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1 INTRODUCTION 
 

The stratum corneum (SC) represents the outermost layer of mammalian skin and 

exhibits the main protection barrier [1]. Simultaneously, the skin represents a great opportunity 

as it offers a large surface to which substances can be applied. For therapeutic or cosmetic 

reasons it is often necessary to overcome its protecting layer. Since the barrier function is 

attributed to the intercellular lipids, which form continuous multilamellar organized membranes, 

surrounding dead cornified cells (corneocytes) [2], it is indispensable to expand the knowledge 

of the lipid arrangement on a molecular level and identify the high-ordered structure. As a 

consequence, the ratio between therapeutic substance transfer and intact SC barrier function 

could be optimized. 

The major lipid classes extracted from the SC lipid matrix are ceramides (CER), cholesterol 

(CHOL), and free fatty acids (FFA) [2-4]. The very heterogeneous group of the CER is known 

to play a fundamental role for the structural arrangement as well as for the maintenance of the 

skin barrier function [5]. Due to their immense influence on the SC lipid structure, ceramides 

are the point of interest in many studies concerning their quantitative ratios in native material 

[6-10] and their molecular arrangement [11-13]. 

A special feature for investigations in the field of structural SC lipid arrangements is 

represented by neutron diffraction experiments. They offer a wide range of advantages over 

X-rays, e.g. their deep interactions with biological materials or their varying coherent scattering 

lengths for deuterium (2H) and hydrogen (1H) [14-17]. Therefore, neutron diffraction is a 

versatile technique in order to investigate SC lipid lamellae as performed before in numerous 

works [18-24]. The application of SC lipid model membranes is essential because native lipid 

mixtures are very heterogeneous and consequently too complex to receive detailed 

information about the single lipid arrangement. Especially, deuterated lipids enable the 

determination of their position within the membranes in these experiments due to a H/D 

exchange. 

Furthermore, there are two lamellar phases described, in which the SC lipids can be 

assembled, differing in their unit cell scale. In detail, a short-periodicity phase (SPP) with an 

approximated distance of 60 Å and a long-periodicity phase (LPP) with a repeat interval of 

130 Å were described in native material [25-27]. Whereas the SPP is known to be dependent 

on long-chain CERs as [AP] or [NP] [28, 29], the LPP presence is highly related to the 

appearance of ultra-long-chain CERs as [EOS] or [EOH] [30-35]. As the SPP is well defined 

by neutron diffraction studies on SC lipid model membranes [21, 28], its longer pendant is still 

in focus of discussion [12, 19, 22, 36-38].  
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In the present work, for the first time the specifically labelled CER[AP]-C18 and a methyl-

branched CER[EOS] variant were applied for closer insights into the nanoscaled structure of 

SC lipid model membranes. Therefore, SC lipid model membranes were prepared, containing 

one or two CER species besides cholesterol and a free fatty acid. Beginning with 

CER[AP]-C18, a well-known SC lipid model membrane [39] was investigated under the usage 

of the partially deuterated CER variation. Furthermore, in chapter 4.1 the position of the long-

chain CER within the lipid lamellae was determined. In a second approach (see chapter 4.2), 

the methyl-branched variation of ultra-long-chain CER[EOS] was applied in addition to 

CER[AP]-C18. Moreover, the effect of the lipophilic penetration enhancer isopropyl myristate 

(IPM) on the LPP forming SC lipid model membrane was investigated in chapter 4.3 as well 

as the thermotropic phase behavior of the lipid matrix.  

A discussion of the received results is presented in chapter 5, together with an outlook and 

perspectives which arose from this thesis. A final summary will conclude this work (see 

chapter 6). 
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2 BASIC PRINCIPLES AND FUNDAMENTAL CONCEPTS 

This chapter includes the theoretical background of the thesis and explains basic 

concepts. First of all, information about the human skin and its structure will be addressed, 

followed by more detailed implementations relating to the SC and its composition. 

Later on, the chosen technique of neutron scattering and the respective data treatment, that 

was used to obtain the presented results, will the described.  

 

2.1 The mammalian skin 

The skin, with a total surface of about 1.5- 2 m2, is the largest and most functional organ 

of human beings. Due to its complex structure, it delimits the body to external as well as internal 

influences and signals. Equally, it serves as multifunctional interface between the body and its 

environment. Its natural structure enables a classification in several layers with different 

thicknesses and characteristic properties for the body´s balanced supply. Apart from this, due 

to the evaporation or sweating of water, the skin is highly involved in the regulation of 

temperature and water economy. 

 

 

Fig. (1): The human skin. A schematic cross section is presented, adapted and modified from [40].  

As Fig. (1) indicates, the skin is classified in epidermis, dermis and subcutis, as its main parts, 

which structures are highly differentiated. The subcutis, for example, is the fat storage and 
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accommodative part. Its function is described as isolating, pressure protecting and energy 

reserve, based on the fat depot [41]. The dermis is the largest layer and mostly represented 

by protein structures interfused by smaller blood vessels. Here, the endings of nerves and skin 

appendices, as hair muscles and follicles, sebaceous glands or perspiratory glands are 

located. The high number of several proteins realizes the dermis stability and simultaneously 

its elasticity [42, 43]. In detail, these are fibroblasts or structure proteins, like collagen and 

elastin [44]. The third main layer is the epidermis, which is itself split up into several strati, in 

detail: stratum basale, stratum spinosum, stratum granulosum and the outermost one, the 

stratum corneum (SC). The epidermis is mostly represented by cells, called keratinocytes, 

which develop and differentiate during their passage through the epidermis. Their division 

starts in the stratum basale, their further formation happens in the stratum spinosum and 

granulosum and finally their dying and flattening in the SC. Reaching the SC, these cell bodies 

are named as corneocytes or horny cells, consisting of the structure protein keratin.  

After the basic facts corresponding to the skin structure, a more detailed view to its uppermost 

layer is mandatory in order to explain the structure-function relationship of the SC components. 

 

2.1.1 The SC and its function as penetration barrier 

The unique structure of the SC is known to play the fundamental role in the proper 

barrier function of mammalian skin [45]. Thereby, the SC thickness differs depending on the 

place of sampling mainly from ten to 20 µm [46]. 

Corresponding to first ideas, in 1983 Elias presented his vision of the SC structure as 

“Brick and Mortar Model“ [2]. In that conception, the SC is built as a brick wall with keratin-filled 

corneocytes (“bricks”), which are embedded into a complex lipid matrix (“mortar”). In total, a 

number of 15-30 cell layers is described [46-50], being twice as much as the living epidermis 

[47]. This is explainable due to the substantial smaller volume of the dead flattened 

corneocytes compared to the cells in the layers beneath. In their final formation, corneocytes 

are surrounded by the so-called cornified envelope (CE) [51, 52], a cross-linked protein 

covering, to which some ceramides are covalently linked forming a monolayer. The horny cells 

themselves are connected by corneodesmosomes, which increase the stability of the SC 

substantially [53] (see Fig. (2)).  

In general, there are two pathways known for the penetration of substances: transepidermal 

and transappendageal [54]. Thereby the latter plays only a minor role, due to the small surface 

and number of glands (transglandular) and hair follicles (transfollicular) compared to the 

complete epidermal area [55]. Consequently, most of the agents directly overcome the 

epidermis. Here, it can be differentiated between the way across the “bricks and mortar”, the 
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so-called transcellular route and the intercellular pathway along the lipid matrix [56, 57] (see 

Fig. (2)). 

 

Fig. (2): The human SC, adapted from [58]. The corneocytes (blue “bricks“) are surrounded by the white 

lipid “mortar“, which is arranged in multilamellar layers. Both main penetration routes are given. For the 

transcellular pathway (red) substances need to overcome cells and lipid layers. Substances, which 

prefer the intercellular route (black), penetrate across the lipid route. 

 

The quantitative substance transfer across the transcellular route is highly limited due to the 

alternating lipophilic (mortar) and hydrophilic (protein structure of corneocytes and cornified 

envelope) areas. Therefore, the preferred pathway is represented by the intercellular route [56, 

59]. However, the SC barrier function is highly connected to the lipid domains [60]. Thus, it is 

not surprising, that the penetration rate across the SC is rather small, as the favorite pathway 

represents the main barrier properties as well.  

As direct interface between the human body and its environment, the SC protection properties 

against external influences also include the prevention of dehydration [61]. The mechanism is 

described as a hydrogen bond network between water and the hydroxy groups of the present 

sphingolipids [62], which minimizes the trans-epidermal water loss (TEWL). 

 

2.1.2 SC lipids and their molecular structure 

The SC lipids form continuous membranes (see Fig. (2)), varying by their intra- and 

interindividual composition [63]. The multilamellar system is built in the stratum granulosum, 

where lamellar bodies are modeled in multilayered stacks [52, 64]. At the central interface to 

the SC, the exocytosis of the lamellar bodies enables the formation of the crystalline lamellar 

structures parallel to the skin surface [65, 66]. The SC lipid compounds are mainly free fatty 

acids, cholesterol, and the very heterogeneous group of ceramides in a nearly equimolar ratio 

[5, 67, 68].  
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Ceramides 

The group of CERs generates the main part of the matrix ingredients [63, 69, 70]. However, 

depending on the investigated native skin areas, possible morbidity and the analytical 

methods, the CER ratio in several studies differs between 13.6 and 70.0 wt%. [71, 72]. 

CERs consist of a polar head group region (blue circle) and elongated hydrophobic alkyl 

chains, as presented in Fig. (3):  

 

Fig. (3): CER[AP]-C18 as an CER example. In 

general, a sphingoid base (green) is amide 

linked (red) to a fatty acid (orange). 

In total, an immense amount of 342 individual CER compounds was lately described [73]. To 

this day, a classification into 19 classes was suggested involving all subspecies [73-76] as 

shown in Fig. (4). The high number of subclasses is predicated on the five described 

N-acylated sphingoid bases as well as on the high number of present fatty acids. Thus, a 

unique name system was necessary to differentiate between CER subclasses. In the 

beginning, there was a numbering system, first relating to the chromatographic retention of the 

CERs (CER 1-8) [77] and afterwards, based on their chronological publication (CER 9-12) [78]. 

Later on in 1993, Motta et al. developed a letter nomenclature system [79], which was further 

complemented by Robson [80], t´ Kindt [76] and Rabionet [75]. 

Implementing a minimum two letter code, typical chemical CER characteristics are included, 

whereby the first letter stands for the present fatty acid, i.e. A for an α-hydroxy fatty acid and 

N indicates a non-hydroxy fatty acid. A further letter was added for esterified fatty acids (E). 

The corresponding sphingoid bases phytosphingosine (P), sphingosine (S), dihydrosphingosin 

(DS), 6-hydroxy-sphingosine (H), and dihydroxy-dihydrosphingosine (T), as the latest 

detection [76], are then added as the last letter. But it has to be pointed out, that t´Kindt and 

co-workers, who described the T-base for the first time, were not able to determine the exact 

positions of both additional hydroxy groups to this day. Furthermore, CER[ODS] was not yet 

detected but proposed in the literature [76]. 

Within the total number of different CER subclasses, another differentiation between free and 

bounded CERs is possible. The latter are covalently linked to the insoluble protein structures 

of the cornified envelope via their omega-positioned hydroxy fatty acid (O), which is 

simultaneously the binding site for esterification in ultra-long-chain CERs [52]. 
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In addition to the kind of sphingoid bases and amide-linked fatty acids, the alkyl chain lengths 

of the CERs vary between C18-C22 or C18-C26 [68, 81]. Longer chain lengths correspond to 

esterified ω-acyl CER species, as CER[EOS] or [EODS], where the number of carbon atoms 

of the ultra-long N-acyl chains is mostly between 30 and 32 [68, 73, 81]. Effects of the chain 

length to the physiological state of the SC were found by Mojumdar et al., who described a 

reduced barrier function due to decreasing chain length distributions [82]. 

 

Fig. (4): Presentation of all known native CER species to this day. In addition to the letter code, the numbers 

of the CER species are given. 
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The CERs, which were applied within this thesis, are the synthetically derived long-chain 

CER[AP]-C18 and a modified CER variant based on ultra-long-chain ω-acyl CER[EOS]-C30-

C18:2. In native SC, CER[AP] is available with about 8.8 wt% [76]. Former neutron diffraction 

studies revealed its key role in the assembling process of SC model membranes [19, 20, 39]. 

