total 13 nm thickness of the LPP. The adjacent 
crystalline phases with a broadness of 5  nm on 
either side are composed of long saturated hydro-

Molecular arrangement of long periodicity phase (12–13 nm)
of mixtures prepared with

pig ceramides
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Fig. 3.6  Schematic presentation of the molecular arrangement of the long-periodicity phase (LPP). Reprinted from 
Bouwstra et al. (2001a) with permission from Karger Publisher
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carbon chains of the CER and FFA (Bouwstra 
et  al. 2001a). Except the research of McIntosh 
et al. (1996), in which isolated CER from native 
pig epidermis were employed, all studies men-
tioned above directly used native SC derived from 
a pig or mouse tissue for their investigations.

But as pig CER differ structurally from CER 
originated from human tissue, Bouwstra and 
coworkers compared their previous results of 
mixtures containing pig CER with those contain-
ing human CER (Bouwstra et al. 2001b). Similar 
to pig CER/CHOL mixtures, human CER/CHOL
mixtures showed the formation of the LPP with 
the difference, that by addition of FFA the LPP 
disappeared and has been replaced by a short 
periodicity phase (SPP) (Bouwstra et al. 2001b). 
Contrary to these findings various work groups 
could not detect an LPP by cryoelectron micros-
copy (Al-Amoudi et al. 2005; Pfeiffer et al. 2000) 
and X-ray diffraction (Garson et al. 1991) in 
human SC. They explained the discovery of the 
LPP in former researches as an artifact due to 
the fixation with Ruthenium tetroxide. Ruthenium 
tetroxide is necessary for the electron diffraction 
and might yield to the misinterpretation of the 
received data. However, the fixation problem
does not account for the X-ray diffraction results.

3.3.3	 �Synthetically Constructed 
Long-Chain ω-acyl Ceramides

There are several disadvantages when native SC 
lipids are used. For instance, the variability in 
chain length of either the FFA or the CER-bound 
fatty acids and differences in the CER head 
group architecture (see Fig.  3.1) can circum-
vent the assignment of different characteristics 
to individual lipids, especially the CER sub-
classes. In recent years synthetically constructed 
CER with defined chemical structures have been 
introduced into the SC lipid research, enabling a 
more reliable transduction of the physicochemi-
cal behavior to the structural characteristics of 
special CER.

This was taken into consideration by de Jager 
et al. (2004), who confirmed the existence of the 
LPP by investigating synthetic CER in mixtures 
with CHOL and FFA using small-angle X-ray dif-

fraction. Additionally, they concluded that there 
is a close connection with the formation of the 
LPP and the presence of CER[EOS]. They stated 
that, while partial replacement of CER[EOS] by 
CER[EOP] does not influence phase behavior,
complete substitution leads to a phase separation 
of CER[EOP] and a reduction of the LPP.

Another study performed by Kessner and 
coworkers also employed synthetically derived 
CER and applied both X-ray diffraction and 
Fourier transform Raman spectroscopy in order 
to ascertain these findings. Contrary to the previ-
ously described investigation, the physicochemical 
behavior of only the synthetic long ω-acyl 
CER[EOS] and [EOP] (Kessner et al. 2010) was 
studied without FFA or CHOL. These investiga-
tions revealed remarkable insights in this regard. 
While CER[EOS] in dry state only arranges in a 
SPP, CER[EOP] already forms the LPP.  It was 
deduced that the differences in the head group 
architectures are responsible as this is the only dis-
similarity between both CER species. They argued 
that the additional hydroxyl group in CER[EOP] 
is responsible for more hydrogen bonds and there-
fore enables the formation of a high-ordered pack-
age preventing the ω-acyl chains extending into 
the adjacent bilayer. Once both CER are hydrated, 
they are able to form the LPP with a repeat dis-
tance of 12 nm (Kessner et al. 2010).

To further examine the significance of these 
findings for the arrangement of the SC lipids, 
model membranes containing synthetic long-
chain ω-acyl CER, CHOL, and FFA were ana-
lyzed. Using X-ray diffraction, mixtures of 
different CER, CHOL, and the FFA palmitic acid
(PA) in an equimolar ratio were studied by de 
Jager et  al. (2003). In mixtures containing 
CER[EOS]/CHOL/PA no LPP could be detected,
while the same mixture comprising additionally 
CER[NP] showed a clear LPP with a repeat dis-
tance of 11.6 nm. The authors concluded that not 
only the presence of one single CER subclass can 
induce the formation of the LPP but a mixture of 
particular CER (de Jager et al. 2003).

