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 Introduction, aim and outline of the thesis 
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INTRODUCTION 

The structure of human skin and its barrier function 

The skin, the largest organ of the body, is the main barrier against unwanted 
environmental factors. The essential biological functions of the skin also encompass 
thermoregulation, sensing external environmental stimuli, like pain and heat, synthesizing 
vitamin D and excreting urea and salts (1). The human skin consists of an epidermis, 
dermis and subcutaneous tissue (2). The epidermis, the superficial layer of the skin, 
continuously renews itself and it is composed of four different layers, depicted 
schematically in Figure 1. Keratinocytes, the most abundant cell type in the epidermis, 
proliferate in the stratum basale (SB) and subsequently reach the stratum spinosum (SS), 
where the differentiation of the keratinocytes is initiated. As the keratinocytes gradually 
move towards the skin surface, their function and content changes. The biosynthesis of 
the precursors of barrier lipids starts in the SS and is further intensified in the next layer of 
the epidermis, the stratum granulosum (SG). The phospholipids (precursors of free fatty 
acids, FFAs) and the precursors of the ceramides (CERs), the glucosylceramides and 
sphingomyelin, are synthesized and stored in lamellar bodies (3-6). 

During the formation of the stratum corneum (SC), the final differentiation product, 
the keratinocytes, transform into keratin-containing corneocytes and a layer of non-polar 
lipids (bound lipids) is esterified to the cornified envelope, the outermost layer of these 
cells. Simultaneously, the formation of the intracellular SC lipid matrix is initiated. The SC 
lipid matrix consists of non-polar free lipids, formed by extruding lamellar bodies 
containing precursor lipids, together with lipid enzymes (7, 8) from the keratinocytes into 
the extracellular space. The monolayer of bound lipids represents a template for the free 
lipids to form lipid lamellae, which are oriented approximately parallel to the corneocytes 
(9).  

 
Figure 1. Schematic overview of the skin’s epidermis with its four layers: stratum basale, stratum 
spinosum, stratum granulosum and stratum corneum (SC). Adapted from (10). 
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The barrier function of the skin is provided mainly by the SC, its uppermost layer (11). 

The only continuous pathway through the skin is the SC lipid matrix, thus any chemicals, 
drugs or pathogens have to pass through the intercellular lipid matrix in order to 
penetrate in the deeper layers. The SC has an important role to prevent unwanted 
environmental compounds from entering the body and prevents the excess water loss. 
 

Lipid composition in the SC 

The SC lipids consist mainly of three lipid classes: CERs, FFAs and cholesterol (CHOL), which 
are present approximately in an equimolar ratio in human SC (12). The CER: CHOL: FFA 
molar ratio varies to some extent and a comprehensive overview of the ratios obtained in 
previous studies is presented by Bouwstra et al. (13), also based on an earlier report of 
Weerheim et al. (12).  

CERs are part of the sphingolipids family and besides their main function in the 
formation of the skin barrier, CERs are also regulators of cellular processes, such as 
apoptosis, proliferation and differentiation of skin cells (14, 15). CERs are composed of a 
sphingolipid base linked by an amide bond to an acyl chain and nowadays, there are 25 
CER subclasses identified in human SC (16). In this thesis, CER subclasses are denoted 
according to the nomenclature introduced by Motta et al., with the first one (or two) 
letters representing the type of acyl chain and the last one (or two) letters indicating the 
type of sphingoid base (17). This is referred to as CER XY and the structures of most of the 
CERs subclasses present in human SC are presented in Figure 2.  

A special group of CERs are the CER EO subclass (also referred to in literature as 
acylCERs), which have a very long ω-hydroxy acyl chain linked with an ester bond to a fatty 
acid chain of 18 carbon atoms (primarily a linoleate chain, but oleate or saturated chains 
have also been reported) (18). The CER EO subclass is very important as it is only found in 
the epidermis and it mostly consists of CER EOdS, CER EOS, CER EOP, CER EOH, with the 
exceptional structures shown in Figure 2.  

Apart from the variation in the CER subclasses, in each subclass the total chain length 
(acyl chain + sphingoid base) varies. In this thesis, the acyl chain length of synthetic CERs is 
denoted as CXX. For example, CER NP C24 indicates the phytosphingosine-based CER with 
a non-hydroxy fatty acid chain of 24 carbon atoms. If not specified, the chain length of the 
sphingoid base of synthetic CERs is 18 carbon atoms in length. The total chain length of 
CERs is usually between 32 and 72 carbon atoms, with the variation of the acyl chain 
length larger than the variation in sphingoid base chain length (16, 19, 20). 

The FFAs also have a large variation in the chain length (between 16 and 36 carbon 
atoms), with C24 and C26 representing the most abundant in human SC (21). In SC, 
saturated FFAs are predominantly found, with only a minor amount of monounsaturated 
FFAs (muFFAs) or FFAs with an extra hydroxyl group present (22).  

1
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Figure 2. The structure of the SC CER subclasses and their nomenclature according to Motta et al. 
(17). CERs consist of an acyl chain linked with an amide bond to a sphingoid base. The CER acyl 
chains are non-hydroxy (N), α-hydroxy (A), ω-hydroxy (O), esterfied-ω-hydroxy (EO) or β-hydroxy 
acyl (B), while the sphingoid bases are dihydrosphingosine (dS), sphingosine (S), phytosphingosine 
(P), 6-hydroxy-sphingosine (H), 4,14-sphingadiene (SD) and dihydroxy-dihydrosphingosine (T). Figure 
reprinted from (13). 
 

Lipid organization in the SC 

The SC intercellular lipid matrix is organized in crystalline lamellae, arranged 
approximately parallel to the corneocyte surface, thus to the SC surface (9). The first 
studies that observed the presence of the lamellar layers in SC used freeze-fracture 
electron microscopy (23). Then, using ruthenium tetroxide (RuO4) fixation of the SC the 
lipid lamellae were characterized by a repeating broad-narrow-broad sequence of the 
electron translucent bands (9, 24, 25). RuO4 reacts with saturated SC lipid chains and the 
distance of this repeating pattern (referred to as the repeat distance of the unit cell) was 
around 12-13 nm (9). The existence of this specific repeating pattern suggests a unique 
molecular arrangement of the lipids in the lamellar repeating pattern. More details about 
the lipid organization were obtained using X-ray and neutron diffraction and Fourier 
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transform infrared spectroscopy (FTIR). While electron microscopy provides information in 
a nm-range of the field of view, X-ray diffraction and FTIR obtain average structural 
information. 