For this thesis, the long-chain CER variant with a defined chain length of 18 carbon atoms was 

chosen, in order to confirm the results to former neutron diffraction studies [38, 39]. With 

6.5 wt%, native CER[EOS] is the most prevalent ultra-long-chain CER species [76]. It is 

described to be mandatory for the SC barrier function [83]. This is in accordance with several 

diseases, where the skin protection shield is decreased [84, 85]. For example in psoriasis, the 

CER[EOS] level can decline about 40 % [79]. Furthermore, this ultra-long-chain CER is 

discussed to be indispensable for the body´s water retention [85] and for the SC lipid 

organization as well [32, 86, 87]. The ultra-long-chain CER[EOS] variant, applied in the 

presented experiments, is called CER[EOS]-br. There, the saturated palmitic acid was 

esterified. It had a methyl-branching at C10, which facilitated the deuterium insertion at this 

position and thus, enabled the comparison to a former experiment on that topic [38]. 

Cholesterol 

Cholesterol is one of the most present sterols in biological membranes and in native 

SC, it is even the only one [88]. On average, a cholesterol amount of 25 wt% to 32 wt% is 

described [69, 89]. But, concerning abnormal variations of native skin, the amount of 

cholesterol can vary between 13.1 wt% and 37.5 wt% [90, 91]. Its special constitution, with the 

four voluminous cycloalkane rings and the small polar head, realized by a hydroxy group, 

generates only a marginal head-to-tail polarity. In the lipid multilayers, the ring system is 

located in the lipophilic area and the head group within the polar region [18, 92]. The necessity 

of CHOL for the lamellar arrangement and a proper barrier function was described before [93, 

94] and moreover, there is a minimum level, which is required for the CER arrangement 

(unpublished data; [95]). Further experiments, based on molecular dynamic (MD) simulations, 

could figure out its smoothing effect on the rigid and highly ordered bilayers of FFA [96]. In a 

comparable way, the influence of this sterol on the membrane thickness is discussed: SAXS 

and SANS studies demonstrated a decreasing d spacing with an increasing content of CHOL 

[97]. This was discussed as a rising tilting or disordering effect of CHOL on the alkyl chains of 

the CER[AP] based SC model system. 

In the systems probed within this thesis, the surplus percentage of CHOL, which could not be 

integrated into the membranes, is visible as separated crystalline cholesterol peak. But its 

presence is neither affecting the d spacing of the lamellar structures [98] nor the performed 

data treatment. 
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Free fatty acids 

The total amount of fatty acids can vary between 17.0 wt%. and 64.1 wt%. in healthy, 

but different areas of human skin [71, 99]. On average, a ratio of 20 wt%. is supposed [70]. 

Most of the FFAs are saturated and have more than 18 carbon atoms [100]. The most 

abundant chain lengths are between C24-C28 [70, 76, 81, 101]. Compared to CERs, the FFAs 

can arrange themselves in nonflexible multilayers without any support by CHOL. That can be 

explained by their single alkyl chain connected to the small hydrophilic head group. Therefore, 

their assembling process is very fast and the resulting structure is highly ordered [59]. 

Corresponding to earlier studies, in the present thesis together with CER[AP]-C18 stearic acid 

(SA) was chosen for a chain lengths match [39]. In the SC lipid model membranes containing 

CER[EOS]-br, behenic acid (BA) was selected [19, 38]. 

 

2.1.3 SC lipid model systems and the presence of SPP and LPP 

Since the description of the main components of the very thin SC, an important question 

is, how the lipids in between the corneocytes are arranged in order to get more detailed 

information related to its efficient barrier properties. In 1973, for the first time lamellar phases 

were described in human SC [102]. Later on, also using an electron microscopy technique, 

Madison et al. were able to determine a lamellar phase with a repeat distance of 130 Å [25, 

103]. These first discoveries were verified by X-ray scattering studies, where comparable 

spacings were found in human [27] as well as in murine [26, 104] and porcine SC [105]. 

Simultaneously, Bouwstra et al. presented the lipid arrangement in this large unit cell, referred 

to as long-periodicity phase (LPP) [27]. They implemented a three-lipid layer unit cell, 

interrupted by polar head group regions [106]. Thereby, the larger outer lipid areas (~ 46 Å) 

are supposed to be predominately crystalline and the smaller inner one (~ 24 Å) is more liquid 

[107]. This model is known as ´sandwich model´ [106, 108]. However, within the large unit cell, 

other sublattice spacings were discussed as well [34, 108-110]. The latest of these model 

ideas, the ´asymmetry model` was introduced by the group of Norlén [110]. There, the stacked 

lipid bilayers were mainly constituted by fully extended ceramides, which could be the main 

reason for the SC barrier properties, as the authors suggested. In detail, repeat distances of 

about 110 Å were found with two sublattice spacings of 45 Å and 65 Å.  

Although a LPP was also detected in other human structures, like vernix caseosa [111], its 

presence in SC lipid models is still a matter of debate. Numerous studies were focused on SC 

lipid models, which simplified the complex native mixture and enabled the determination of 

single influences of each lipid subspecies to the membrane assembling process. For example, 

the role of the ultra-long-chain ω-acyl CERs, as CER[EOS], and their impact to the LPP 

appearance as well as to the barrier function were proven [30, 32, 34]. Even a direct 
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dependence of the CER[EOS] level to the LPP formation was verified [112, 113]. Furthermore, 

the kind of the esterified ω-acyl fatty acid of the ultra-long-chain CERs has an influence on the 

LPP formation. Since the unsaturated oleic and linoleic acid esterified in CER[EOS] causes a 

LPP, a CER[EOS] variation esterified with steric acid could not show comparable results [11]. 

However, CER[EOS] is not able to form a LPP on its own, as Groen et al. figured out the 

necessary stabilizing effect of cholesterol for that purpose [37]. Additionally, Kessner et al. 

could establish that CER[EOS] forms a LPP only under high humidity, while the ultra-long-

chain CER of the phytosphingosine type was not able to act simultaneously [12]. Comparable 

results were received due to an exchange of CER[EOS] by CER[EOP in a SC lipid model 

system, where the LPP assembly was highly supported by the sphingosine type, but not by 

the phytosphingosine [114]. Recent neutron diffraction studies of the group of Bouwstra on SC 

lipid model membranes were able to determine the LPP in model membranes for the first time 

using perdeuterated molecules. Besides CER[NS], CHOL, and lignoceric acid even CER[EOS] 

was localized within the large unit cell [36, 115]. In contrast to that, former neutron diffraction 

studies of our group were not able to detect a LPP neither under the presence of CER[EOS] 

[19] nor a methyl-branched CER[EOS] variation [38]. These experiments revealed only the 

presence of the shorter pendant of the LPP, referred to as short periodicity phase (SPP).  

The SPP was described and verified in numerous neutron diffraction studies in SC lipid model 

membranes [18, 39, 92, 116]. Especially, the influence of long-chain ceramides as CER[AP] 

and CER[NP] to the lipid assembling procedure in a SPP was the point of interest in several 

works [21, 28, 118]. But due to the selected CER chain length distribution (e.g. C18 to C24) 

often a shorter unit cell scale was received than described in native SC. However, experiments 

on human [27] and mouse SC [119] revealed a repeat distance of approximately 60 Å for the 

coexisting SPP. Fig.(5) and Fig. (6) show sketches of the lipid arrangement within both unit 

cells.  

 

Fig. (5): Scheme of a SPP 

with a spacing of ~60 Å. 

A possible arrangement 

under the presence of 

long- chain CERs, FFA 

and CHOL is presented 

[18, 21, 92, 116, 117]. 

 

Fig. (6): Scheme of a 

LPP with a spacing of 

~130 Å. A possible 

arrangement of FFA and 

CHOL under the 

presence of long-chain 

and ultra-long-chain 

CERs is presented. 

Compared to the SPP, a 

three-layer unit cell is 

described [36, 106, 115]. 
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Till now, the exact localization of long-chain CER[AP] within the SPP could not be ascertained. 

But there were first results concerning CER[NS]-C24, received in a neutron diffraction study 

[117]. The authors determined the CER subspecies with both alkyl chains directed towards the 

center of the symmetric membrane, as presented in Fig. (5). This conformational state is 

referred to as hairpin conformation. Its counterpart, with both alkyl chains pointing in opposite 

directions, is called fully extended version (see Fig. (7)).  

 

CERs are able to change between their typical conformations [120], which is an important 

property for the integrity of the lipid membrane and its barrier function. Kiselev et al. verified, 

that this so-called chain flip is mainly depending on the water content of the lipids [23]. For 

CER[AP]-C18 they proved under high hydration the hairpin conformation as energetically more 

stable. Moreover, the chain length of the ceramides seems to be a regulating factor as well. 

As Školová et al. demonstrated, a CER[NS]-C24 variation was present in its splayed 

conformation, whereas the shorter CER[NS]-C16 became apparent as hairpin version [121]. 

The authors explained the contradictorily outcomes compared to the former study on 

CER[NS]-C24 [117] as limiting effect of neutron diffraction experiments. Due to the alternating 

directions of the CER, the average neutron scattering length density (NSLD) profile would be 

the same for a centrosymmetric and asymmetric arrangement within the SPP unit.  

 

A third conformational state is referred to as V-shape [122], which was observed in SPP 

forming SC lipid model membranes containing single CER component [AP] [24] and in mixture 

with CER[NP] [28, 118]. A recent study figured out, that CER[AP]-C18 prefers the V-shaped 

conformation at high temperatures [123]. However, it is not discussed, which enantiomer of 

the applied racemic mixture could be responsible for that finding. This is of high importance, 

as only the D-form is existing in native SC and for both enantiomers, different properties, e.g. 

concerning their phase behavior, their favorite conformational state, or their chromatographic 

retention are known [124].  

 

 

 

 

 

 

 

Fig. (7): The conformational states of ceramides. 

The left picture presents the fully extended 

version. In the middle, the hairpin conformation is 

given, next to the V-shaped state on the right hand 

side [24, 120].  
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2.2 Cosmetically relevant penetration accelerator IPM 

In cutaneous formulations with therapeutic or cosmetic relevance, active ingredients 

have to overcome the SC barrier to have their intended effects. If their own chemical properties 

impede the passage through the SC, additives are applied for an optimized substance flux. 

Hydrophilic penetration enhancers such as urea and taurine [125] as well as lipophilic ones 

such as oleic acid (OA) and isopropyl myristate (IPM) [126-129] were checked lately for that 

purpose. Especially lipophilic penetration enhancers are known to interact with the present 

lipids and produce a decreased lamellar order. As a consequence, the penetration of active 

ingredients along the intercellular pathway is facilitated. 

 

However, the exact mode of action of penetration enhancers is still a matter of discussion. In 

particular, the liquid wax IPM was focused in numerous studies with varying outcomes. This 

may be reasoned in the chemical structure of the molecule with an ester group next to a short 

branched and a longer extended alkyl chain (see Fig. (8)). 

 

Fig. (8): The chemical structure of IPM. 

Myristic acid is esterified with isopropanol. 

Compared to other lipophilic molecules, there is no clear head-to-tail polarity, due to the non- 

polar parts which frame the small polar group. This is of high profit for the molecule function 

as enhancer. While the lipophilic part interacts with the alkyl chains of the SC lipid membranes 

[130], the ester group was localized in the polar areas of the bilayer [131], stabilizing the 

molecule. This was also proven in an earlier neutron diffraction study on a SC lipid model 

membrane based on CER[AP] [132]. Additionally, Engelbrecht et al., even described a 

complete incorporation of partially deuterated IPM inside the bilayer. Especially, its minimal 

head-to-tail polarity was meant to be the reason for this phenomenon.  

However, the effects of IPM to the lipid lamellae are ambivalent: The intensive interaction 

between IPM and the alkyl chains causes a higher flexibility of the rigid lipid arrangement [133, 

134], which is profitable for higher penetration rates [135, 136]. This interaction also features 

the accumulation of IPM in the SC [137], which is problematic, as the disordering effect has to 

be reversible in order to regenerate the intact barrier properties afterwards. 
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2.3 Basic principles of neutron scattering 

2.3.1 The neutron and its properties 

In 1932, James Chadwick verified the existence of neutrons and their basic properties 

[138]. He established his discovery on earlier experiments from the married couple Joliot Curie 

on Beryllium´s irradiation with α-particles. Together with the protons, neutrons form the atomic 

nucleus. They are in a neutral charge and possess a mass of 1.00866492 atomic units (~1 au) 

equal to 1.67495 * 10-27 kg [139], whereby their energy depends on their velocities and masses 

[140]. Due to their electronically neutral properties, they can penetrate deeply into the 

investigated material without destroying it [14]. Furthermore, neutrons have a very low energy 

with wavelengths correlating to the interatomic distances of biological matter. The interaction 

of neutrons with the atomic nucleus is very profitable due to the low atomic number of typical 

atoms within biological systems [15]. Therefore, neutrons are very versatile and powerful tools 

for investigations on biological membrane nanostructures. 