Subsequently, Kessner and coworkers ana-
lyzed lipid mixtures containing CER[EOS], 
CER[AP], and CHOL. They detected a lamellar
membrane with a thickness of two opposing 
CER[AP] molecules of approximately 45 Å indi-
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cating that no LPP was formed (Kessner et  al. 
2008a). Even by adding of the FFA behenic acid 
(Schroeter et al. 2008), which was often reported 
to be required for the formation of the LPP (de 
Jager et  al. 2003), only a slight increase of the 
repeat distance to 48  Å was perceived. 
Furthermore, from the neutron scattering length 
density profile, it was concluded that the long 
ω-acyl chain of CER[EOS] protrudes into the 
adjacent layer in order to fit into the membrane 
size created by CER[AP]. Consequently, 
CER[EOS] is positioned inside a phase with a 
short periodicity by spanning a bilayer and 
extending into adjacent layer (see Fig. 3.7).

It was concluded that the polar short-chain 
CER[AP] plays a key role in the formation of 
this lipid system. It dictates the arrangement of 
the other lipids within this mixture in a lamellar 
membrane, which covers the range of two oppos-
ing CER[AP] molecules. Consequently, the dis-
tinct head group polarity of CER[AP] exceeds 
the influence of the long ω-acyl chain of 
CER[EOS] (Kessner et  al. 2008a; Schroeter 

et al. 2008). In another approach by Engelbrecht 
and coworkers, an artificial derivative of 
CER[EOS], the so-called CER[EOS]_branched 
with a methyl-branched and saturated ω-acyl 
chain, was synthesized and investigated in a 
model membrane applying neutron diffraction 
(Engelbrecht et  al. 2011) (see Fig.  3.8). This 
molecule is less sensitive to oxidative stress and 
therefore more stable and easier to handle as the 
native specie.

To assure the comparability of the native 
CER[EOS] and the artificial CER[EOS]_
branched derivative both Fourier transform 
Raman spectroscopy and differential scanning 
calorimetry were carried out, with the outcome 
that both species show a comparable phase 
and chain packing behavior (Engelbrecht et al. 
2011). In order to elucidate the arrangement of 
this CER[EOS] derivative with respect to the 
previously described findings, Engelbrecht et al. 
additionally studied a model membrane system 
composed of CER[EOS]_branched, CER[AP], 
CHOL, and behenic acid with neutron diffrac-

CER[AP]

CHOL

CER[EOS]

48.3 A

Behenic
acid

°

Fig. 3.7  Schematic 
presentation of the arrange-
ment of CER[EOS] in the 
model matrix composed of 
CER[EOS]/CER[AP]/CHOL/
BA (23/10/33/33, w/w) 
according to Schroeter et al. 
(2008)
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Fig. 3.8  Chemical structures 
of the native CER[EOS] 
specie (A) and the synthe-
sized CER[EOS]_branched 
variety according to 
Engelbrecht et al. (2011)
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tion (Engelbrecht et al. 2011). They found that 
the synthetically derived CER[EOS]_branched 
is able to serve as an appropriate substitute for 
the native CER[EOS] in terms of lipid arrange-
ment and architecture. Even this more stable and 
saturated acyl chain of CER[EOS]_branched 
did not induce a formation of the LPP in the 
presence of CER[AP], as stated above for the 
non-branched species in such mixtures. Again, 
the protruding influence of the more polar
CER[AP] induces the formation of the SPP. To 
further verify their results, molecular dynamic 
simulation was performed and confirmed the 
lamellar arrangement of this model membrane 
(see Fig. 3.9).

Contrary to these findings there are the results 
from X-ray diffraction and FT-IR studies con-
ducted by Groen et al. (2010). For mixtures  

containing CER[EOS], CHOL, and different
FFA in an equimolar ratio, they could detect a 
14.7  nm lamellar phase. This very long repeat 
distance was discussed to result from two oppos-
ing CER[EOS] molecules with interdigitating 
linoleate residues. Accordingly they proposed a 
model arrangement in which the lamellae are 
divided into three different lipid layers referred to 
as (A) (containing the linoleate residues of 
CER[EOS]), (B) (composing CHOL and
CER[EOS]-ω-bound fatty acids), and (C) 
(buildup of sphingosine residues and FFA) as 
depicted in Fig. 3.10. Although a long 14.7 nm 
lamellar phase could be observed, the LPP with a 
repeat distance of 13 nm was not detected.