The human SC lamellar phases were reported in 1991 using small angle X-ray 
diffraction, with the measurements performed at synchrotron radiation facilities. This has 
the advantage of a highly intense primary beam, which makes it possible to obtain 
structural information using a very small amount of material (26). This is important for SC 
as only around 15 w/w% of the material is lipids. The X-ray beam interacts with the 
electrons in the atoms of the lipids and the obtained data using two-dimensional 
detection of the X-rays can be converted to a one-dimensional plot, where equidistant 
peaks can be attributed to a single lamellar phase (Figure 3). X-ray studies of human SC 
identified two coexisting lamellar phases with repeating distances of approximately 13 nm 
and 6 nm, referred to as the long periodicity phase (LPP) and short periodicity phase (SPP) 
(26, 27). A schematic representation of these phases is presented in Figure 4. 

 
Figure 3. The lamellar organization of SC measured by X-ray diffraction. Adapted from (34). 

 
Within the lamellar phases in the SC, the lipid chains can adopt different packing 

densities, referred to as the lateral organization: orthorhombic (ordered phase, very dense 
packing), hexagonal (an ordered phase, but the lipid chains are less densely packed) or 
liquid phase (highly disordered phase) (Figure 4) (28-30). In human SC, the lipids are 
predominantly organized in a dense crystalline orthorhombic packing, however a small 
fraction of lipids also adopts hexagonal packing and a minor part even a liquid phase (31, 
32). The lipid packing can be analyzed using FTIR; Figure 5 provides a brief overview of the 
technique (13). The conformational ordering of the lipids is examined using the symmetric 
and asymmetric stretching frequencies of the CH2 bond. The orthorhombic to hexagonal 
phase transition can be detected by measuring the FTIR spectra as a function of 
temperature. When the lipids adopt an orthorhombic packing, the hydrocarbon chains are 
very close and there is a short-range coupling of the CH2 scissoring vibrations, resulting in 
two peaks at ~1463 cm-1 and ~1473 cm-1. In case of a hexagonal packing, the hydrocarbon 
chains are still ordered but the distance between them causes the loss of the CH2 
frequency short-range coupling and a single peak is present in the CH2 scissoring vibrations 
at ~1468 cm-1. The lipid composition together with environmental factors determine the 

1
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lipid organization and thus has a great impact on the permeability of SC and skin barrier 
function (33, 34).  
 

 
Figure 4. Schematic representation of the lamellar and lateral organization of SC lipids. The LPP and 
SPP with the repeat unit cells are schematically shown (B-E), along the three different packing 
densities of the lipids (F). Reprinted from (13). 
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Figure 5. Brief overview of FTIR spectroscopy and the two types of vibrations mostly discussed in 
this thesis: the scissoring and stretching vibrations of the CH2 and CD2 bonds. Reprinted from (13). 
 

Impaired barrier function and changes in barrier lipid properties in skin diseases 

Inflammatory skin diseases have an important impact on our society, because of the 
increased patient population and the significant physical and psychological consequences 
of these skin disorders. Numerous patients with inflammatory skin diseases experience 
constant itches that cause sleep disturbances, diminished self-esteem and impacting 
significantly their social engagement. Due to these problems, the quality of life of the 
inflammatory skin disease patients is severely affected (35, 36). Psoriasis, atopic 
dermatitis and Netherton syndrome are some examples of inflammatory skin diseases 
that exhibit an impaired barrier function. Besides changes in protein composition, the SC 
lipid composition is also altered in these diseases. Therefore, it is important to determine 
whether the changes in lipid composition results in changes in lipid organization, thereby 
changing the skin barrier. Furthermore, it is important to determine whether there are 
similarities in these lipid compositional changes in the SC of these diseases. 

Psoriasis is a chronic inflammatory skin disease which affects ~2% of Western 
countries (37). Motta et al. first reported the CER composition of lesional psoriatic SC and 
a reduced barrier function in lesional skin, as measured by trans epidermal water loss 
(TEWL) (17). A relative decrease of CER EOS, CER NP and CER AP was reported in lesional 

1
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SC, while CER NS and CER AS were increased. A clinical study by Yokose et al. reported that 
the ratios of CER NP and CER NH subclasses relative to CER NS and CER AS were reduced, 
both in lesional skin, as well as non-lesional skin (38). Moreover, the increased CER NS / 
CER NP molar ratio correlated positively with the TEWL values. An altered lipid 
composition was also observed by Uchino et al. that reported increased levels of CER NS 
and CER AS and reduced levels of CER NP and CER AP subclasses in psoriatic SC compared 
to healthy skin (39). The same study concluded that lipid composition of psoriatic SC was 
also characterized by shorter total chain lengths of CERs and FFAs compared to healthy SC. 

 Atopic dermatitis is the most frequently studied skin disease with a perturbed skin 
barrier. It is a chronic inflammatory skin disease that affects 2-10% of adults and over 15% 
of children, with an increasing prevalence in developed countries (36, 40). The barrier 
function of AD skin is decreased in lesional SC (34, 41-43). The major lipid compositional 
changes reported for atopic dermatitis SC comprise of: i) decreased total amount of CERs 
(44-46) and FFAs (46) in non-lesional and lesional skin, ii) reduced relative abundances of 
CER EOS (34, 41, 47, 48) and CER NP (47, 48), iii) increased abundance of CER NS and CER 
AS (45), as well as iv) short chain CER NS (34, 45). Yokose et al. showed the strong 
correlation of the TEWL values with the ratio of CER NS/CER NP, which was increased in 
lesional skin (38), in agreement with previous studies that reported separate correlations 
between increased TEWL values and the increased concentration of CER NS and decreased 
amount of CER NP in the diseased SC, respectively (34, 45, 49). 

Netherton syndrome is a rare genetic skin disorder with a SPINK5 (serine protease 
inhibitor Kazal-type 5 gene) mutation, which is characterized by severe atopic 
manifestations and erythroderma (50). Similar to atopic dermatitis and psoriasis, an 
altered lipid composition and organization is reported in the SC of this disease. In 
comparison with control skin, there is a significant decrease in the FFA chain lengths and 
an increase in the FFAs unsaturation (51). The CER subclasses are also affected, as the 
concentration of CER EOS and CER NP is decreased, while the concentrations of CER NS 
and CER AS are elevated (51, 52). This lipid compositional change has an effect on the lipid 
organization as well, with a higher degree of disordering of lipid chains reported for SC of 
Netherton syndrome. A summary of the lipid compositional changes in atopic dermatitis, 
psoriasis and Netherton syndrome is presented in Table 1. As seen in the table, there are a 
series of lipid compositional changes occurring in all three inflammatory skin diseases.  

Lipid compositional changes have an effect on the lipid organization in all three skin 
diseases described above: the position of the diffraction peaks (of the LPP and SPP) is 
shifted compared to healthy skin (34, 51, 53) and a lower fraction of lipids adopts the 
orthorhombic phase, as the fraction of lipids forming a less dense hexagonal organization 
is higher (21, 34, 51). The changes in lateral organization of the lipids in diseased SC 
correlated with impaired barrier function (measured by TEWL) (21, 34). 
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Table 1. Summary of lipid composition and organization changes observed in psoriasis, atopic 
dermatitis and Netherton syndrome, compared to control. Adapted from Bouwstra et al. (13). 