Especially, the high number of hydrogen in biological samples offers an important advantage 

of neutrons over X-rays. While hydrogen is nearly invisible for X-rays, neutrons can even 

differentiate between isotopes based on the varying coherent scattering length density bcoh for 

hydrogen (1H bcoh : -0.37406 × 10-12 cm) and deuterium (2H bcoh: 0.6671 × 10-12 cm) [14-17, 

141] (see Fig. (9)). This enables the determination of deuterium labelled molecules by the 

special feature of contrast matching [142, 143]. Numerous fields of biological neutron science 

profited from that property [144-147].  

 

Fig. (9): Neutron scattering lengths of elements and their isotopes. The 

isotopes are marked with their masses [140]. The scattering length (SL) 

for hydrogen is strongly depending on the isotope, as for 2H the SL is 

positive (red ball) while for 1H the SL is negative (pale red ball). For 

carbon and oxygen only slight differences in the SL of the isotopes are 

known. 

Moreover, neutrons can act either as a wave or particles. The wave properties are mandatory 

for neutron diffraction experiments, whereby their particle properties are necessary, dealing 

with their production and detection. It is common, to express the neutron wavelength in 

Angstrom (Å) with 1 Å ≅ 0.1 nm. Based on their masses 𝑚𝑛 and velocities 𝑣, neutrons have 

different energies 𝐸 depending on their post-production treatment. For example, a cold source 

decreases the neutron velocity and wavelength 𝜆. Due to this correlation, the neutron energy 

and wavelength are always quoted with the appropriate velocity. 
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This relationship is estimated through the de Broglie equation [148] as: 

𝜆 = ℎ𝑚𝑛𝑣 

Equ. (1) 

with  ℎ as Planck´s constant. The product 𝑚𝑛𝑣 is equivalent to the neutron momentum 𝑝⃗⃗⃗  .  
Hence, 𝑝  can also be calculated by: 

𝑝 = ℎ𝜆 

Equ. (2) 

Based on the equality of the neutron kinetic energy 𝐸 with 12 𝑚𝑛𝑣2 , 𝐸 is also indicated as: 

𝐸 = ℎ22𝑚𝑛𝑣2 

Equ. (3) 

2.3.2 Neutron diffraction - Bragg´s law 

To understand the diffraction process, it is important to go into detail about the neutron 

momentum, which is an essential property and which can be expressed as: 

𝑝 = ħ ∙  �⃗�  
Equ. (4) 

including the reduction of Planck´s constant ℎ to ħ =  ℎ2𝜋., with �⃗�  defined as the neutron wave 

vector, which is further given by |�⃗� | =  2 𝜋𝜆 . 

During a diffraction experiment on multilamellar lipid membranes, the samples are exposed to 

a monochromatic and collimated incoming neutron beam. Thereby, the neutrons are scattered, 

while their momentum is changing. Additionally, a change of the neutrons direction can be 

registered. This phenomenon is known as diffraction and primary described by Bragg´s law: 𝑛 λ = 2𝑑 ∙ sin 𝜃 Equ. (5) 

where 𝑛 is the diffraction order, 𝑑 represents the spacing between the lattice planes of the lipid 

membranes and 𝜃 is the angle between the incident beam and the planes (see Fig. (10)). 

 

Fig. (10): Neutron scattering process, according to Bragg ´s law 

[14]. The incoming neutrons with a defined wavelength λ penetrate 
into the sample and are scattered by the ordered array of the nuclei 

of the atoms. Thereby the horizontal planes are separated by the 

interatomic distance d. The resulting angle between the incident 

and scattered beams, with respect to the lattice, is 2θ. 
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Moreover, the change of the neutron momentum is demonstrated by the scattering vector 𝑄. 

The relationship between 𝑄, the scattering angle 2 𝜃, and the wavelength 𝜆 is explained 

geometrical in Fig. (11). The incident neutron beam, described by 𝑘𝑖⃗⃗ ⃗⃗ , is scattered at the sample 

to the final wave vector 𝑘𝑓⃗⃗⃗⃗  resulting in the scattering vector 𝑄 with 𝑄 =  𝑘𝑓 − 𝑘𝑖. The scattering 

angle between 𝑘𝑖⃗⃗  ⃗, and 𝑘𝑓⃗⃗⃗⃗  is 2 𝜃. 

 

 

Fig. (11): The correlation of 𝑸 presented 

at neutron diffraction instrument 

BIODIFF at MLZ.  

Assuming the scattering effect is processed without any loss of energy ( ∆𝐸 = 0), the following 

equation can be applied 

realizing the elastic scattering of the neutrons. The absolute value of the scattering vector 𝑄 is 

given by the equation |𝑄2| =  |𝑘𝑖|2 + |𝑘𝑓|2 − 2 |𝑘𝑖||𝑘𝑓| cos2 𝜃. 
Equ. (7) 

Reduced, Equ. (7). can be estimated to 𝑄 = 2 𝑘 sin 𝜃. Equ. (8) 

Due to |�⃗⃗� | = 2 𝜋𝜆  , the final consolidation to the scattering context can be achieved by 𝑄 =  4 𝜋𝜆  sin 𝜃. 

 

Equ. (9) 

Summarizing, the peculiarity of diffraction can be outlined as scattering process in ordered 

materials, e.g. the lamellar lipid phases. Thereby the process is described by certain physical 

functions for further basic analyses and fundamental data reduction. 

|𝑘𝑖| = |𝑘𝑓| = 𝑘 
Equ. (6) 
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2.3.3 General data treatment 

During the neutron diffraction experiments, the detectors register the intensity 𝐼 of the 

scattered neutrons as a function of the scattering angle 2 𝜃. From the position 𝑄𝑛 of a series 

of equidistant peaks (see Fig. (13)), the periodicity (d spacing) of the lamellar phases, as shown 

in Fig. (12) can be calculated using  

𝑑 = 2 𝑛 𝜋𝑄𝑛  

 

Equ. (10) 

     

Fig. (12): The lamellar repeat distance of the bilayer 

structure. Due to the calculation of 𝒅 the lipid 

interval can be identified. 

Fig. (13): The scattering pattern of a lipid model 

membrane. From the pattern, the position of the 

equidistant peaks (𝑸𝒏) and their intensities 𝑰 [𝒂. 𝒖. ] 
can be identified. Additionally, the lamellar orders 

are labeled with Roman numerals, indicating the 1st 

and the 2nd diffraction order. 

The peak positions and intensities are determined by fitting Gaussian functions using the 

software package IGOR Pro Version 6.34A (WaveMetrics Inc., Portland, OR, USA). So, the 

particular analysis of the integrated peak intensity 𝐼ℎ of the ℎ𝑡ℎ order is performed [149]. 

Using 𝐼ℎ, the absolute values of their correlating form factors 𝐹ℎ are calculated by 𝐹ℎ = √ℎ ∙ 𝐴ℎ ∙ 𝐼ℎ 
Equ. (11) 

with 𝐴ℎ as absorption correction and ℎ as Lorentz factor, which is related to the data collection 

geometry [150]. 

 

The determination of the phase factor of 𝐹ℎ is realized by contrast variation, which assumes 

only “+“ or “-“ for centrosymmetric bilayers like the lamellar lipid phases [149, 151]. For that 

purpose, the samples are measured at least at three different D2O/H2O ratios, which provide 

a linear correlation between the |𝐹ℎ| value and D2O content. More details concerning the 

mentioned procedure and neutron diffraction data evaluation are described elsewhere [152, 

153].  
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The application of partially deuterated lipids in neutron diffraction experiments for the 

investigation of SC lipid membrane structures is well established [18, 92, 132, 154]. The final 

localization of the labelled molecules requires the determination of the structure factors 𝐹ℎ_𝑑𝑒𝑢𝑡 
from the deuterated sample as well as the corresponding factors 𝐹ℎ_𝑝𝑟𝑜𝑡 from the protonated 

sample. The difference 𝐹ℎ_𝑑𝑖𝑓𝑓 of both structure factors is calculated by 𝐹ℎ_𝑑𝑖𝑓𝑓= 𝐹ℎ_𝑑𝑒𝑢𝑡 − 𝐹ℎ_𝑝𝑟𝑜𝑡 

 

Equ. (12) 

Finally, to infer conclusions from the data to the nanoscaled membrane structure, the neutron 

scattering length density (NSLD) profiles 𝜌𝑠(𝑥)𝑑𝑖𝑓𝑓 are calculated. They are determined, using 

Fourier transformation of the structure factors 𝐹ℎ_𝑑𝑖𝑓𝑓 according to [153]: 

𝜌𝑠(𝑥)𝑑𝑖𝑓𝑓 = 𝑎 + 𝑏 2𝑑 ∑ 𝐹ℎ𝑑𝑖𝑓𝑓  𝑐𝑜𝑠 (2𝜋ℎ𝑥𝑑 )ℎ𝑚𝑎𝑥
ℎ=1  

 

 

Equ. (13) 

with 𝑎 and 𝑏 as unknown coefficients for relative normalization of 𝜌𝑠(𝑥)𝑑𝑖𝑓𝑓, ℎ  as diffraction 

order of the associated structure factor 𝐹ℎ_𝑑𝑖𝑓𝑓 and d describes the lamellar repeat distance. 

The resulting NSLD profiles 𝜌𝑠(𝑥)𝑑𝑖𝑓𝑓 represent the deuterium distribution across the lipid 

bilayer and enable the determination of the labelled lipid positions. 
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3 PRACTICAL IMPLEMENTATION OF THE NEUTRON DIFFRACTION 
EXPERIMENTS 

The present thesis focusses on the lamellar arrangement of SC lipids, as they are 

known to play a crucial role for the SC barrier function. Therefore, simple model membranes 

without corneocytes were prepared, in order to investigate the lipid interactions without any 

interferences with the horny cells. Hence, synthetically derived lipids were applied. The defined 

chain lengths and head group structures of the lipids enabled their reproducible assembling 

process with final conclusions about their basic impact on each other [155, 156]. Native SC 

lipid mixtures are too complex and heterogeneous to reveal individual influences between the 

compounds. Thus, quaternary lipid mixtures were used with the focus on one or two CER 

subclasses. All samples and a list of the applied chemicals and materials are given in the 

appendix. In addition to samples containing the deuterated label, always a protonated 

reference sample was necessary. 

 

3.1 Preparation of the SC lipid model membranes 

In order to receive well oriented multilamellar lipid layers, the SC lipid model 

membranes were prepared by following a known procedure [157].  

First, the lipids were dissolved separately in a chloroform/ methanol mixture (2:1; v/v) with a 

final concentration of 10 mg/mL. Afterwards, they were merged to the final lipid solutions in the 

suitable ratios. The solutions containing the ultra-long-chain CER[EOS]-br were transmitted by 

a Hamilton pipette, whereby the samples without CER[EOS]-br were sprayed with an airbrush 

pistol on the quartz wafer. For each sample, 1.2 mL of the lipid mixture were used. 

Furthermore, in both cases, the wafers were located on a heating plate with an inert surface, 

realizing a constant temperature (see Fig. (14)).  

 

 

Fig. (14): Sample preparation. The quartz wafer was 

positioned on a heating plate, where the lipid solutions with 

CER[EOS]-br were placed by a Hamilton pipette. For the 

samples without CER[EOS]-br, an airbrush pistol was 

applied for that purpose. 

Due to the heat treatment, a fast and efficient removal of the organic solvent was induced. 

After the cooldown to room temperature, the samples were stored in a desiccator under 
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vacuum for twelve hours, in order to eliminate solvent rests. The subsequent annealing 

procedure enabled the final assembling process of the lipid membranes. During the heating 

period the samples were able to equilibrate under a water-saturated environment in the oven. 

The alternating heating-cooling treatment caused opaque lipid films indicating a final lipid 

arrangement in highly ordered multiple stacks. More details about the respective samples and 

their preparation can be found in the accepted publications, presented in chapter 4. 

It was described before, that the state of order increases with the annealing process [152] and 

furthermore it is known, that a decreasing bilayer orientation results in a proportional lower 

number of structure factors [151]. The annealing procedure is well-established in neutron 

scattering experiments based on higher peak intensities followed by an enormous benefit for 

the data analysis [141, 151]. 

 

3.2 Appropriated neutron diffraction instrument V1 at HZB 
 

Most of the performed neutron diffraction studies were performed by means of the 

membrane diffractometer V1. The instrument is located at the Helmholtz-Zentrum für 

Materialien und Energie (HZB, Berlin, Germany), which run the cold source research reactor 

BER II. The pyrolytic graphite monochromator generated a defined wavelength λ of 4.57 Å. 