Concluding, it has to be stated that the role of 
long-chain ω-acyl CER both in context with the 
formation of the LPP or in terms of skin diseases 
is not completely elucidated and still debated 
vigorously. Therefore, these CER are still a sub-
ject of great interest in SC lipid research.

3.4	 �Effect of Short-Chain 
Ceramides to the Structural 
Organization of Stratum 
Corneum Lipids

As outlined previously, the heterogeneous class 
of CER can be generally separated into two major 
subclasses: the very long-chain ω-acyl CER like 
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Fig. 3.10  Model calculations 
of the neutron SLD profile of 
a SC lipid system composed 
of CER[AP], CHOL, behenic
acid (BA), and cholesterol 
sulfate modified according to 
Ruettinger et al. (2008). The 
fitted curves for each group 
are: polar head groups (blue 
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Fig. 3.9  Snapshot from molecular dynamic simulation of 
the lipid system consisting of CER[EOS]_branched/
CER[AP]/behenic acid/CHOL (23/10/ 33/33 m/m) and
H2O. Color code: orange: CER[EOS]_branched, blue 
CER[AP]. Modified according to Engelbrecht et al. (2011)
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CER[EOS] or [EOP] and the short-chain CER, 
which can further be divided into the phytosphin-
gosine type such as CER[AP] or CER[NP] and
the sphingosine-type CER such as CER[AS] or 
CER[NS]. Furthermore, both subclasses are
known to exhibit a broad distribution of their 
alkyl chain length, which is necessary for their 
proper functionality of the SC lipid matrix 
(Norlen 2001). During the last years, especially 
the short-chain CER of the phytosphingosine 
variety have gained in interest in the SC lipid 
research, as specific, their role for a proper barrier 
function has not been fully elucidated up to date. 
In order to evaluate the specific function of each 
CER subclass nowadays, well-defined model 
systems are investigated using different 
techniques.

The various experimental techniques such as 
X-ray diffraction, vibrational spectroscopy, or 
differential scanning calorimetry (DSC) to char-
acterize the thermotropic and/or lyotropic prop-
erties of the ceramides as bulk substance and in 
different mixtures have been extensively reviewed 
before (Kessner et  al. 2008c; Wartewig and 
Neubert 2007). In order to understand the impact 
of different CER species for the formation of the 
SC lipid matrix, the analysis of the CER as bulk 
material and then consequently in mixtures with 
other SC lipids is mandatory for the interpretation 
of the behavior in the complex multicomponent 
SC lipid membranes.

3.4.1	 �Elucidation of the 
Nanostructure of Stratum 
Corneum Lipid Models Based 
on CER[AP] or CER[NP]

As a first step to investigate the influences of dif-
ferent short-chain CER, Kiselev and coworkers 
prepared a SC lipid model membrane composed 
of CER[AP], cholesterol (CHOL), the free fatty
acid (FFA) palmitic acid and cholesterol sulfate as 
oriented multilamellar membrane and investi-
gated it with neutron diffraction (Kiselev et  al. 
2005). They showed by determining the internal 
membrane nanostructure and the water distribu-
tion across the bilayer, that such model membrane 
exhibits very low hydration, with a water layer 

thickness of about 1 Å at full hydration. From the 
neutron scattering length density (NSLD) profile,
they further derived information about the posi-
tion of the molecular groups of the lipids within 
the lipid bilayer. This was achieved by fitting the 
NSLD profile with Gaussian functions, which
resemble the position of the polar head groups, 
the CH3 group, the hydrocarbon chain region, and 
the region of cholesterol location, respectively 
(see Fig. 3.10). Furthermore, they established that 
a decrease in the amount of CHOL in the model
system correlates with an increase in the mem-
brane thickness (Kiselev et al. 2005).