 

Lipid models as a tool for studying the lipid composition and organization changes 

When the diseased SC is compared with healthy SC in clinical studies, the various lipid 
compositional changes occur simultaneously and therefore the contribution of each of the 
underlying factors cannot be unraveled. To understand the relationship between different 
lipid (sub)classes, lipid models that mimic the organization in the SC lipid matrix can be 
used. These models offer the possibility to systematically study the effect of compositional 
changes of individual components on the lipid organization and lipid barrier. In this way 
more detailed insights can be obtained about the main underlying factors that cause 
barrier impairment (55-57). 

 

Lipid compositions 

Previous studies reported that lipid model systems prepared with isolated pig (58, 59) or 
human CERs (60) mixed with synthetic CHOL and FFAs mimicked the unique lamellar 
structure observed in SC (LPP and SPP). When the various synthetic CER subclasses 
became available commercially, isolated pig and isolated human CERs were replaced by 
their synthetic counterparts. Unlike the isolated CERs, the synthetic CER mixtures have an 
almost uniform chain length, but this hardly influences the lamellar phase behavior: the 
lamellar phases of the lipid mixtures containing CERs, CHOL and FFAs, were similar to that 
of the mixtures prepared with isolated CER and thus also closely mimicking the native SC 
lipid organization (61-64). Further reducing the CER subclass composition to four, three or 
even two subclasses in the mixture demonstrated that selecting the proper CER 

Skin 
disease 

Lipid composition change Lipid organization change References 

Psoriasis CER chain length ↓ 
CER EOS, EOP, EOH, NP, AP, AH ↓ 
CER NS, AS ↑ 
FFAs chain length ↓ 
Unsaturated FFAs ↑ 

Changes in lamellar phases  
Changes in lateral packing 

(17, 38, 39, 
54) 

Atopic 
dermatitis 

CER chain length ↓ 
CER EOS, EOP, EOH, NP, NH, AH, 
NdS ↓ 
CER NS, AS ↑ 
FFAs chain length ↓ 
Unsaturated FFAs ↑ 
 

Changes in lamellar phases  
Orthorhombic packing ↓ 
Conformational disordering 
of the chains ↑ 

(21, 34, 38, 
41, 44-47) 
 

Netherton 
syndrome 

CER chain length ↓ 
CER EOS, EOP, EOH, EOdS, NP ↓ 
CER NS, AS ↑ 
FFAs chain length ↓ 
Unsaturated FFAs ↑ 

Changes in lamellar phases  
Conformational disordering 
of the chains ↑ 

(51, 52) 

1
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subclasses, together with CER EOS, CHOL and FFAs, it is possible to form the same lamellar 
phases still resembling the SC (62, 63, 65, 66). This finding is important as simple model 
systems with a limited number of lipid components are mandatory to obtain detailed 
information about the molecular arrangement of the lipids, as in such studies the 
protiated lipids are replaced with their deuterated counterparts. 

The lipid composition of the models has an important role for the lipid organization. 
The presence of CERs and CHOL in lipid models is important for the formation of the 
lamellar phases (58, 59). Studies report the essential role of the FFAs for the lateral 
packing of the lipids. Short chain FFAs (C14-C18) did not influence the formation of the 
lamellar phases, however an additional phase was detected using X-ray diffraction. The 
additional phase was not formed when the FFA mix was replaced with the long-chain FFAs 
(with the most abundant chain lengths C22 and C24) in lipid models prepared with 
isolated porcine CERs (58). This was further investigated in models with synthetic CERs 
mimicking porcine CER composition and it was reported that short chain FFAs (C16 and 
C18) determine a lower conformational ordering of the lipid system, phase-separated 
domains, as well as a higher fraction of lipids adopting a hexagonal packing, in comparison 
with long-chain FFAs (C22, C24) or a FFA mix (with the most abundant chain lengths C22 
and C24) (67, 68). 

The presence of CER EOS in the CER composition is vital for the formation of the LPP 
(59, 61, 69). Increasing the CER EOS concentration from 15 mol% (mimicking the natural 
CER EOS concentration) to 40 mol% (of total CER fraction) results in the exclusive 
formation of the LPP, while the intensity distribution of the LPP diffraction orders is not 
changed compared to mixtures with 15 mol% CER EOS (70, 71). In the latter CER 
composition, the LPP and SPP are both formed. No differences in the flux of a model drug 
across lipid membranes of the lipid models were reported when comparing a 10 mol% and 
30 mol% CER EOS fraction in the CER composition, with a significant permeability increase 
only present above 70 mol% CER EOS level and when no CER EOS is present (61, 72). Thus, 
the concentration of CER EOS can be increased or decreased to affect the fraction of lipids 
forming the LPP and SPP for the study of the lipid models. 

Comprehensive studies were previously performed on lipid models forming only the 
SPP, by excluding the CER EO subclass from the lipid composition. Most frequently lipid 
compositions with only one or a few CER subclasses were mostly used. The most 
frequently investigated composition is CER NS: CHOL: FFAs. The phase behavior of these 
models depends on various factors (such as CER head group structure and the lipid chain 
length of CERs and FFAs). While CER NS C24 mixed with CHOL and FFA (C24 or the FFAmix 
consisting primarily of C22 and C24) in equimolar ratio results in a single lamellar phase 
(SPP) and phase separated crystalline CHOL, using other CER subclasses in the absence of 
CER EOS (such as CER NP, CER AP, CER AS, CER NdS or CER NH) results in phase-separated 
crystalline domains, next to crystalline CHOL. This highlights the importance of the head 
group structure for the mixing of the lipids in the SPP (73-77). The studies using SPP 



636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban
Processed on: 25-3-2024Processed on: 25-3-2024Processed on: 25-3-2024Processed on: 25-3-2024 PDF page: 19PDF page: 19PDF page: 19PDF page: 19

 19 
 

models show that CHOL improves the mixing of FFAs and CERs, and the FFAs interdigitate 
with the other lipid chains (78, 79). 

 

The localization of the lipid subclasses in the LPP model 

To unravel in more details the role played by the lipid (sub)classes in the lipid organization, 
it is important to determine the localization of the lipids in the unit cell of the lamellar 
phases. The unit cell represents the repeating pattern of the lamellar structure, as 
explained in Figure 4. Information on the lipid arrangement can be obtained using neutron 
diffraction, a technique that allows the identification of the exact location of the lipid 
chains in the unit cell. The neutron scattering of protiated and deuterated compounds is 
different (deuterium atoms have a higher scattering intensity than hydrogen atoms). By 
replacing protiated lipids by (partly) deuterated counterparts, the deuterated moiety of 
the lipid can be located in the structure.  