The sample-to-detector distances were 1022.4 mm and 1025.7 mm, respectively. The 

scattered neutrons were recorded by the two-dimensional position-sensitive 3He detector. It 

had a detection area of 200 x 200 mm2 with a spatial resolution of 1.5 x 1.5 mm2. For all 

measurements, the reflection mode was selected. During the scans, the samples were stored 

in lockable aluminum chambers, which enabled a constant sample environment. The samples 

were mounted by Huber goniometers, which enabled an exact alignment of the samples with 

respect to the incident neutron beam. The measurements were either performed as continuous 

θ-2θ scans or as rocking scans. In both cases, changing positions of the detector enabled an 

optimal recording of the intensity. A detailed description of the experimental setup can be found 

elsewhere [39]. 

 

3.3 Appropriated neutron diffraction instrument BIODIFF at MLZ 
 

The Forschungs- Neutronenquelle FRM II of Heinz Maier-Leibnitz Zentrum (MLZ) in 

Garching (Germany) is a cold neutron source. The resident diffractometer BIODIFF was 

especially designed for the characterization of biological single crystals, for example protein 

structure investigation [158-161]. For an experimental part of this thesis, BIODIFF was used 

for the first time for studies of SC lipid model membranes.  
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A new installed sample environment enabled the required conditions during the measurements 

(see Fig. (15)). 

 

The variable pyrolytic graphite monochromator PG (002) in combination with the 

velocity selector (𝜆/2 filter) [162] realized a wavelength of 4.72 Å. The detector was a 

cylindrical image plate. Its dimensions were 400 mm in diameter and 450 mm in height [163], 

realizing an angular range of ± 152° horizontal and ± 48° vertical [162] with a high resolution 

of 250 µm2 (pixel size). Compared to V1 at HZB, here only the centered sample was rotated. 

During the measurement, the scattered neutrons were recorded as photomultiplier counts 

(PMT) by the image plate´s reaction of BaFBr:Eu2+ + Gd2O3 [135]. The direct correlation 

between the number of PMT and the neutrons was determined as conversion factor of 25. 

 

3.4 Environmental conditions of the samples during the neutron diffraction studies 
 

During all experiments, the samples were equilibrated at certain temperatures (T) and 

well-defined relative humidity (RH). To simulate in vivo conditions, the samples were measured 

at skin temperature (32 °C). For the investigation of the thermotropic phase behavior of several 

samples, further temperatures were applied (50 °C, 70 °C, 75 °C). The samples were 

measured at a K2SO4 associated RH of 98% or a NaBr generated RH of 57%. Therefore, 

saturated solutions of the respective salt in D2O/ H2O were used. At least, all samples were 

measured at three different D2O/ H2O ratios (100/0, 50/50 and 8/92 % (mol/mol). As mentioned 

above, the phase signs of the SFs were determined by this so-called contrast variation. After 

every change of RH, contrast or temperature, the samples were equilibrated for a time of six 

to eight hours [19, 28, 38].  

 

 

 

 

Fig. (15): View into the detector area of BIODIFF. 

The image plate detector is in the down position. 

The samples were mounted on a Huber 

goniometer to align them with respect to the 

incoming beam (from the right-hand side). The 

new installed sample environment at BIODIFF was 

constituted by a cylindrically aluminum chamber 

(100 x 50 mm). Cupper tubes surrounded the cell 

in the upper and lower area, realizing the 

temperature regulation. So an interference with 

the neutron beam was prevented. To gain the 

aspired temperature, a Julabo F20 was used. 
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4 RESULTS INTRODUCED BY SCIENTIFIC PUBLICATIONS 

The following chapter includes the experimental results of the performed neutron 

diffraction studies as they were published as papers in international journals.  

 

The first intention of this thesis was the confirmation of an earlier proposed idea of 

CER[AP]-C18 arrangement within a SC lipid model membrane [39]. For that purpose, a 

partially deuterated variant of the CER was applied in a neutron diffraction study on a SC lipid 

system together with CHOL, SA and cholesterol sulfate (ChS), which enabled an insight into 

the nanoscaled bilayer structure. The second intention of this work included the application of 

CER[EOS]-br, which was introduced in a former neutron diffraction approach [38]. Now, its 

specifically deuterated variant should reveal its position within the lamellar structures of a 

membrane based on CER[AP]-C18, CHOL and BA. In the last part of this work, the lipophilic 

penetration enhancer IPM was added to the SC lipid model system, which was investigated 

before. Here, the effect of the enhancer on the special features of the lipid membrane and the 

thermotropic phase behavior were the points of interest. 

 

4.1 Synthesis of specifically deuterated ceramide [AP]-C18 and its biophysical characterization 

using neutron diffraction 

 

Stefan Sonnenberger1, Adina Eichner1, Thomas Hauß, Annett Schroeter, Reinhard H. H. 

Neubert, Bodo Dobner, Chemistry and Physics of Lipids (2017) 204 p.15-24 

1These authors contributed equally to this work. 

Online version: http://dx.doi.org/10.1016/j.chemphyslip.2017.02.001 

http://dx.doi.org/10.1016/j.chemphyslip.2017.02.001
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4.2 Localization of methyl-branched ceramide [EOS] species within the long-periodicity phase 
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5 DISCUSSION AND OUTLOOK 

The barrier function of mammalian skin is highly connected to the very heterogeneous 

mixture of SC lipids. Besides quantitative studies [74, 76], in the last years, the structural 

arrangement of certain SC lipid subspecies was focused in several works [19, 22, 36-38, 118, 

121]. However, the complex SC lipid membrane structure is not yet fully understood. Within 

this thesis, simplified SC lipid model systems with one or two CER subspecies, together with 

CHOL and selected FFAs, have been used. This allowed conclusions about the internal 

impacts of the lipids to each other. For that purpose, amongst others, neutron diffraction 

technique was an excellent device to gain insights into the nanoscaled structures of lipid 

bilayers. Especially, the application of specifically deuterated lipids facilitated the localization 

of the labeled compounds due to the different coherent SLs of neutrons for hydrogen and 

deuterium. The labeled positions also allowed conclusions referring to the molecule positions 

within a bilayer structure. This knowledge is important for the understanding of the SC barrier 

function. Moreover, the formulation and modification of dermal and transdermal drug delivery 

profits enormously from these findings. Often penetration enhancers are ingredients of such 

formulations in order to increase the flux through the SC by disordering the SC lipids. Thereby 

the rigid lipid arrangement is fractured and cannot maintain its delimiting effect on the 

penetration rate. Consequently, it is of high interest to gain information about the lipid 

interactions under the influence of an enhancer. Thus, barrier properties and options to 

overcome it temporarily can be investigated on a molecular scale. 

The present thesis covers (i) the localization of partially deuterated CER[AP]-C18 variant in a 

SPP [164], (ii) the determination of CER[EOS]-d3 in a LPP [165], and (iii) the influence of 

lipophilic penetration enhancer IPM to the applied SC lipid model membrane [166]. A final 

discussion of all received results and an outlook to possible future works will complete this 

work. 

 

5.1 Localization of CER[AP]-C18 in a quaternary SC lipid model membrane 

The influence of the very polar CER[AP] to the assembling process of quaternary SC 

lipid model membranes was proven earlier [21, 23, 24, 39, 116]. This CER subspecies with its 

phytosphingosine backbone was reported to be the driving force for the model bilayer 

architecture. However, these effects are highly connected to the arrangement of CER[AP] and 

it was difficult to further substantiate any of the propositions. Now, it was possible to describe 

the synthesis of a partially deuterated CER[AP] variant, which enabled the verification of the 

earlier ideas, concerning that SC lipid. For that purpose, the synthetically derived racemic 

CER[AP]-C18-d3 was applied in a SC lipid model membrane together with CHOL, ChS, and 
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SA (55/25/5/15, wt%), a mixture, which was investigated earlier by Ruettinger et al. [39]. The 

prepared membrane was investigated using neutron diffraction. A highly-ordered system with 

a unit cell scale of about 44 Å was observed, whereby Ruettinger et al. identified two coexisting 

lamellar phases with repeat distances of 46.3 Å and 45.3 Å [39]. This finding could be a result 

from an additional buffer treatment prior to the measurements, which was performed here. 

Earlier studies showed, that this treatment helps to increase the lamellar state of order by 

hydration [132, 154]. Nevertheless, in native skin a very high chain lengths distribution of all 

lipids supports the SPP d spacing of about 60 Å. Here, the selected C18 chain lengths of CER 

and FFA components generated the smaller unit cell scale, as reported in comparable works 

[18, 24, 39, 123, 167, 168]. A detailed insight into the nanostructure of the CER[AP] based SC 

lipid model system was possible due to the partial deuteration of the lipid. By means of the 

neutron diffraction experiments and the NSLD profiles, the deuterium position in the bilayer 

was localizable and from that, possible molecule positions for CER[AP] have been concluded: 

The CER is positioned with its head group in the polar parts of the bilayer and its alkyl chains 

are directed towards the bilayer center. Assuming the hairpin conformation, the labelled ends 

of the parallel arranged alkyl chains of two oppositely positioned CER molecules would 

interdigitate in the middle of the unit cell. Compared to this, the V-shaped assembly differs, 

presenting no parallel arranged alkyl chains but a tilt. However, the V-shaped arrangement of 

CER[AP] is very supposable, as it fits perfectly into the received unit cell scale. Different phase 

behaviors for the DL-enantiomers of CER[AP] were described earlier [124], e.g. the L-form 

prefers the V-shaped assembly and showed smaller d spacings. Based on the enantiomeric 

ratio of 56 % for the L-form and 44 % for the D-form, the L-diastereomer has distinct influence 

on the bilayer arrangement. Therefore, the decreased unit cell scale in the present work is 

interpreted as a result of the dominating V-shape of L-CER[AP]. A recent publication presents 

comparable results for a SC lipid model system based on CER[AP] [123]. Additionally, they 

found a second lamellar phase, where the CER conformation is supposed to be fully V-shaped. 

For this phase, no intermembrane water was found due to contrast variation. For the most 

abundant CER subspecies in native skin [76], CER [NP], very the same observations were 

reported for its V-shaped assembly in a similar SC lipid model mixture [28]. But in the present 

work, the contrast variation clearly revealed the presence of water molecules alongside the 

polar lipid head groups. From that it was concluded, that the V-shaped conformation of 

CER[AP] might dominate but there has to be another arrangement of the CER, e.g. the hairpin 

conformation, as Ruettinger et al. proposed [39]. Summing up, the application of specifically 

deuterated CER[AP]-d3 enabled more comprehensive insights into the membrane structure of 

a well-known SC lipid model system.  
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5.2 Influence of CER[EOS]-br variant on CER[AP]-based SC lipid model membrane 

Referring to the received knowledge about the arrangement of long-chain CER[AP], it 

was another point of interest to investigate the impact of an ultra-long-chain CER[EOS] variant 

on the applied SC lipid model membrane. In detail, the CER variant was esterified with palmitic 

acid, which contained a methyl-branching at position C10, instead of the naturally occurring 

esterified unsaturated linoleic acid. This synthetically derived CER derivative, called 

CER[EOS]-br, was investigated intensively before and showed a similar phase behavior 

compared to the native subspecies [38]. Until now, all neutron diffraction approaches, 

concerning SC lipid model membranes based on CER[AP]-C18, CER[EOS] or CER[EOS]-br, 

CHOL and a FFA component showed the existence of a single SPP with unit cell dimensions 

of about 48 Å [19, 22, 38]. Although the presence of CER[EOS] is highly connected to a LPP 

formation [30, 32, 34], it was still absent in these model systems. It was discussed, that the 

phytosphingosine backbone, with one additional hydroxy group, has more influence on the 

lipid membrane assembly as the sphingosine backbone.  

In the present work, the focus was placed on the identification of specifically deuterated 

CER[EOS]-br and CER[AP] in a SC lipid model membrane together with CHOL and BA. 

Thereby, it was the aim, to verify the arrangements of both CERs in a SPP with about 48 Å, 

which were presented in earlier works of our group [19, 38]. For that purpose, SC lipid model 

membranes in a ratio of 10/23/33/33 wt% (CER[AP]-C18/CER[EOS]-br/CHOL/BA) were 

prepared, fully protonated as well as with labelled CER[AP] or CER[EOS]-br derivatives. The 

formation of three coexisting lamellar phases with repeat distances of about 48 Å, 45 Å, and 

118 Å was observed, with two of these unit cell scales in the dimension of a SPP and one in 

the dimension of a LPP. The obtained phases are smaller than found in native SC. This might 

be reasoned by the shorter chain lengths of CER[AP] and CER[EOS]-br, as mentioned above. 