In order to identify the exact position of the 
CHOL molecules in this model membrane based
on CER[AP], Kessner et al. employed two par-
tially deuterated CHOL derivatives (Kessner
et al. 2008b). From the neutron scattering length 
density (NSLD) profiles, they concluded that the
CHOL molecules are immersed in the hydrocar-
bon chain region of the membrane bilayer, with 
the isopropyl residue positioned in the center of 
the membrane as depicted in Fig. 3.11.

As the interaction of the different lipid species 
of the SC matrix is of high interest, the influence
of the FFA chain length to the above-described 
model membrane based on CER[AP], CHOL,
and FFA was investigated also applying neutron 
diffraction (Ruettinger et al. 2008). In this study, 
within SC lipid model membranes, only the FFA 
chain length (C18:0 stearic acid, C22:0 behenic 
acid, C24:0 lignoceric acid, C26:0 hexacosanoic 
acid) was varied and the results were compared  
to each other. The membrane thickness for all 
investigated model systems was found to be in 
the range of two opposing CER[AP] molecules. 
An increase of the FFA chain length did not cause 
an alteration of the internal nanostructure but led 
to a slight decrease in the membrane thickness, 
causing a partial interdigitation of the longer 
chained FFA.  The reason for the unexpected 
result was placed on the presence of the polar 
short-chain CER[AP]. This molecule establishes 
a tight hydrogen bond network between the adja-
cent bilayers due to its four OH groups. Thus, the
CER forces the long-chain FFA to incorporate 
into the unchanged spacing of the bilayer, thereby 
obligating the FFA to protrude partly through 
opposing leaflet as represented in Fig. 3.12.
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Consequently, CER[AP] creates a super-
stable structure, which is not influenced by the
alteration of the FFA chain length. The resulting 
free space due to the interdigitation of the FFA 
can only be compensated by pulling the mem-
brane together, hence, the slight decrease in the 
membrane repeat distance. Additionally, the 
experiments revealed that the longer-chained 
FFA tends to separate in an FFA-rich phase. It 
was reasoned that the elongation of the chain 
length of the FFA decreases the solubility of the 
FFA in the SC model membrane based on the 
short-chain CER[AP] (Ruettinger et al. 2008). To 
verify the interdigitation of the FFA in the 
CER[AP]-based SC lipid model membrane, the 

same group employed the partially deuterated 
FFA behenic-22,22,22-d3-acid and cerotic-
12,12,13,13-d4-acid (Schroeter et al. 2009). The 
results from the neutron diffraction study pro-
vided the direct experimental evidence concern-
ing the localization of the FFA in this SC lipid 
model system. Both the interdigitation and the 
presence of the FFA-rich phase could be proven 
by this method.

As mentioned earlier, such SC lipid mem-
branes show very small head group hydration. 
Therefore, Ryabova and coworkers investi-
gated the kinetics of the exchange of water in 
CER[AP]-based SC lipid model membranes 
with real-time neutron diffraction (Ryabova 
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Fig. 3.12  Schematic presentation of the structural 
assembly of the SC model matrix based on CER[AP] 
according to Ruettinger et al. (2008). To demonstrate the 
influence of the longer chained FFA a model for the mem-

brane containing palmitic acid (left) is compared to the 
matrix including tetracosanoic acid (right). CER[AP]
ceramide [AP], CHOL cholesterol, PA palmitic acid, TA 
tetracosanoic acid
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et al. 2009). The study revealed that the kinetic 
hydration comprises a fast initial segment, which 
is followed by two slow stages. By increasing 
the temperature to 57 °C, this process was sig-
nificantly faster in its initial phase. Furthermore, 
they found that an irreversible phase separation at 
this temperature and low hydration level occurs, 
whereby they argued that the FFA separate. In 
a further investigation the same group studied 
the influence of both a realistic FFA mixture
and cholesterol sulfate (ChS) to the structure of 
the above-described SC lipid model membrane 
based on CER[AP] (Ryabova et  al. 2010). 
Again, as described by Ruettinger et al. (2008), 
not even a mixture of different FFA affects the 
nanostructure of this model system. Once more, 
the FFA needs to interdigitate in order to fit into 
the bilayer created by CER[AP]. Nevertheless,
they found that their mixture containing six 
FFAs differing in chain length prevented the 
above-described FFA phase separation. Only the 
hydration behavior was altered due to the FFA 
mixture as Ryabova et  al. discovered that the 
membrane swelling process was accelerated at 
low hydration levels, which was attributed to the 
less dense bilayer packing due to the interdigi-
tation of the FFA (Ryabova et al. 2010). In the 
same study, no alteration of the rate of hydra-
tion was observed for the complete substitution 
of ChS by CHOL. However, the absence of ChS
caused a phase separation, which was attributed 
to the missing sulfate group of ChS. As the sul-
fate group is negatively charged, it can increase 
the molecular area per lipid, which subsequently 
reduces the density of the lipid packing. This 