The location of the water molecules can be determined by varying the D2O/H2O ratio 
in the buffer used to hydrate the samples. The water molecules are localized next to the 
lipid head groups, rather than the hydrophobic lipid chains. Their location indicates the 
four lipid head group regions in the LPP and the LPP trilayer structure comprised of a 
central layer with two similar outer layers (70, 80). The location of deuterated lipid chains 
in a lipid model can be identified by measuring the diffraction pattern of the protiated 
sample and its deuterated counterpart (sample with the deuterated lipid chain of 
interest). The scattering length density (SLD) profile of the deuterated lipid moiety is 
obtained by the subtraction of the SLD profiles of the protiated sample from the 
deuterated sample. This provides the location of the deuterated moiety in the unit cell. 

The location of some lipid (sub)classes was previously examined in the LPP unit cell 
(Figure 6). In a lipid model with the CER subclasses mimicking the porcine CER 
composition, CHOL was localized in the outer layers of the LPP, with its hydroxyl group 
close to the inner lipid head group region (80). The position of the esterified linoleate 
chain of CER EOS was determined using CER EOS with a deuterated linoleate chain. The 
SLD profiles obtained indicate that in the LPP unit cell, the linoleate is in an isotropic 
phase, positioned close to the inner layer of lipid head groups (80). The proposed location 
of the linoleate chain of CER EOS is in agreement with previous reports of liquid droplets 
of esterified linoleate or oleate chains of CER EOS (81, 82). The positions of the FFA C24 
and of the acyl chain of CER NS were identified in the inner layer of the LPP, with the 
chains interdigitating in this layer (70). Beddoes et al. determined the location of the 
sphingosine chain of CER NS and therefore could determine the CER NS conformation (66, 
83). CER NS with the head group in the inner region of the LPP is arranged in an linear 
(extended) conformation: the acyl chain is mainly located in the inner layer (in agreement 
with the previous study of Mojumdar et al. (70)) and the sphingosine chain is positioned in 
the two outer layers (either side of the CER NS head group). The linear arrangement of 
CERs could allow a strong connection between the lipid layers and prevent the swelling 

1



636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban
Processed on: 25-3-2024Processed on: 25-3-2024Processed on: 25-3-2024Processed on: 25-3-2024 PDF page: 20PDF page: 20PDF page: 20PDF page: 20

20 
 

upon hydration of the LPP (81). Moreover, in this CER conformation the cross section of 
the polar lipid head group is reduced, allowing a higher lipid packing density (83). The 
localization of the two chains of CER NS is the same when comparing a complex lipid 
system that mimics the porcine CER composition and a lipid model with a simple 
composition (CER EOS, CER NS, CHOL, FFAmix). Figure 6 represents a schematic 
arrangement of the LPP unit, according to the previously reported studies. 

 
Figure 6. The lipid arrangement in the LPP unit cell (repeating unit) obtained by neutron diffraction. 
CER EOS is represented in black, CER NS in blue, FFAs are shown in purple and the CHOL molecules 
in grey. Adapted from Mojumdar et al. (80).  
 

Lipid models for studying the lipid composition changes in skin diseases 

As reported in Table 1, several changes in lipid composition have been identified in SC of 
inflammatory skin diseases. In order to determine the effect of each of these changes on 
the lipid barrier, these alterations can be systematically implemented in the lipid model 
systems. The influence of some lipid compositional changes on lipid barrier and phase 
behavior have already been studied (Table 2). 

1.  Chain length of FFA and CERs 
In previous studies the effect of the lipid chain length on the conformational ordering 

of the lipid chains and the lateral packing was investigated. Shorter lipid chains result in a 
more prominent presence of lipids forming the hexagonal phase, reduce the lipid ordering 
and determine a difference in the lamellar organization, with a slightly altered LPP repeat 
distance and co-existing phases (63, 68, 84-86). This lipid compositional change also 
caused an impaired barrier in the lipid model membranes, as monitored by TEWL and the 
fluxes of model drugs, such as ethyl-p-aminobenzoic acid (E-PABA), indomethacin or 
theophylline.  

2. Increase in degree of unsaturation 
The degree unsaturation, that is an increase in muFFAs, influences the lateral 

organization resulting in a decrease of the orthorhombic packing and elevated 
conformational disordering of the lipid chains (87), but no change in the lamellar 
organization. The barrier function is also affected as monitored by TEWL and the 
hydrocortisone flux. 
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3. Variation in the fraction of CER EO subclass  
Decreasing the concentration of CER EO subclass (CER EOS or a mix of CER EOS, CER 

EOP and CER EOdS) in lipid models has the main effect on the lamellar organization, as the 
LPP cannot be formed in the absence of CER EO subclass (55, 62, 64). The lateral 
organization is also affected, as a less dense lipid packing was predominant in the models. 
When the concentration of CER EO subclass in the lipid models is reduced, the lipid 
fraction forming the LPP is also decreased. This has a significant effect on the flux of the 
model drugs. 
 
Table 2. The lipid compositional changes reported in skin diseases previously studied using lipid 
models. 

Change in lipid 
composition 

Barrier function Lipid organization and 
molecular arrangement 

References 

Unsaturated FFAs ↑ TEWL and diffusion 
(hydrocortisone flux) ↑ 

Orthorhombic packing ↓ 
Conformational disordering ↑ 
No effect on lamellar phases 

(87) 

FFA chain length ↓ TEWL and diffusion (E-
PABA, indomethacin, 
theophylline) ↑ 

Orthorhombic packing ↓ (63, 68, 84, 
85) 
  

CER chain length ↓ 
 

Diffusion (E-PABA flux) ↑ Conformational disordering ↑ 
No effect on lamellar phases 

(63, 86) 

CER EO subclass ↓ TEWL not changed 
Diffusion (flux of E-PABA 
and indomethacin) ↑ 

Orthorhombic packing ↓ 
LPP not formed when CER EO 
subclass is 0% 

(55, 62, 64) 

 

AIM OF THIS THESIS 

The studies presented in this thesis focused on the effect of the CER subclass composition 
on the lipid organization, molecular arrangement and barrier function of the skin. First, 
the CER compositional changes were examined in human SC of seborrheic dermatitis 
patients by means of a clinical trial. A particular emphasis was paid to the CER NS:CER NP 
ratio and its correlation to the skin barrier. In the subsequent chapters lipid model 
systems with a simple CER subclass composition were used to study the influence of the 
CER NS:CER NP ratio on the barrier function, lipid organization and CER arrangement. 
 

OUTLINE OF THIS THESIS 

Chapter 2 describes a clinical study investigating the CER composition and barrier function 
of seborrheic dermatitis patients, an inflammatory skin disease characterized by erythema 
and scaling on seborrheic areas of the face and scalp. In this study, the CER composition, 
the severity of the disease and the skin barrier function are characterized. The CER 

1
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composition (including CER NS:CER NP ratio) was correlated with the impaired skin barrier 
monitored by TEWL.  