Especially for CER[EOS] a native chain lengths distribution from C62 to C72 is described [76]. 

Consequently, the applied C64 chain length in total explains the smaller repeat distance. 

Moreover, the applied CER[EOS]-br variant was able to support the assembly of a LPP. This 

was a new finding because the literature describes an unsaturated esterified FFA component 

to be mandatory for a LPP formation [11]. But above all, ultra-long-chain CERs are described 

to be essentially for the assembly of a LPP [30, 31, 33], except from a recent study, which 

revealed a long unit cell structure of about 106 Å in a SC lipid mixture without any ultra-long 

chain CER compound [35]. Unfortunately, the authors of this work did not discussed their ideas 

about reasons for that finding or a possible arrangement of the applied very-long-chain 

6-hydroxyceramide component. Furthermore, detailed insights into the substructure of the 

received long phase were missing, so that any comparison to the present work is impractically. 
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As the LPP appears to be essentially for proper skin barrier functions [32, 87, 112, 117], 

detailed knowledge about its structure is mandatory for further understanding and 

investigations in this regard. Thereby, especially its subunit structure is of high interest. Earlier 

works presented a three-lipid-layer structure, which is interrupted by two polar areas [13, 27, 

106]. However, there are different descriptions of the substructure distribution of the LPP. In 

native materials, sublattice spacings of 50-30-50 Å [109, 169] or 46-24-46 Å [107] were found. 

In detail, the central hydrophobic area is much smaller than the outer ones. In neutron 

diffraction studies on a SC lipid model membrane, a nearly equal subspacing distribution with 

44 Å-42 Å-44 Å was detected [36]. The present results identified a three-lipid-layer 

substructure within the received 118 Å LPP, which showed sublattice spacings of 40-38-40 Å. 

This is in comparable dimensions to the other neutron diffraction experiment, which presented 

a 130 Å LPP [36]. A confirmation of Norlén´s asymmetry model of a 110 Å phase is not given 

from that almost symmetric sublattice distribution. 

In the present work, for the first time, the partially deuterated CER[EOS]-br variant has been 

applied and revealed three possible positions for the molecule in its hairpin and even fully 

extended conformation within the complex long unit cell. Thus, all overlapping alkyl chains and 

their intermolecular van der Waals forces are able to stabilize the LPP arrangement. Moreover, 

interdigitation and interlocking of the very rigid alkyl chains impede the intercellular pathway 

for external substances. Due to the successively stacked hydrophilic and hydrophobic parts of 

a single LPP unit cell, the penetration rate is massively limited, representing a high benefit 

referring to the SC barrier properties. Overall, the obtained results give new valuable insights 

into the substructure of a LPP together with the arrangement of the CER[EOS]-br variant. 

However, the CER[AP]-d3 variant was not localizable in the LPP. The two coexisting SPPs 

might be a reason for that finding, as both of them are mainly composed of CER[AP]. Thus, 

the present deuterium level in the LPP could have been too low to be detected by neutron 

diffraction. But, as e.g. CER[NS]-C24 was localized in a single LPP [115], it is absolutely 

conceivable, that the applied CER[AP]-C18 could be arranged in comparable positions. 

Furthermore, the impact of humidity to the LPP has been investigated. From bulk phase 

experiments on CER[EOS] we know, that the LPP formation is dependent on the surrounding 

humidity [12]. Isolated porcine SC lipids formed a LPP, which was about 128 Å at 98% RH and 

only 125 Å at 32% RH [34]. Mammalian SC lipids instead formed a LPP, which showed no 

changes under hydration [27]. In the recent study, the received LPP of the investigated SC 

lipid model membrane increased from ~118 Å to ~120 Å, whereby especially the inner polar 

areas were very sensitive to the surrounding humidity. However, as the LPP was present at 

57% RH as well, the humidity seems to have no significant impact on its stability, although its 

unit cell scale and inner water level changed. Moreover, changes in the LPP dimension over 

a time of about three months were detected. The equilibration period revealed an increasing 
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spacing from ~114 Å to ~118 Å, where all parts of the unit cell expanded to the same extend. 

This finding was very interesting, because the LPP structure was not only stable over the time 

of storage but also elongating. Therefore, it can be concluded, that the long unit cell is very 

rigid over the time even in its substructure. However, the LPP was still sensitive to water as 

the subsequent experiments with changing humidity figured out. This was the first time, that 

changes in the unit cell dimensions were detected in the CER[AP]-based SC lipid model 

membranes. But, the ability of equilibration in the LPP seems to be highly connected to the 

presence and properties of CER[EOS]-br because no significant level of CER[AP]-C18 could 

be detected in the present LPP. This assumption is confirmed by the existence of both SPPs, 

which are discussed below. 

However, it was interesting, that the here applied SC lipid model system figured out three 

coexisting phases compared to the earlier work of Engelbrecht et al. [38] with a single main 

phase. This difference was interpreted as a question of divergent sample preparation and 

sample treatment. Hereby, especially the humidity appears to be important for the lipid 

assembly in a LPP, as the samples within this work were stored under high humidity directly 

after sample preparation prior to the measurements. Nevertheless, comparable results 

regarding the presence of a highly-ordered 48 Å SPP were observed. The earlier proposed 

arrangement of CER[AP]-C18 in this SPP [19, 38] could be confirmed by the application of the 

specifically deuterated derivative of the CER[AP]: The CER is arranged with its head group in 

the polar membrane parts and its alkyl chains pointing towards the unit cell center, supposing 

the CER hairpin conformation. For two oppositely positioned CER[AP]-C18 molecules, a small 

overlap in the bilayer center has been found. Differing from the idea of Engelbrecht et al. [38], 

the labelled CER[EOS]-br variant could not be detected in this SPP, neither in its extended, 

nor in its hairpin conformation. Aside from that, it is possible that the amount of CER[EOS]-br 

was too low to be detected. Thus, it can be assumed, that the ultra-long-chain CER variant 

was not significantly part of the 48 Å phase and the phase structure was mainly prescribed by 

the applied CER[AP]. Due to that finding, for the 48 Å phase it can be concluded, that the 

phytosphingosine was the dominating force regarding to the lipid assembling process. This 

statement is in agreement with earlier works of our group [19, 21, 22, 38]. Moreover, for this 

SPP no changes during the hydration were detected. Comparable results were presented 

earlier, too [19, 123]. As well as the humidity, the time of storage did not show any relevant 

influence on the 48 Å SPP. The unit cell scale was nearly constant and the NSLD profiles did 

not differ significantly (see supplementary data in the appendix). A reason for the very high 

stability of the CER[AP]-dominated phase could be the high number of polar OH groups and 

the corresponding hydrogen network they form [170]. 

The second SPP with a unit cell scale of about 45 Å showed comparable dimensions to the 

SPP received in the SC lipid model membrane without CER[EOS]-br [164]. Again, assuming 
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the CER hairpin conformation, the partially deuterated CER[AP]-C18 variant in this second 

SPP has been determined with its head group in the polar bilayer parts and its alkyl chains 

directed towards the unit cell center. The labelled molecule parts were located in the middle of 

the bilayer, overlapping further than in the 48 Å SPP. Because of the small unit cell scale and 

the wide area of deuterium distribution, the V-shaped CER conformation has to be taken into 

account as well. A reason for that assumption is the application of a racemic mixture of 

CER[AP]-d3. For the DL-enantiomers different phase behaviors are known, especially 

concerning the hydrogen bonding, their preferred CER conformation and the repeat distances 

they form [62, 124]. In detail, for L-CER[AP] smaller unit cell scales were observed than for the 

D-enantiomer, caused by its preferential V-shaped structure [124]. Thus, for the 45 Å SPP it 

can be assumed, that the L-form is arranged in its favorite conformation and mainly responsible 

for the shorter repeat distance. However, for a complete V-shape assembly, no water was 

found alongside the CERs [123]. Likely to the SC lipid model membrane without CER[EOS]-br 

[164], here water was detected aside the polar lipid head groups. Consequently, the V-shaped 

CER[AP] cannot be the only conformation within the investigated model. Thus, the present 

D-CER[AP] has to be part of the shorter SPP in its favorite hairpin conformation, too. Closer 

insights into the phase behavior of the single CER[AP] enantiomers and their impact on the 

present SC lipid model system are not possible at this point. Therefore, experiments with the 

pure D- and L-forms are scheduled.  

Nevertheless, as well as for the longer SPP, no significant impact of humidity was detected in 

the NSLD profiles for the 45 Å phase (see supplementary data in the appendix). Furthermore, 

for the influence of time, only minor changes were observed. So it can be assumed, that the 

second SPP is as stable and rigid as the longer SPP. This finding is a useful hint to the impact 

of CER[AP]-C18 on the prepared SC lipid model membranes. The long-chain CER seems to 

be responsible for the very high stability of the SPPs and generates its immediate formation 

during sample preparation. Consequently, the arrangement of CER[AP] in the short phases 

occurs fast and permanently, so that CER[AP] is influencing the stability of the short phase 

and generating the rigid bilayer structure. The immense impact on the lipid assembly was 

observed before [19, 20, 39]. Taking this into account, it is not surprising, that the long-chain 

CER was not detectable in the LPP, perhaps enabling the phase properties like being sensitive 

to humidity and time. Therefore, the questions arises whether the number of OH groups has 

an impact on the integration of the long-chain CER into the LPP. Whereas CER[NS] with only 

two OH groups was localized in a LPP [115], the applied CER[AP] with four OH groups was 

not detected the in the LPP. Possibly, an excessive hydrogen network inhibits the sensitive 

LPP properties and its flexibility and therefore, the very polar CER derivative was not integrated 

into the LPP assembling process. 
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5.3 Effect of penetration enhancer isopropyl myristate on applied SC lipid model membrane 

and its thermotropic phase behavior 

Due to the new and interesting results of the previous experiment, the question came 

up whether a lipophilic penetration enhancer could manipulate the LPP formation and 

consequently reduce the SC barrier properties. For that purpose, the liquid wax IPM was added 

in a concentration of 10 wt% to the known SC lipid model system with 

CER[AP]-C18/CER[EOS]-br/CHOL/BA (10/23/33/33 wt%). The enhancer is a usual additive in 

cosmetic and pharmaceutical products. It was even applied in the same concentration in a SC 

lipid model system based on CER[AP]-C18 [132]. For the neutron diffraction experiments 

performed within this part of the thesis, the neutron diffractometer BIODIFF was used for the 

first time as device for studies on SC lipid model membranes. A single SPP with dimensions 

of about 48 Å was detected with only five diffraction orders. Since the previous experiment 

revealed seven highly ordered Bragg peaks for the 48 Å SPP, a higher variation in the lamellar 

stacking or decreased internal membrane order, resulting in a higher mosaicity, can be 

concluded for the used model system. There is a high evidence, that the fluidizing effect of 

IPM [133, 134], is a reason for the less ordered lipid arrangement. Moreover, the enhancer 

prevented the formation of a LPP. This could be interpreted as direct impact to a decreased 

level of barrier function because the LPP seems to be of high relevance for proper SC 

protection level [32, 87, 112, 117]. Hence, the enhancer affected the rigid lipid arrangement 

and inhibited the barrier-connected LPP arrangement. Consequently, IPM would enable a 

higher penetration rate for pharmaceutically active components via the intercellular pathway. 

Nevertheless, it has to be pointed out, that the effects of IPM on the obtained SPP are limited, 

as no significant changes compared to the lipid model without IPM were observed. Thus, the 

SPP is not only resistant to humidity and time of storage, but to the liquid wax as well. This 

indicates, that in the lipid packing of the SC, areas of different flexibility and stability are 

present. Finally, the statement that SC lipids are mainly affected by hydrophobic compounds 

[171], can be underlined, although the lipids of the LPP seems to be more sensible to the 

hydrophobic enhancer than these of the SPP. 