density reduction increases the mobility of the 
lipids, which further promotes the miscibil-
ity of the lipids. When, on the other hand, the 
amount of ChS was increased at the expense of 
CHOL, the swelling of the membrane increased.
Ryabova et al. argued that the higher ability to 
form hydrogen bonds of ChS is responsible for 
this effect (Ryabova et al. 2010).

As described in the preceding chapter, the 
presence of CER[AP] in an SC lipid membrane 
composed also of CER[EOS], CHOL, and FFA
prevents the formation of the LPP, as it forces the 
long ω-acyl chain of CER[EOS] to protrude 
through the complete bilayer into the adjacent 
layer (Engelbrecht et  al. 2011; Kessner et  al. 
2008a; Schroeter et al. 2008). These experimen-
tal findings contributed to or are in accordance 
with the so-called armature reinforcement model, 
a theoretical model describing the molecular 
arrangement of these lipids (Kiselev 2007) (see 
Fig. 3.13).

Here, the polymorphism of the short-chain
CER (Pascher 1976; Pascher and Sundell 1992; 
Raudenkolb et al. 2003a, b, 2005) is taken into 
account, as the role of the fully extended con-
formation is discussed for the arrangement of 
the lipids (Fig.  3.14). This model conception 
assumes that CER[AP] in its fully extended 

partially hydrated membrane

fully extended (FE) conformation hair pin conformation

free fatty acid
CER[AP]

cholesterol

n n

membrane in excess waterFig. 3.13  Schematic 
presentation of the armature 
reinforcement model and 
transformation of SC lipid 
membrane from partly 
hydrated to fully hydrated 
state by the excess of water 
modified according to 
Kiselev (2007)

hair pin
conformation

FE conformation V–shape
conformation

Fig. 3.14  Conformational states of the short-chain CER
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conformation adopts a sort of anchor function 
due to the strong intermembrane attractions, in 
which it is able to restrain the other lipids inside 
the membrane and, respectively, forces their 
arrangement within the membrane constraints. 
Upon hydration, CER[AP] is capable to perform 
a chain-flip transition to the one-sided or hairpin
conformation, which accounts for the alterations 
in the structure observed in the hydrated state 
(Kiselev et al. 2005).

Next to neutron diffraction, there is also the
very powerful technique of neutron small angle 
scattering (SANS), which allows for the investiga-
tion of the structure of vesicular lipids in excess of 
water. With SANS nanostructural parameters such
as size of the vesicle, thickness of a lipid bilayer, 
thickness of hydrophobic and hydrophilic regions, 
and number of water molecules can be directly 
determined (Kiselev et al. 2006). Applying these 
methods Zemlyanaya and coworkers (Zemlyanaya 
et al. 2008) investigated CER[AP]-based quater-
nary unilamellar vesicles. In their investigation 
they detected a short-range interaction between 
the vesicles specimen, which leads to the forma-
tion of clustered structures. Furthermore, with this 
study they confirmed the chain-flip transition of
the CER[AP] molecules described above in the 
armature reinforcement model.

As CER[NP] is one of the most abundant CER
of the SC (Masukawa et al. 2009), the focus was 
also placed on this molecule. Compared to the 

above-described CER[AP], this CER also 
belongs to the phytosphingosine subclass, but 
does not have the α-hydroxy group present in 
CER[AP]. Accordingly, the lamellar nanostruc-
ture of a SC lipid model membrane based on 
CER[NP] was investigated in an interdisciplinary
approach using both neutron diffraction and 2H-
NMR spectroscopy and then compared to the
above-described CER[AP]-based SC lipid model 
systems by Engelbrecht and coworkers 
(Engelbrecht et al. 2012). The authors indicated 
that in the presence of this CER subspecies a 
highly ordered lipid lamellae is formed and phase 
separation occurred, which was even at high tem-
perature in a densely packed and stable bilayer. 
Here, intra- and intermolecular head group inter-
actions of CER[NP] prevent the hydration of the
head group region. From the neutron diffraction 
data, it was proposed that CER[NP] exhibits a
V-shaped conformation in both lamellar phases, 
but with the distinction that one phase is phase-
separated CER[NP] as portrayed in Fig. 3.15, 
which was further corroborated by 2HNMR spec-
troscopy study.