In subsequent studies, lipid models with a simple lipid composition were used for a 
more detailed study on the influence of CER subclass composition on the lipid 
organization, CER arrangement and barrier function. One of the key findings regarding the 
CER compositional changes in SD, the CER NS:CER NP subclass ratio, was investigated 
using the lipid models. 

Chapter 3 represents the first step in understanding the effect of changing the CER 
NS:CER NP molar ratio on the lipid organization, using a CER composition comprising of 
CER EOS, CER NS and CER NP. The location of CER NP and CER NS (ratio 1:1) in the LPP unit 
cell was determined.  

In Chapter 4, the CER NS:CER NP molar ratio was changed from 1:2 (mimicking a 
healthy SC ratio) to 2:1 (mimicking the ratio found in severe skin conditions) in lipid 
models forming exclusively the LPP. The lipid organization was investigated, as well as the 
location of CER NS and CER NP in the LPP unit cell and the barrier function of these lipid 
models.  

Chapter 5 continued the topic of the CER NS:CER NP molar ratio change (from 1:2 to 
2:1), focusing on lipid models forming exclusively the SPP. The lipid organization of these 
models was investigated and compared to that of the LPP models. 

In Chapter 6, the effect of the CER subclass composition on the arrangement of CER 
NP and CER NS is examined, including in a composition mimicking human CER 
composition. The lipid organization, molecular arrangement of CER NS and CER NP and the 
permeability of the lipid models with different CER head group structures were 
investigated. 

Finally, Chapter 7 summarizes the results of this thesis and provides an overall 
conclusion and some remarks on perspectives. 
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Lesional skin of Seborrheic Dermatitis patients is characterized by skin 
barrier dysfunction and correlating alterations in the stratum corneum 

ceramide composition 
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ABSTRACT 

Background: Seborrheic dermatitis (SD) is a chronic inflammatory skin disease 
characterized by erythematous papulosquamous lesions in sebum rich areas such as the 
face and scalp. Its pathogenesis appears multifactorial with a disbalanced immune system, 
Malassezia driven microbial involvement and skin barrier perturbations. Microbial 
involvement has been well described in SD, but skin barrier involvement remains to be 
properly elucidated. 
Objective: To establish whether barrier impairment is a critical factor of inflammation in 
SD alongside microbial dysbiosis. 
Methods: A cross-sectional study was performed in 37 patients with mild-to-moderate 
facial SD. Their lesional and non-lesional skin was comprehensively and non-invasively 
assessed with standardized 2D-photography, optical coherence tomography (OCT), 
microbial profiling including Malassezia species identification, functional skin barrier 
assessments and ceramide profiling. 
Results: Inflammation was established through significant increases in erythema, 
epidermal thickness, vascularization and superficial roughness in lesional skin compared to 
non-lesional skin. Lesional skin showed a perturbed skin barrier with an underlying skewed 
ceramide subclass composition, impaired chain elongation and increased chain 
unsaturation. Changes in ceramide composition correlated with barrier impairment 
indicating interdependency of the functional barrier and ceramide composition. Lesional 
skin showed significantly increased Staphylococcus and decreased Cutibacterium 
abundances but similar Malassezia abundances and mycobial composition compared to 
non-lesional skin. Principal component analysis highlighted barrier properties as main 
discriminating features.  
Conclusions: SD is associated with skin barrier dysfunction and changes in the ceramide 
composition. No significant differences in the abundance of Malassezia were observed. 
Restoring the cutaneous barrier might be a valid therapeutic approach in the treatment of 
facial SD. 
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INTRODUCTION 

Seborrheic dermatitis (SD) is an inflammatory, eczematous skin disease of the face and 
scalp with a multifactorial underlying pathophysiology. SD is characterized by the 
development of erythematous, scaly and itchy skin on seborrheic areas with high 
sebaceous gland activity such as the nasolabial folds, eyebrows and upper chest 
(supplemental Fig. S1) (1). The exact pathophysiology of SD remains unclear due to its 
multifactorial and complex aetiology. Three major interdependent driving factors of the 
aberrant immunological responses behind SD are I) individual susceptibility due to an 
imbalanced immune system leading to inflammation, II) cutaneous microbial dysbiosis 
with pronounced colonization by Malassezia species and III) a perturbed epidermal 
barrier(1,2).  

While these three hallmarks all contribute towards the development of SD, much 
emphasis has been on the microbiome and especially the involvement of Malassezia. 
Malassezia is a commensal yeast which is regarded as a key pathogen due to its 
concurrence with lesional skin and the clinical response of SD to antifungals(3). It is 
hypothesized that the predilection of Malassezia for sebum-rich skin sites is due to its 
inability to perform de novo fatty acid synthesis, necessitating the processing of 
exogenous lipids which disturbs the epidermal barrier integrity and enables inflammation 
(4,5). While this provides rationale for why inflammation is limited to these areas, it has 
been shown that neither the amount of Malassezia (5,6) nor an increased level of sebum 
production (1,2,6) are strictly tied to the development of SD.  

Due to the implication that external triggers such as Malassezia and its metabolites 
can penetrate the skin (7), the cutaneous barrier function itself has been proposed to be 
involved in SD pathogenesis (6). The epidermal barrier function is located in the stratum 
corneum which consists of layers of cornified cells embedded in a lipid matrix mainly 
composed of cholesterol, fatty acids and ceramides (8). Changes in the composition and 
consequently the lipid organization of this matrix directly impacts skin permeability (9,10). 
Barrier perturbations and simultaneous alterations of the lipid matrix composition, such as 
reduced chain length and changes in ceramide subclass composition, have been observed 
in other inflammatory skin diseases such as atopic dermatitis and psoriasis (11,12). This 
raised the question whether barrier repair can be exploited as a treatment option (13). 

The apparent contribution of host immunity, the microbiome and cutaneous barrier 
to the development of SD warrants a multimodal assessment for phenotyping SD. In this 
study, we established cutaneous inflammation by clinical scoring complemented with 
imaging. We elucidated the bacterial and fungal composition as both are implicated in SD 
(14), with additional species-level profiling of Malassezia. Lastly, the cutaneous barrier 
function was characterized in-depth by trans-epidermal water loss (TEWL) measurements 
complemented with ceramide profiling using lipidomic analysis. This might yield new 
insights into how these modalities are implicated in disease. 

2



636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban
Processed on: 25-3-2024Processed on: 25-3-2024Processed on: 25-3-2024Processed on: 25-3-2024 PDF page: 32PDF page: 32PDF page: 32PDF page: 32

32 
 

METHODS 

An extended version of the methods can be found in the supporting information. 