The application of the partially deuterated CERs answered the question, where the ultra-long-

chain CER[EOS]-d3 was localized in absence of the LPP. Together with the long-chain 

CER[AP]-C18-d3 it was present in the 48 Å SPP. Comparable CER arrangements were 

suggested before [19, 22, 38], but it now will be discussed as result of IPM impact. While the 

sample preparation was similar to that, where three coexisting phases were observed [165], 

here only the enhancer component was different. Thus, the enhancer was mainly responsible 

for the differences on the resulting nanostructure of the SC lipid model membrane and the 

corresponding CER assembly. With respect to the IPM impact, a general confirmation of the 
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earlier proposed ideas for the CER arrangements [19, 22, 38] can only be made with 

reservation. However, CER[AP]-d3 and CER[EOS]-d3 were detected in a single 48 Å SPP for 

the first time: The long-chain CER was found in its hairpin conformation with its head group in 

the polar parts of the unit cell and its alkyl chains directing towards the bilayer center, 

interdigitating there with oppositely arranged CER[AP] molecules. The ultra-long-chain 

CER[EOS]-d3 was localized with its head group in one polar bilayer area and with the ester 

group in the other polar bilayer part, extending the esterified palmitic acid into the next bilayer. 

As mentioned before, this arrangement of both CERs was already proposed [38], but without 

the fluidizing effects of IPM. Therefore, it is possible to compare the obtained data with the SC 

lipid mixture without enhancer [165]. It was very surprising, that CER[EOS]-br was found in the 

SPP. Although its long and static alkyl chains would inhibit an integration into the observed 

SPP, it was probably the small ester group, which stabilized the stretched molecule due to its 

arrangement in the second polar bilayer part. However, due to the higher detected deuterium 

level of CER[AP]-d3, the amount of CER[EOS]-d3 in the SPP was probably much lower than 

that of the long-chain CER[AP]. Thus, the supporting 2H NMR measurements revealed, that 

both CERs were present in the same phase. Therefore, the conclusion can be made, that 

again CER[AP]-C18 was dominating the SPP, even in presence of CER[EOS]-br.  

The application of partially deuterated IPM-d3 could not answer the question whether the 

penetration enhancer was localized within the SPP. Although two positions in a SC lipid model 

membrane without CER[EOS]-br were presented [132], none of them was detectable in the 

present experiment. An explanation is provided by the 2H NMR studies, which identified a 

perdeuterated IPM derivative as isotropically. A reason for that result was found in phase 

separation, caused by the sample preparation, which was performed two month prior to the 

neutron diffraction studies at BIODIFF. During the preparation procedure, IPM was mixed up 

homogeneously with the other synthetically derived SC lipids. But until the measurements 

started, a complete equilibration of the samples occurred, whereby the liquid wax IPM 

underwent a phase separation from the rigid SC lipids. Its assembly in a cubic or micellar 

phase explains why the BIODIFF experiments could not detect IPM in a separated phase. 

Nevertheless, clear effects of the penetration enhancer to the arrangement of the applied SC 

lipids were observed: (i) It prevented the formation of a LPP, which could be connected to a 

disturbed barrier function, (ii) it supported the integration of ultra-long-chain CER[EOS]-br in a 

SPP, a finding which was observed for the first time and (iii) overall, due to its fluidity it was not 

integrated permanently into the fluid-crystalline SC lipid stacks. This is an enormous advantage 

regarding to the recovery of the SC lipids and the skin barrier properties, as the penetration 

enhancing effect is just temporarily. Moreover, IPM was not influencing the lipid model 

membranes during the subsequent studies of thermotropic phase behavior. It was phase 

separated and isotropic at all exposed temperatures. 
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For the investigation of the phase behavior, the sample containing IPM-d3 was heated up to 

70 °C and cooled-down to skin temperature afterwards. During the cool-down process, a 

hysteresis effect of the SC lipid model membrane was observed, meaning in detail the 

appearance of a LPP with dimensions of about 111 Å. Finally, due to the rearrangement of the 

SC lipids, CER[EOS]-br was able to form a long phase, independent on the enhancer or the 

dominating CER[AP]. Similar results were known from Bouwstra et al.[27, 105, 172, 173], who 

detected LPPs with repeat distances between 132-134 Å in native SC materials, which 

appeared during the cool-down process from 65-75 °C back to room temperature. Although 

the unit cell scale determined within this experimental part of the thesis was smaller than in the 

native material, this LPP was in comparable dimensions to the one that has been found in the 

SC lipid model system without IPM [165]. Hence, there is a high evidence for the presence of 

a LPP after the thermic treatment. Again we found a LPP, which was formed by the 

ultra-long-chain CER[EOS]-br, esterified with a saturated fatty acid. This finding revised earlier 

presented results, where only esterified unsaturated fatty acid components were able to 

assemble in a LPP [11]. However, the very simple model system used here might have 

facilitated the LPP assembly by the ultra-long-chain component CER[EOS]-br despite of the 

esterified PA, compared to the earlier investigated complex model system, where long-chain 

and very-long-chain CERs were dominating [11]. Nevertheless, until IPM was phase separated 

and the thermal treatment was performed, CER[EOS]-br was able to induce the LPP formation 

afterwards. The phase separated IPM was not able to prevent the LPP assembly anymore and 

thus, could not execute its penetration enhancing effects. 

Besides CER[EOS]-br also CER[AP] underwent phase transitions throughout the studies of 

the thermotropic phase behavior. During the heating period, an additional SPP with a 

calculated d spacing of about 41 Å appeared, which was highly connected to the applied 

diastereomers of CER[AP]-C18. Again, the L-enantiomer with its favorite V-shaped 

conformation could be a reason for that smaller SPP [124]. This hypothesis was underlined by 

results of the group of Kiselev et al., who investigated a quaternary SC lipid model system 

based on DL-CER[AP]-C18 and observed a second SPP of about 41 Å, which appeared as a 

result of heating [24]. Therefore, there is a high evidence, that the here performed heating 

treatment caused a separation of the diastereomers of CER[AP]-C18, which rearranged in two 

SPPs with different unit cell scales afterwards. But again, the 48 Å SPP was very stable. 

Assuming that the D-form of CER[AP] is dominating that durable SPP, we can gain useful 

knowledge from that, concerning its presence in native SC: In all applied SC lipid model 

membranes the natural occurring D-CER[AP]-C18 is supporting a very rigid and stable SPP, 

which is persistent against heating [166], humidity and the impact of time and storage [165]. 

Adapting that finding to the native SC, it could be assumed, that the long-chain CER would 

play an important role for the SPP stability and corresponding barrier properties.  
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5.4 Outlook 

The outcomes of the performed experiments offer further ideas concerning the 

investigated SC lipid model membranes. For example, studies with separated CER[AP] 

diastereomers will be necessary in order to gain detailed knowledge about the single phase 

behavior of the native D-form. Then, precise statements regarding the impact of the pure 

enantiomer to the lipid assembly and the corresponding phase properties are possible. Here, 

partially deuterated and perdeuterated D-CER[AP] variants could produce detailed insights 

into their molecular interaction with other synthetically derived SC lipids, e.g. in neutron 

diffraction, 2H NMR or FTIR studies. Additionally, it would be of high interest, if, together with 

CER[EOS]-br, CHOL, and BA (10/23/33/33 wt%), the D-form would also support the three 

coexisting phases or if the 45 Å SPP would be absent. Another interesting issue for that SC 

lipid model system is the application of long-chain CER subspecies with different head group 

structures, e.g. CER[AS] or CER[AH], which would reveal the impact of the polarity to the LPP 

formation due to their presence inside. These experiments could help to verify, if the number 

of OH groups and their molecular positions impact the inclusion of the long-chain CER 

component in the LPP. For that purpose, the chemical synthesis of specifically deuterated 

derivatives of these CERs would be a first step. Moreover, there are numerous questions to 

answer, e.g. (i) Does the simplified SC lipid model membrane show the coexistence of SPP 

and LPP as well? (ii) Is CER[AP] able to incorporate in the LPP due to the reduced CER[EOS] 

level? (iii) Are earlier results concerning a minimal concentration of CER[EOS], necessary for 

the LPP assembly [112, 113], confirmable? (iv) Does the CER[EOS] level perform direct 

impacts to the observed LPP properties regarding its sensitivity for RH and time, if the 

concentration of CER[EOS]-br will be reduced to the native concentration? Although this SC 

lipid model composition was often investigated, in the last decade, there are still details, which 

have to be revealed.  

 

For IPM, in the present thesis a defined effect was observed, followed by a separation from 

the SC lipids. This would enable the recovery of the SC barrier properties. Nevertheless, the 

exact mode of action, especially for the prevention of the LPP formation, is still unclear. It is 

imaginable, that an interaction with the lipid head groups was responsible for that finding. 

Moreover, not only the lipophilic penetration enhancers (e.g. IPM or oleic acid) and their impact 

on SC lipid models were investigated in the last years [132, 154], but also hydrophilic 

enhancers (e.g. taurine and urea) were applied to SC lipid models, in order to elucidate their 

impact on a molecular scale [125]. Unfortunately, the interplay of the latter with the lipid head 

groups is not detectable using neutron diffraction. Consequently, lipophilic enhancers should 

be focused in further experiments, which are comparable to the present studies. At first, 
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measurements directly after the sample preparation prior to the equilibrium state could reveal 

the time depending movements and phase separation of the liquid wax IPM. From that, 

conclusions concerning the velocity of the phase separation and the way of IPM through the 

SC lipid model membranes could be made.  

Overall, in the last years, useful results were presented, which enabled a better understanding 

of SC lipids and the nanostructure of their molecular arrangements and interactions. 

Nevertheless, the high and still rising number of CER subspecies offers a wide field of 

experimental possibilities, which has to be explored for a complete comprehension and 

adaption to native SC. 
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6 SUMMARY 

6.1 English Version 

The present thesis focused on investigations of selected SC lipid model membranes 

with the aim of getting detailed insights into their arrangements on a molecular scale. 

Therefore, multilamellar model membranes, containing the most abundant SC lipid fractions 

CERs, CHOL, and FFA were prepared. An enormous benefit of this work was the first 

application of partially deuterated ceramide species in the model systems for the investigations 

using the sensitive technique of neutron diffraction. Due to diverging coherent SLs for 

hydrogen and deuterium, neutrons differentiate between the two isotopes. This enabled the 

localization of the deuterated lipid segment within the multilamellar model membranes and 

gave useful ideas about the lipid arrangement and their impact to membrane properties. 

In the first part of this work, a well-defined SC lipid mixture based on CER[AP]-C18, CHOL, 

SA and ChS (55/25/15/5, wt%) was analyzed, whereby the CER component was selectively 

deuterated at the end of the amid bound fatty acid. For this system, an earlier work presented 

a first model idea with CER[AP]-C18 in its hairpin conformation [39]. The here presented 

scientific publication verified this result partially [164]: The received SPP was about 44 Å and 

the deuterium label was localized in the unit cell center. This finding underlined the idea of 

CER[AP] in its hairpin conformation but the small repeat distance indicated a V-shaped 

conformation as well. In detail, a racemic mixture of the very polar long-chain CER was applied, 

which explains the different conformational states. For both enantiomers, D- and L-CER[AP], 

different phase behaviors were described, covering their favorite conformation and differing 

unit cell scales [123, 124]. Overall, both enantiomers were present in the single SPP, meaning 

that none of them dominated and both were able to assemble in their particular favorite 

conformation. This finding is of high benefit for the understanding of the SC lipid model system, 

regarding the immense impact of the CER subspecies to the membrane structure in principle 

due to its special arrangement. 

In order to gain more information about CER[AP] and its influence, in the second part of this 

thesis, a methyl-branched CER[EOS] analogue was added. The protonated SC lipid model 

system (CER[AP]-C18/CER[EOS]-br/CHOL/BA, 10/23/33/33, wt%) was investigated in an 

earlier neutron diffraction study [38], where the comparability of the methyl-branched analogue 

to the native CER[EOS] species was demonstrated. Within this thesis, three coexisting lamellar 

phases have been observed, in detail two SPPs with d spacings of about 45 Å and 48 Å and 

a LPP with a d spacing of about 118 Å. Within the applied SC lipid mixture, a LPP could be 

detected and the proposed three-layer substructure of the unit cell, which was presented 

earlier [13, 27, 106] could be verified. This is very interesting as former studies figured out that 

a long unit cell can only be structured under the presence of an unsaturated FFA esterified to 
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ultra-long chain CER[EOS] [11]. Other neutron diffraction studies on comparable SC lipid 

model membranes described a single SPP with a unit cell scale of about 48 Å [19, 38] in 

absence of any LPP. In the scientifically accepted publication, which is presented here [165], 

for the first time, an esterified palmitic acid induced LPP formation could be proven. Compared 

to the earlier neutron diffraction experiments, this finding could be a result of differences in 

sample preparation. It has been observed, that a very high humidity during and directly after 

the sample preparation supported the LPP formation. This is in agreement with results from 

bulk phase experiments on pure CER[EOS], where for the ultra-long-chain CER a LPP 

assembly was only found under hydration [12]. Moreover, investigations concerning the impact 

of humidity during the neutron diffraction studies revealed that the LPP was still sensitive to 

changing humidities. The unit cell scale raised about 4 Å, but the d spacings of the SPPs were 

constant. Additionally, the impact of time was investigated during a second measurement, 

which revealed an increased spacing of the LPP and no changes for both SPPs. Again, it was 

only the long phase, which was affected by external influences. 