Moreover, the model system based on 
CER[NP] a completely different diffraction pat-
tern at higher temperature, when compared to the 
above-described CER[AP]-based lipid mem-
branes. Thus, it was argued that the absence of 
just one OH group induces drastic structural
alteration in the membrane arrangement.

PI PII

CHOL SA CER[NP]

Fig. 3.15  Sketch of the assumed lamellar lipid assembly 
present in the phase-separated domains of PI and PII in 
the ternary SC lipid model membrane 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. Reproduced from Engelbrecht et al. (2012).
with permission from The Royal Society of Chemistry
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3.4.2	 �Investigating 
the Nanostructure of an 
Stratum Corneum Substitute

The above-portrayed investigations were mainly 
focused on the impact of one specific CER species 
in order to explicitly recognize the interaction 
occurring between the different lipids and identify 
the structure-function relationship of different 
CER subspecies. In another approach Groen and
coworkers studied the nanostructure of SC lipid 
model membranes with neutron diffraction, which 
was composed of different CER species, CHOL,
and FFA to closely mimic the SPP (Groen et al.
2011). In order to localize the CER, they applied a 
CER species (CER[NS]) with a perdeuterated
acyl chain. In accordance with the finding 
described concerning the short-chain CER[AP], a 
bilayer arrangement with a membrane thickness 
in the range of two opposing CER molecules was 
detected. From the neutron scattering length den-
sity profile of the membrane containing the deu-
terated CER[NS] variety, they reasoned that the
CER exhibits a symmetrical organization and 
excluded the asymmetric conformation of the 
CER inside the bilayer arrangement (Engelbrecht 
et al. 2012) as schematically displayed in Fig. 3.16.

However, as the acyl chain of CER[NS] is per-
deuterated, only the presence of this chain can be 
deduced from the data. It is true that the chains 
need to be partially interdigitated in order to be in 
agreement with the neutron diffraction data. 
Nevertheless, another arrangement is possible
whereby the CER molecules exhibit a fully 
extended conformation (see Fig. 3.14), the deu-
terated chains forming one leaflet, while the
sphingosine backbone chain is pointed in the 
opposing direction.

Consequently, the drawback of the application 
of perdeuterated lipids in the neutron diffraction 
experiment is the fact that it does not yield to an 
unambiguous location of the labeled lipid species, 
and, furthermore, it does not give any informa-
tion about the conformational state of the studied 
lipid.

3.5	 �Summary and Final Remarks

The intercellular lipid membranes of the SC are 
an excellent biological example for the relation-
ship between the lipid composition, its physi-
cochemical properties and biological function, 
as well as organization. To elucidate the special 
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assembly and the properties of the native SC 
lipid matrix is a very difficult task as the natural 
SC membranes are very complex. Therefore, in 
recent years the researches were primarily placed 
on the investigation of model systems in order to 
gain deeper insights into the driving forces of the 
lipid assembling process. Furthermore, not only 
model membranes are currently in the focus of 
different investigation but also rather simplis-
tic, nonetheless realistic SC model membranes. 
As  described, this offers the distinct benefit to 
analyze the different lipid species systemati-
cally. This approach is very important, as espe-
cially the impact of the various CER subclasses 
for the proper barrier function of the SC needs to 
be studied independently as shown for the very 
closely related CER[AP] and CER[NP].

So far a diversity of techniques have been 
introduced into this field, whereby neutron dif-
fraction with its specific advantages seems to be 
the most promising one for the investigation of the 
nanostructure of the SC lipid matrix, as it enables 
the use of specifically labeled molecules. However,
only a combination of different methods and 
approaches can provide a complete picture of the 
molecular arrangement of SC lipid matrix, as one 
technique alone can cover only a small field.

Up to date only a few CER subspecies have 
been investigated independently and are in parts 
debated controversially (see CER[EOS], for 
instance). Consequently, there is still a high demand 
to fully understand the impact of these lipids for a 
proper barrier function of the SC lipid matrix.
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