Study design and population  

The study was conducted at the Centre for Human Drug Research (Leiden, the 
Netherlands) from November 2018 to January 2020 following the Declaration of Helsinki 
principles after approval by the medical ethics committee Stichting Beoordeling Ethiek 
Biomedisch Onderzoek (Assen, the Netherlands). Patients gave written informed consent 
prior to participation in the study. The use of SD medication was prohibited prior to 
enrolment for a period of two weeks for topical treatments, including dandruff shampoos, 
three weeks for phototherapy and four weeks for systemic treatments. In total, 37 patient 
exhibiting mild-to-moderate SD defined by an Investigator’s Global Assessment (IGA) score 
of 2 to 3 after verification by a dermatologist were included and assessments performed 
during a single visit. Due to the heterogeneous presentation of SD and the invasiveness of 
assessments, assessments are performed on different sites of the face as listed in 
supplemental table S1-3. See Supplementary Material for further details.  

Clinical characteristics 

Disease severity was scored using the Seborrheic Dermatitis and Severity Index (SDASI) 
adapted from Baysal, et al. (2004) (15), 5-point IGA and percentage affected body surface 
area (%BSA). Patient reported outcomes included the 0 – 100 Numeric Rating Scale (NRS) 
itch, 5-Domain Itch Questionnaire(16) and Dermatology Life Quality Index (DLQI) (17,18). 
See Supplementary Material for further details. 

Standardized photography 

Standardized two dimensional cross-polarized images of the face were taken using a 
VISIA-CR (Canfield Scientific, New Jersey, United States). Erythema Index calculations were 
performed based on a method by Yamamoto, et al. (2008) (19). See Supplementary 
Material for further details. 

Optical Coherence Tomography 

Lesional and non-lesional skin was imaged by Vivosight Dx optical coherence tomography 
(OCT) (Michelson Diagnostics, Kent, United Kingdom) and epidermal thickness, superficial 
roughness and average epidermal vascularization were determined. See Supplementary 
Material for further details. 

Microbiome composition 

Skin swabs were collected by rubbing the skin for 10 seconds. Swabs were extracted and 
16s rRNA and internal transcribed spacer (ITS) sequencing was performed to determine 
the bacterial and fungal composition, respectively. After genus level classification, 
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microbes contributing <1% of the total were excluded and relative abundances 
determined. See Supplementary Material for further details. 

Malassezia culturing 

Agar plates with modified Dixon medium were pressed against the skin for 20 seconds and 
cultured for Malassezia. Malassezia species determination by matrix-assisted laser 
desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) was performed 
on mycological isolates as described by Kolecka et al. (2014) (20). See Supplementary 
Material for further details. 

Skin barrier integrity by trans-epidermal water loss 

Subjects were allowed to acclimatize to controlled environmental conditions (humidity 
<60%, temperature 22±2 °C) in rested state for at least 15 minutes prior to measurements. 
TEWL was measured using an AquaFlux AF200 (Biox Systems Ltd., London, United 
Kingdom). See Supplementary Material for further details. 

Skin barrier lipidomics 

Stratum corneum was harvested with 4 polyphenylene sulfide tape (Nichiban, Tokyo, 
Japan) after applying pressure using a D500 D-squame Pressure Instrument (CuDerm 
Corporation, Dallas, TX, United States). Tapes were extracted and the ceramide fraction 
analyzed through a validated Liquid Chromatography-Mass Spectrometry (LC-MS) setup as 
described by Boiten et al. (2016) (21). Supplemental figure S2 lists the 12 most prevalent 
ceramide classes included in the analysis using the nomenclature by Motta et al. (1993) 
(22). Sebum levels were determined using a Sebumeter SM815 (Courage+Khazaka, Köln, 
Germany). See Supplementary Material for further details. 

Statistical analysis 

Data visualization and statistical testing was performed using Prism 9 (Graphpad Software, 
San Diego, California, United States). 2-way ANOVA, or a mixed effects model in the case 
of missing data points, was performed using Bonferroni’s multiple comparison test in the 
case of multiple variables and paired t-test in the case of two variables. P-values are 
denoted as ns: P>0.05, *: P≤0.05, **: P≤0.01, ***: P≤0.001. Integrative data graphing by 
principal component analysis (PCA) and min-max radar plotting has been performed 
through Python version 3.8.0 (Python Software Foundation, Wilmington, Delaware, United 
States). See Supplementary Material for further details. 
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RESULTS 

In total, 37 patients were enrolled into the study. The patient population exhibited mild-
to-moderate SD as shown by a SDASI score of 7.0 ± 4.3 and IGA score of ≤ 3 for 97% of all 
patients (Table 1). Patient reported disease burden was rated mild-to-moderate as evident 
from the DLQI (7.2±5.5/30; “moderate effect on patient’s life”), average itch rating scale 
(23.6± 22.5/100) and 5-Domain itch scale rating (11.6± 3.2/25). 
 
Table 1. Baseline demographics including clinical scoring and patient reported outcomes from the 
study population. The minimal and maximal values are indicated among their respective scores. 
BMI; Body Mass Index, SD; standard deviation. 

Subjects (n) 37 

Age (years) 37.8 ± 15.6 

BMI (kg/m2) 25.4 ± 3.4 

Sex Female 5 (13.5%) 

Male 32 (86.5%) 

Race Asian 1 (2.7%) 

Mixed (White, African) 1 (2.7%) 

Latino 1 (2.7%) 

White 34 (91.9%) 

Fitzpatrick skin type 1 4 (10.8%) 

2 19 (51.4%) 

3 13 (35.1%) 

4 1 (2.7%) 

5 0 (0.0%) 

6 0 (0.0%) 

Seborrheic Dermatitis Area and Severity index (0 – 45) (Mean ±SD) 7.0 ± 4.3 

Investigator's Global 
Assessment 

1 (almost clear) 4 (10.8%) 

2 (mild) 19 (51.4%) 

3 (moderate) 13 (35.1%) 

4 (severe) 1 (2.7%) 

Affected body surface area (%)  
(Mean ±SD) 

1.3 ± 0.7 

Dermatology Life Quality Index (0 – 30)  
(Mean ±SD) 

7.2 ± 5.5 

Average Itch Numeric Rating scale  
(0 - 100) (Mean ±SD) 

23.6 ± 22.5 

5-Domain Itch Scale (5 - 25) (Mean ±SD) 11.6 ± 03.2 
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Inflammation 

Apart from clinical scoring, hallmarks of inflammation were assessed using standardized 
2D-photography and OCT. Lesional skin had a significantly higher erythema index 
compared to non-lesional skin (67.62 AU vs. 49.19 AU, P≤0.001, Fig. 1A). Despite high 
epidermal disorganization hampering the localization of the dermal-epidermal junction in 
multiple measurements, the epidermis of lesional skin was significantly thicker compared 
to non-lesional skin (0.15 mm vs. 0.10 mm, P≤0.001, Fig. 1B). Superficial roughness of the 
skin was significantly increased in lesional skin (0.013 AU vs 0.009 AU, P≤0.001, Fig. 1C). 
Higher superficial vascularization was observed in lesional skin compared to non-lesional 
skin at a shallow skin depth of 0.1 to 0.25 mm (P≤0.05-0.001, Fig. 1D) with no significant 
differences at greater depths. This culminates to an increased average vascularization 
between 0.1 to 0.25 mm of 0.079 in lesional skin compared to 0.058 in non-lesional skin 
(P≤0.001, supplemental Fig. S3). 
 