The application of specifically deuterated CER[AP]-C18 and CER[EOS]-br enabled their 

localization within the received lamellar phases. The long-chain CER was detected in both 

SPPs, but not in the LPP, whereas the ultra-long-chain CER variant was found in the LPP and 

not in any of the SPPs. This outcome was very interesting, as former neutron diffraction studies 

supposed CER[EOS]-br in a 48 Å SPP [38]. It is possible, that in the experiments performed 

within this thesis, the ratio of CER[EOS]-br in the SPP was below the detection level. 

Nevertheless, the detected assembly of CER[EOS]-br, stretched over the LPP unit cell, was 

very important and enabled a surplus of knowledge relating to the LPP substructure and the 

impact of the CER variant on it. Apart from this, CER[AP] was dominating both short phases 

and could not be found in the LPP. A reason for that could be the very polar head group 

structure of the CER, as in the literature e.g. the less polar CER[NS] was described to be 

localized in a LPP [115]. Overall, as far as known from the literature, for the first time, the 

coexistence of SPP and LPP, which was found in native SC [27, 105], could be proven due to 

the here performed neutron diffraction experiment on a SC lipid model membrane. 

In the last part of this thesis, the impact of the lipophilic penetration IPM in a concentration of 

10 wt% on the SC lipid model system, which was investigated before, was analyzed. Here, a 

single SPP in dimensions of 48 Å was found in absence of any LPP. Furthermore, the 

deuterated CERs [AP]-d3 and [EOS]-d3 were localized within the unit cell, but the applied 

enhancer IPM-d3 was absent. Performed 2H NMR studies supported this finding, as they 

revealed both CERs in one phase and the enhancer in a separated isotropic phase [166]. It is 

reasonable, that IPM influenced the lipid assembly during the sample preparation and 

executed its penetration stimulating properties due to the inhibition of the LPP formation, which 

would decrease the SC barrier properties. Continuative studies of the thermotropic phase 
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behavior of the SC lipid model system revealed a phase transition, where during the cool-down 

period a LPP of about 110 Å was generated. Since at this stage, the liquid penetration 

enhancer was not mixed homogeneously with the SC lipids anymore, it could not manipulate 

the phase behavior of the lipids, which finally enabled the LPP arrangement. Here, the 

observation of the temperature dependent development of the LPP provided new insights 

regarding the conditions, which are necessary to form a LPP in these SC lipid model 

membranes.  

Summarizing, this thesis presented the first application of the specifically deuterated CERs 

[AP]-C18-d3 and [EOS]-d3 in neutron diffraction studies. The deuteration enabled the 

localization of the lipids in different SC lipid model systems, which complemented previous 

ideas of their arrangement. Furthermore, new phase formations were observed, which is of 

high profit for the understanding of the lipid models, their bilayer substructure and their 

adaption to native SC.  
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6.2 German Version 

Ausgewählte Stratum corneum Lipidmodellmembranen wurden mittels 

Neutronendiffraktion untersucht. Im Besonderen wurden selektiv-deuterierte SC Lipide 

eingesetzt, um sie in den präparierten Modellmembranen lokalisieren zu können. Dies ist 

durch unterschiedliche Streulängendichten möglich, die Neutronen für Wasserstoff und 

Deuterium aufweisen. Zunächst wurde ein bereits bekanntes SC Lipidmodell untersucht, 

welches aus dem endständig deuterierten CER[AP], zusammen mit Cholesterol, Stearinsäure 

und Cholesterolsulfat in einem Massenverhältnis von 55/25/15/5 bestand. Eine frühere 

Publikation zeigte erste Vorstellungen davon, wie das CER in dem Modellsystem angeordnet 

sein könnte [39]. Dort wurde die Haarnadel-Konformation des CERs zugrunde gelegt. Diese 

Modellvorstellung konnte anhand der vorliegenden Arbeit in Teilen bestätigt werden [164]. In 

der beobachteten short-periodicity phase (SPP) zeigte sich die Deuterierung im Zentrum des 

Bilayers, was die Annahme bestätigt, dass das CER in seiner Haarnadel- Konformation 

vorliegt. Allerdings ist aufgrund der Dicke des Bilayers von ~44 Å auch die V-förmige 

CER-Konformation eine mögliche Alternative. Dies lässt den Schluss zu, dass hier beide 

Enantiomere in ihrer jeweils präferierten Konformation innerhalb ein und derselben Phase 

vorliegen. Diese Erkenntnis erweitert die bisherigen Annahmen erheblich. 

Im weiteren Verlauf dieser Arbeit wurde der Einfluss eines ultra-langkettigen CERs des 

Sphingosin-Typs auf eine CER[AP]-basierte SC Lipidmembran untersucht [165]. Hierzu wurde 

eine methylverzweigte Abwandlung (-br) des CER[EOS] eingesetzt, für die bereits ein 

phasengleiches Verhalten zur nativen Form nachgewiesen wurde [38]. Auch hier wurde eine 

an der Methylverzweigung befindliche Deuterierung eingesetzt. Die Lipidmembran bestehend 

aus CER[AP], CER[EOS]-br, CHOL und BA in einem Massenverhältnis von 10/23/33/33 zeigte 

erstmals eine Koexistenz von SPP und LPP (long-periodicity phase). Dies war überraschend, 

zeigten vorangegangene Arbeiten an ähnlichen Membranen nur eine SPP im Bereich von 48 Å 

[19, 38]. Hier wurden zwei SPP (48 Å und 45 Å) und eine LPP (118 Å) beobachtet. Auch war 

es durch dieses Experiment erstmalig möglich, eine lange Phase zu detektieren, die durch ein 

mit einer gesättigten Fettsäure verestertes CER[EOS] entstand. Bislang wurde angenommen, 

dass zur Bildung einer LPP ungesättigte Fettsäuren mit dem langkettigen CER verestert sein 

müssen [11]. Allerdings konnten vergleichbare Eigenschaften zwischen nativem CER[EOS] 

und der eingesetzten CER[EOS]-br-Variante nachgewiesen werden [38], wodurch sich die hier 

erhaltenen Ergebnisse hinsichtlich der LPP-Formierung unterstützen lassen. Des Weiteren 

wurde festgestellt, dass die LPP unter dem Einfluss von hoher Luftfeuchte minimal an 

Schichtdicke gewinnt, was für beide SPP nicht gezeigt werden konnte. Auch wiesen beide 

kurzen Phasen keine signifikanten Veränderungen ihrer Schichtdicken über einen Zeitraum 

von drei Monaten hinweg auf. Die Einheitszelle der langen Phase hingegen wurde um 4 Å 

dicker. Der Einsatz der partiell-deuterierten Varianten der CER[AP] und [EOS]-br ermöglichte 
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die Lokalisierung Beider in den Lipidschichten. In den kurzen Phasen wurde CER[AP] 

nachgewiesen, allerdings kein CER[EOS]-br, was frühere Modellvorstellungen revidiert, in 

denen sich das ultra-langkettige CER[EOS] in die Membranstruktur der kurzen Einheitszelle 

von 48 Å einfügt [19, 38]. Allerdings könnte hier auch der Anteil an CER[EOS]-br in der Phase 

zu gering gewesen sein, um detektiert zu werden, da sich das ultra-langkettige CER vor allem 

in der langen Phase befand. Diese Ergebnisse sind von enormer Relevanz für das 

Strukturverständnis der LPP und ihrer Bedeutung für die Barrierefunktion des Stratum 

corneum. 

Zuletzt wurde der Einfluss des lipophilen Penetrationsenhancers Isopropylmyristat (IPM) in 

einer Konzentration von 10 % auf die zuvor angewandte SC Lipidmembran untersucht [166]. 

Überraschenderweise wurde nur eine SPP im Bereich von 48 Å beobachtet und keine LPP. 

Des Weiteren konnten sowohl CER[AP], als auch [EOS]-br in dieser kurzen Phase 

nachgewiesen werden, der Enhancer jedoch nicht. Weiterführende 2H-NMR-Studien konnten 

diese Ergebnisse bestätigen. Diese zeigten, dass sich beide CER in einer Phase befanden 

und dass der lipophile Penetrationsbeschleuniger phasensepariert in isotroper Form vorlag. 

Folglich ist anzunehmen, dass der Enhancer während der Probenpräparation einen starken 

Einfluss ausübte und dabei die Bildung der barrierefördernden LPP verhinderte. Durch das 

Fehlen der LPP wäre die Barrierfunktion der Modellmembran gestört und die Penetrationsrate 

durch die Membran erhöht. Der Penetrationsbeschleuniger hätte seine Funktion erfüllt. Da IPM 

bei Raumtemperatur flüssig ist, ist es denkbar, dass sich das Wachs bis zur Messung von den 

flüssig-kristallinen Lipidschichten phasenseparierte und seine endständig deuterierte Variante 

daher in den Neutronenexperimenten nicht mehr in den Lipidmembranen nachweisbar war. 

Diese These wird durch Studien unterstützt, die das thermotrophe Phasenverhalten der 

Lipidmischung untersuchten. Darin konnte beim Aufheizen bis 70 °C eine Phasenseparation 

beobachtet werden. Während des anschließenden Abkühlens separierten sich weitere 

Phasen, wobei eine LPP mit ~100 Å detektiert wurde, die während des weiteren Abkühlens 

sogar auf ~111 Å anwuchs. Es wird angenommen, dass der phasenseparierte Enhancer nicht 

mehr den gleichen Einfluss auf die Lipidanordnung hatte, wie bei der Probenpräparation, wo 

er homogen in der Lipidmischung verteilt war. In diesem Teil der Neutronendiffraktionsstudien 

war es besonders interessant, erstmalig das temperaturabhängige Entstehen der LPP zu 

beobachten, was wiederum einen Wissenszuwachs hinsichtlich der langen Phase und ihrer 

Formationsbedingungen in SC-Modellsystemen darstellt. 

Insgesamt ist dies die erste Arbeit, die speziell deuterierte CER-Varianten in 

Neutronendiffraktionsstudien einsetzte und deren Anordnung in verschiedenen SC 

Lipidmodellen nachwies. Die Ergebnisse zeigen eine Erweiterung des bisherigen 

Kenntnisstandes über die Lipidphasen, ihr Verhalten gegenüber Temperatur, Feuchtigkeit, 

Zeit und eines Penetrationsbeschleunigers. 
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LIST OF SUBSTANCES 

Lipids 

The lipids, which were used for the investigation of the applied SC lipid model membranes are 

listed below (see Tbl. (a)). DL-CER[AP]-C18 ((N-(a-hydroxyoctadecanoyl)-phytosphingosine)) 

was generously provided by Evonik Industries AG (Essen, Germany). Cholesterol and 

cholesterol sulfate, stearic acid, behenic acid and the non-deuterated IPM were acquired from 

Sigma Aldrich GmbH (Steinheim, Germany) and used as received. DL-CER[AP]-C18-d3, 

CER[EOS]-C30-C16-d3 and IPM-d3 were received by chemical synthesis [132, 174]. In a 

comparable way, the artificial CER[EOS]-C30-C16-br synthesis was specified in former works, 

where the product was characterized and analyzed by DSC and 1H-NMR studies to underline 

the comparability to the native CER[EOS]-C30-C18:2 [38].  

The identity of the applied CERs and IPM-d3 was indicated i.a. by high resolution mass 

spectrometry. CER[AP]-C18: 599.550 g/mol; CER[AP]-C18-d3: 602.571 g/mol; 

CER[EOS]-C30-C16-br: 1001.971 g/mol, CER[EOS]-C30-C16-d3: 1005.710 g/mol; 

IPM-d3: 273.475 g/mol.  
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Lipid compound formula 

DL-CER[AP]-C18 

 

DL-CER[AP]-C18-d3 

 

CER[EOS]-C30-C16-br 

 

CER[EOS]-C30-C16-d3 

 

Cholesterol 

 

Cholesterol sulfate, 
Natrium salt 

  

Stearic acid 
 

Behenic acid 
 

Isopropyl myristate 
 

Isopropyl myristate-d3 
 

Tbl. (a): List of all applied lipid compounds and their formulas 
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Other chemicals 

For the preparation of the SC lipid model membranes, chloroform and methanol were used for 

solving the lipids. Both were bought from Merck (Darmstadt, Germany) in GC-grade. During 

the experiments, saturated salt solutions were used to achieve a constant atmosphere around 

the samples. Therefore K2SO4 and NaBr, both received from Sigma-Aldrich (Steinheim, 

Germany), were applied to create the relative humidities of 98% or 57%. The salts were 

dissolved in D2O (Sigma-Aldrich, Steinheim, Germany), which was used simultaneously to 

realize the contrast variation. 