 
Figure 1. Erythema index as determined by standardized photography (A) and the epidermal 
thickness (B), superficial roughness (C) and the degree of vascularization at different depths in the 
epidermis (D) as determined by optical coherence tomography of lesional and non-lesional skin. 
Epidermal thickness could only be determined in 23 of 37 lesional and 34 of 37 non-lesional 
measurements. AU; Arbitrary Units, NS; not significant. 
 

2
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Microbiome 

After establishing the presence of inflammation, the facial microbial composition was 
investigated using 16s rRNA and ITS sequencing for the bacterial and fungal microbiome, 
respectively.  

 

 
Figure 2. Bacterial Shannon diversity index (A) and composition of the bacterial microbiome (B) by 
16s rRNA sequencing along with the fungal Shannon diversity index (C) and composition of the 
fungal microbiome (D) by ITS sequencing. The presented genera are filtered for minimal prevalence 
of 1% over all samples and presented relative to the total amount of microbes detected per analysis. 
Presence of different Malassezia species per site after isolation with contact plates and subsequent 
MALDI-TOF analysis (E). None of the samples yielded two or more different isolates. 
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Neither Shannon indexes showed a significant difference between lesional and non-
lesional skin sites (1.55 vs 1.71, P>0.24 and 0.58 vs 0.66, P>0.23, for bacteria and fungi 
respectively, Fig. 2A, 2C), indicating biodiversity on average did not differ between skin 
sites. However, Staphylococcus was significantly overrepresented and Cutibacterium 
significantly underrepresented in lesional skin compared to non-lesional skin (44.05% vs 
19.50% and 23.04% vs 38.20%, respectively, P≤0.001, Fig. 2B). The mycobiome proved 
small with only 3 genera present over the detection thresholds used (Fig. 2D), of which 
over 80% comprised of Malassezia hits in both lesional and non-lesional skin without any 
significant differences (82.20% vs. 83,52%, P>0.05). Due to the limitations associated with 
reliable identification of Malassezia at the species-level using ITS-sequencing, axenic 
culture plates were taken and subsequent MALDI-TOF MS was performed as a more 
specific qualitative alternative. Using Malassezia specific protocols successful isolation and 
identification of 16 from 37 lesional and 18 from 37 non-lesional samples was possible. No 
clear differences were observed between skin sites with M. sympodialis being the most 
prevalent at both sites (21.6% and 18.9% on lesional and non-lesional skin, respectively), 
followed by M. slooffiae (13.5%) on lesional and M. globosa (13.5%) on non-lesional skin 
(Fig. 2E). 
 

Skin barrier 

Finally, the skin barrier was studied as it represents the interface between external 
pathogens and the established epidermal inflammation. TEWL was used as an endpoint 
for skin barrier integrity and was significantly higher in lesional skin compared to non-
lesional skin indicating an impaired barrier function (35.89 g/m2/hr vs 21.27 g/m2/hr, 
p>0.001, Fig. 3A). Sebum levels were not significantly different between lesional and non-
lesional skin (90.70±54.93 vs 82.78±53.29, p=0.521, supplemental Fig. S4). The relative 
abundance was determined of all twelve major ceramide classes. The lesional ceramide 
profile showed a significant increase in Cer[NS] and Cer[AS] (17.25% vs 11.86% and 
16.99% vs 10.61%, respectively, P≤0.001) and significantly decreased abundance of 
Cer[NdS], Cer[EOS] (7.15% vs 8.06% and 2.52% vs 3.51%, respectively, P≤0.01) and 
Cer[NP], Cer[NH], Cer[AP] (10.58% vs 14.29%, 10.87% vs 12.23%, 13.22% vs 16.03%, 
respectively, P≤0.001, Fig. 3B) compared to non-lesional skin. The abundance of other 
classes was not significantly different.  

The skewing of ceramide subclass synthesis can be easily interpreted by comparing 
the abundance of Cer[NS] and Cer[NP]. Indeed, alterations in lipid processing were evident 
from a significant increase of the Cer[NS]:Cer[NP] ratio in lesional compared to non-
lesional skin (1.68 vs 0.87, P≤0.001, Fig. 3C). Additionally, the presence of Cer[NSc34], a 
Cer[NS] species with a total chain length of 34 carbons, was significantly elevated in 
lesional compared to non-lesional skin (8.19% vs 5.10%, P≤0.001, Fig. 3D). Using the 
monounsaturation in Cer[NS] as an indicator for the overall monounsaturation, ceramides 
at lesional skin sites were further impacted by a higher degree of unsaturation compared 
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to non-lesional skin (7.32% vs 3.71%, P≤0.001, Fig. 3E). Lastly, lipid elongation was 
impaired in lesional skin as evident from a decreased average total carbon chain length of 
the ceramides compared to non-lesional skin (42.64 carbons vs 43.85 carbons, P≤0.001, 
Fig. 3F). 

 
Figure 3. Barrier parameters of lesional compared to non-lesional skin demonstrate impaired barrier 
function in lesional skin. Functional barrier integrity is measured by trans-epidermal water loss (A). 
The ceramide profile is depicted after grouping individual ceramides per subclass (B), with the ratio 
between the abundance of Cer[NS] and Cer[NP] highlighted (C). The abundance of short ceramide 
species Cer[NSc34] (D) and degree of unsaturation (E) within Cer[NS] is shown. The average carbon 
chain length (CCL) of the combined sphingosine base and fatty acid tail within the non-Cer[EO] 
moiety is depicted (F). PCA analysis using all individual detected saturated ceramides yields two 
distinct population (G). Axes list the percentage of variance explained by the first two principal 
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components, with the proximity of datapoints indicating similarity between samples. Correlations 
between TEWL and Cer[NS]:Cer[NP] (H), percentage Cer[NSc34] (I), percentage of unsaturation (J) 
and CCL (K) are shown with a line representing the optimal fit from linear regression analysis and 
95% confident interval and Pearson’s correlation coefficient. TEWL; Trans-Epidermal Water Loss, 
MUCer; monounsaturated ceramide, CCL; carbon chain length, hr: hour. 
 