 

 

MATERIALS 

For the neutron diffraction experiments quartz slides with dimensions of 65 x 25 x 0.3 mm were 

optimal sample wafers due to their invisibility for neutrons. They were purchased from 

Saint-Gobain (Wiesbaden, Germany) as polished Spectrosil 2000. For the deposition of the 

lipid mixtures containing CER[EOS]-br on the quartz surface, a Hamilton syringe model 

1001 RN SYR with a total volume of 1000 µL was used. For the preparation of the CER[AP] 

system an airbrush instrument (Harder & Steenbeck, Norderstedt, Germany) was used. 

Furthermore a heating plate was necessary for the solvent evaporation during the sample 

preparation. For the annealing procedure an oven from Memmert GmbH & Co. KG 

(Schwabach, Germany) Type UM 500 (No. B598.0392) was chosen to achieve the desired 

temperatures. 
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APPLIED SC LIPID MODEL MEMBRANES 

 The applied SC lipid model membrane compositions were listed below. 

1. CER[AP] 

For the final characterization of the quaternary CER[AP] system, the following table includes 

the applied sample composition. The samples facilitated the determination of CER[AP]-C18-d3 

within the bilayer structure and confirmed earlier ideas of the CER position within the applied 

quaternary lipid mixture [39]. 

 

 

 

2. CER[AP]_CEREOS]-br 

The here presented SC lipid composition was comparable to the lipid mixture, which was 

applied in an earlier performed neutron diffraction experiment [38]. Here, the deuterated 

CER[EOS]-br variation was used, which enabled its determination in the long unit cell structure. 

 

3. CER[AP]_CER[EOS]-br + 10% (w/w) IPM 

The most complex SC lipid mixtures, which were applied within this thesis, are given in detail 

below. They contribute to the debate about the appearance and stability of the LPP.  

SC lipid membrane model system Designation Ratio wt% 

I CER[AP]/CER[EOS]-br/CHOL/BA+ 10% IPM AP_EOS-br_IPM 10/23/33/33 

II CER[AP]/CER[EOS]-br/CHOL/BA+ 10% IPM-d3 AP_EOS-br_IPM-d3 10/23/33/33 

III CER[AP]/CER[EOS] -d3 /CHOL/BA+ 10% IPM AP_EOS-d3 _IPM 10/23/33/33 

IV CER[AP] -d3 /CER[EOS]-br/CHOL/BA+ 10% IPM-d3 AP-d3 _EOS-d3_IPM-d3 10/23/33/33 

Tbl. (d): Compositions of samples AP_EOS-br_IPM, AP_EOS-br_IPM-d3, AP_EOS-d3, and 

AP-d3_EOS-br_IPM-d3 

SC lipid model membrane system Designation Ratio wt% 

I CER[AP]-C18/CHOL/SA/Chs sample_AP 55/25/15/5 

II CER[AP]-C18-d3 /CHOL/SA/Chs sample_AP-d3 55/25/15/5 

Tbl. (b): Compositions of sample_AP and sample_AP-d3 

SC lipid membrane model system Designation Ratio wt% 

I CER[AP]/CER[EOS]-br/CHOL/BA AP_EOS-br 10/23/33/33 

II CER[AP]/CER[EOS]-d3/CHOL/BA AP_EOS-d3 10/23/33/33 

III CER[AP]-d3 /CER[EOS]z-br/CHOL/BA AP-d3 _EOS-br 10/23/33/33 

Tbl. (c): Compositions of samples AP_EOS-br, AP_EOS-d3, and AP-d3_EOS-br 
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SUPPLEMENTARY DATA 

Synthesis of specifically deuterated ceramide [AP]-C18 and its biophysical 

characterization using neutron diffraction 

The presented supplementing data were adapted from the appendix of the corresponding 

scientific publication. 

Buffer treatment 

A carbonate buffer (pH 9.7) was placed on the annealed samples for 30 min at room 

temperature and removed before a final annealing cycle at 65 °C under a water saturated 

atmosphere started. Due to this procedure, the increasing peak intensity is clearly visible next 

to a rising signal-to-noise ratio. Furthermore, the peak corresponding to crystalline CHOL 

(7.7 °2 θ) nearly disappeared afterwards, meaning an incorporation of CHOL in the lamellar 

lipid membranes. 

(A)

 

(B)

 
Fig. (a): Rocking scans of 1st order peak of sample_AP-d3 before (A) and after (B) the buffer treatment. 

 

Structure factors of the samples 

 

 sample_AP sample_AP-d3 

Diffraction order  𝒉 Q, Å-1 SF ± error Q, Å-1 SF ± error 

1 0.144 -1.5814 ± 0.0016 0.145 -0.6505 ± 0.0023 
2 0.288  0.4816 ± 0.0018 0.292  0.5125 ± 0.0029 
3 0.431 -0.5088 ± 0.0020 0.437 -0.2111 ± 0.0030 
4 0.574  0.1612 ± 0.0040 0.582  0.3329 ± 0.0039 
5 0.717 -0.2278 ± 0.0037 0.722 -0.0894 ± 0.0018 

 
Tbl. (e): Structure factors (SF) and phase signs, for the sample_AP and sample_AP-d3 received at 8 % D2O, 
57% RH and 32 °C 
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Fig. (b): Correlation 

between the calculated 

SFs of sample_AP-d3 

and the corresponding 

D2O contrast, received at 

57% RH and 32 °C. At 

least, five diffraction 

orders were received, 

which are nearly linear, 

plotted against the D2O 

ratios. 

 

Calculation of xHH 

For the calculation of xHH a linear fit of the gain of the water distribution function was performed. 

For the linear fit following values were received: y = a + bx, a = -0.404 ± 0.006, 

b = 0.024812  ± 0.000312 was received. Assuming y = 0 and x = xHH, for xHH a value of 

(16.28 ± 0.03) Å was calculated. 

 

Fig. (c): Linear fit of the 

water distribution 

function´s gain. 
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Localization of methyl-branched ceramide [EOS] species within the long-periodicity 

phase in stratum corneum lipid model membranes: A neutron diffraction study 

The presented supplementing data are complementary to the corresponding scientific 

publication. 

Influence of humidity to both SPPs 

 

Fig. (d): Influence of humidity 

on 48 Å SPP of sample I, 

AP_EOS-br, received at 

8% D2O and 32 °C during the 

second experiment. The 

curves of the NSLD profiles 

are very congruently.  

 

Fig. (e): Influence of humidity 

on 45 Å SPP of sample I, 

AP_EOS-br, received at 

8% D2O and 32 °C during the 

second experiment. The 

curves of the NSLD profiles 

are very congruently. 

 

 

Influence of time to both SPPs 

Fig. (f): Influence of time on 

48 Å SPP of sample I, 

AP_EOS-br, received at 

8% D2O, 57% RH and 32 °C. 

The d spacing was similar, 

while the intensity of the 

NSLD profile during the 2nd 

measurement was differing 

especially in the unit cell 

center with no further 

meaning to the stability of 

the SPP.  
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Fig. (g): Influence of time on 

45 Å SPP of sample I, 

AP_EOS-br, received at 

8% D2O, 57% RH and 32 °C. 

The curves of the NSLD 

profiles are very similar. 

 

Influence of the penetration enhancer isopropyl myristate on stratum corneum lipid 

model membranes revealed by neutron diffraction and 2H NMR experiments 

The presented supplementing data were adapted from the appendix of the corresponding 

scientific publication. 

 

Structure factors (SF, 𝐹ℎ) of sample I 

The phase assignment of the various orders was performed by contrast matching, meaning 

that all samples were measured at least at three different D2O/H2O ratios. Table (f) presents 

the absolute values of 𝐹ℎ of all registered lamellar orders (L, h) and corresponding errors of 

the protonated control sample I at all D2O contrasts. 

 

Contrast L1 L2 L3 L4 L5 

8 % -42.3728 ± 1.1822 28.8535 ± 1.3907 -34.5246 ± 1.5398 17.1992 ± 1.8274 -23.4822 ± 2.1885 

50 % -45.2581 ± 1.5772 32.8742 ± 1.4136 -36.8490 ± 1.4832 21.4707 ± 2.1417 -30.9876 ± 2.3706 

100 % -55.5356 ± 1.7049 41.1337 ± 1.1168 -47.2109 ± 1.8578 32.5949 ± 1.5597 -38.3378 ± 2.3559 

Tbl. (f): Structure factors of all registered lamellar orders (L, h) and corresponding errors of the protonated 

control sample I at all D2O contrasts 

It is assumed, that the water layer between the lipid bilayer approximates a Gaussian 

distribution. With the center of the Gaussian at 𝑥 =  ± 𝑑2 , its structure factors have alternating 

signs. The even order of the structure factors increases in amplitude with increasing D2O ratio, 

whereas the odd orders decreases according to the relation 𝐹 = 𝐹𝑚  ± 𝑥 ∗ 𝐹𝑤 with 𝐹𝑚 structure 

factor of the membrane, 𝐹𝑤 structure factor of the water layer, 𝑥 is the D2O/H2O ratio in mol %. 

When plotting the measured structure factors against 𝑥, the slope should be positive (+) for 

even orders and negative (-) for odd orders (see Fig. h). 
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From that, we can conclude, that the phase signs are - + - + - for the first to the fifth order. The 

determined phase signs were used as received. 

 

Scaling of NSLD profiles 

For the contrast variation experiments, the NSLD profiles were determined on an arbitrary 

scale with 𝑎 =  ∑𝐹 and 𝑏 = 1. This is justified by the fact that the contrast variation was done 

on one sample with no variation in sample mass or geometry. To determine the difference 

between the NSLD profiles of two different samples, the factor b was scaled to the sum of the 

experimental structure factors 𝑏 =  1∑𝐹 and  𝑎 =  1𝑑. 

 

Calculation of xHH 

For the calculation of the hydrophilic- hydrophobic boundary xHH a linear fit of the gain of the 

water distribution function was performed. For the fit (y = a + bx) the following parameters 

were received: a = -19.226 ± 0.193, b = 0.9702 ± 0.0092. Assuming y = 0 and x = xHH, for xHH 

a value of (19.8 ± 0.3) Å was calculated. 

 

Fig. (i): Linear fit of the positive gain 

of the water distribution function 

 

 

 

Fig. (h):  Correlation 

between structure 

factors and D2O contrast. 

The lamellar orders are 

marked with h. The odd-

numbered orders have a 

negative slope, due to 

their phase signs. 
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Absence of IPM-d3 in SPP 

For the localization of the penetration enhancer, sample II contained the d3-labeled IPM. The 

presence of IPM-d3 was tested in sample IV as well, where additionally CER[AP]-d3 was 

incorporated. Fig. (j) and Fig. (k) include the corresponding NSLD profiles next to the deuterium 

differences. The deuterium difference curve of single IPM-d3 in Fig. (j) indicates two maxima 

at ± 18 Å and a small peak at the membrane center. Based on the minimal central peak in 

negative dimensions for the NSLD, no position for a deuteration is localizable. More interesting 

are the maxima of the difference curve at ± 18 Å. Here, deuterium labels could be present but 

they were located at the changeover from the polar to the non-polar area of the bilayer. So 

they represent results from truncation errors, which was reviewed in Fig. (k). There, next to a 

significant central peak (corresponding to CER[AP]-C18-d3), only very small and broad signals 

were found around ± 18 Å. Together with the reasonable suspicion of truncation errors in 

Fig. (j), the very parallel progress of both NSLD profiles at the slopes in Fig. (k) and the 

corresponding overlapping confidence levels around ± 18 Å allowed the conclusion that IPM-d3 

is absent in the investigated SC lipid model membranes. 

 

Fig. (j): The NSLD profiles 

of sample I (grey line) and II 

(dotted line), received at 

8 % D2O, 98% RH and 

32 °C. Their difference is 

plotted (black line, axis on 

the right) next to their 

confidence levels (thin 

lines). 

 

Fig. (k): The NSLD profiles 

of sample I (grey line) and 

IV (dotted line), received at 

8 % D2O, 98% RH and 

32 °C. Their difference is 

plotted (black line, axis on 

the right) next to their 

confidence levels (thin 

lines). The significant 

maximum in the middle 

indicates the presence of 

the d3-segment of 

CER[AP]-C18. 
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