Visualization of the roughly 300 individual ceramide responses using dimension 
reduction analysis by PCA showed two distinguishable populations when stratifying for 
skin site (Fig. 3G). This indicates the ceramide profile of lesional skin is alike between 
subjects, but differs from non-lesional skin. Plotting the TEWL values against ceramide 
parameters revealed a positive correlation for ceramide Cer[NS]:Cer[NP] ratio (r=0.6474), 
amount of Cer[NSc34] (r=0.5170) and degree of unsaturation (r=0.5920) and a negative 
correlation against the ceramide chain length (r=-0.6668) (Fig. 3H-K).  
 

Integration of results 

Integration of quantitative clinical characteristics (Fig. 1A, C, D), microbial properties (Fig. 
2A-D) and barrier parameters (Fig. 3A-F) was performed using the entire dataset. The 
resulting PCA shows two distinguishable sets of data points with minimal overlap when 
stratifying for site (Fig. 4A). The abundance of Cer[NS], the carbon chain length and the 
Cer[NS]:Cer[NP] ratio contribute most to the overall differential analysis (supplemental 
table S4). Min-max normalized visualisation of the most significant findings in a radar chart 
underline that the biggest differences are observed in the barrier compartment followed 
by inflammation (Fig. 4B). Small differences between lesional and non-lesional skin were 
observed in the microbial parameters, with only the abundance of Staphylococcus being 
markedly different. 
 

 
Figure 4. Principal component analysis (PCA) of lesional and non-lesional skin using all individual 
datapoints (A). Axes list the percentage of variance explained by the first two principal components. 
Integrative visualization of major contributors within the three different axes by radar chart (B). The 
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distance of a datapoint from the center represent the average value per parameter per site 
compared to the average value per parameter of both sites. AU; arbitrary units, TEWL; Trans-
Epidermal Water Loss, MUCer; monounsaturated ceramide, CCL; carbon chain length, hr: hour 
 

DISCUSSION 

SD is a multifactorial disease in which the interplay between the cutaneous microbiome, 
especially the presence of Malassezia, impaired skin barrier function and abnormal 
immunological responses seem integral to its pathogenesis (1). In this study we 
comprehensively and non-invasively characterized the clinical representation of mild-to-
moderate SD. We demonstrated a profound involvement of cutaneous barrier dysfunction 
with only small alterations in the microbiome, including the abundance of Malassezia, 
based on differences between lesional and non-lesional skin. This trial was performed in a 
sizeable number of 37 patients with similar disease burden after appropriate wash-outs 
and screening. 
 

Inflammation objectively quantified by OCT and standardized imaging 

Visual assessment of SD, which includes the evaluation of erythema, is frequently used in 
daily clinical practice for disease monitoring. However, visual examination of the skin can 
be hampered by limited sensitivity, observer bias and overall intra- and inter-rater 
variability (23,24). Therefore, we selected an objective approach to quantify cutaneous 
inflammation. Digitalized erythema assessments have been reported but not applied to SD 
(25–28). Here, standardized cross-polarized light photography is used to capture 
consistent images and enhanced erythema (29), resulting in a clear differentiation 
between lesional and non-lesional skin. Optical biopsies by OCT enabled the 
determination of additional (sub)cutaneous parameters. Inflammatory characteristics such 
as increased perfusion (30) and epidermal thickness, corresponding to acanthosis(31,32), 
were observed in lesional skin. Furthermore, a rougher lesional skin surface corresponds 
to the scaly phenotype of the disease (1). Increased blood flow and epidermal thickness 
have been observed by OCT in the involved skin of psoriasis and atopic dermatitis patients 
compared to uninvolved skin and healthy controls (33,34). Stand-alone, but also 
combined, standardized photography and OCT qualify as valuable non-invasive tools 
which enable sensitive and selective endpoints for disease monitoring and detection of 
treatment responses in clinical trials (35). 
 

Malassezia and Staphylococcus dominate the lesional microbiome 

Bacterial analysis of the skin surface showed an increased abundance of Staphylococcus 
and decreased abundance of Cutibacterium on lesional skin which concurs with previous 
SD profiling studies (14,36). Staphylococcus, and especially S. aureus, is considered to be a 
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pro-inflammatory mediator in atopic dermatitis(37). While limited phylogenetic resolution 
prevents the identification of S. aureus in this study, the observed increase of 
Staphylococcus combined with reports that S. aureus is more abundant in SD patients 
compared to healthy controls might indicate bacterial involvement in SD pathogenesis 
(38). Despite reports of bacterial involvement in SD, microbial involvement remains 
primarily focused on Malassezia as a key pathogen. However, no differences were 
observed between the abundance of Malassezia on lesional and non-lesional skin. This is 
in accordance with findings showing the presence of Malassezia is neither limited to 
lesional skin nor SD patients (3,6,14). Additionally, facial skin of healthy volunteers also 
showed a seemingly small and Malassezia dominated mycobiome (39,40). Although it is 
hypothesized that specific Malassezia species might be responsible for instigating 
inflammation as virulence factors differ between Malassezia species (41–43), no 
significant differences on species level were observed in this study. Culturing led to 
successful isolation of Malassezia species in approximately half of the subjects, illustrating 
the known challenges of isolating Malassezia from clinical samples (44). Except for M. 
slooffiae, all species are relatively frequently isolated from healthy and SD skin (45). 
Remarkably, M. slooffiae has been reported to have little virulence when directly 
compared to M. globosa and M. sympodialis (42). However, intra-species variation in 
virulence has been reported indicating that microbial activity rather than abundance is an 
important factor for the association of specific species to lesional skin (46,47). Based on 
these results, it seems too straightforward to attribute SD pathogenesis to the presence of 
Malassezia alone.  

 

Substantial functional and compositional barrier alterations  

Until now, the limited studies that have demonstrated functional barrier impairment in SD 
have neglected the lipid compartment as barrier component (48,49). In this study, we 
show a substantially impacted barrier in lesional skin on functional grounds by TEWL and 
demonstrate concomitant changes in the ceramide profile. These compositional changes 
correlated with the degree of barrier impairment as judged by TEWL. In line with our study 
in SD, changes in the Cer[NS]:Cer[NP] ratio(50), degree of unsaturation (51), ceramide 
chain length (12,52) and presence of extremely short chain Cer[NSc34] (12,51,53,54) in 
lesional skin have been observed in atopic dermatitis where barrier involvement is firmly 
established. These changes to the lipid profile appear to be induced by inflammation as 
lipid alterations can be evoked by atopic dermatitis and psoriasis associated pro-
inflammatory cytokines in vitro (55–57) and normalize in response to anti-inflammatory 
treatment in atopic dermatitis patients (58). Whether these alterations are therefore 
primarily linked to inflammation and only coincide with barrier dysfunction has been 
investigated in mechanistic studies using lipid model systems. Lacking an inflammatory 
component, these models have shown that increased Cer[NS] (59,60), increased 
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unsaturation (61) and decreased lipid chain length (62) directly increase permeability. 
Additionally, studies in healthy volunteers have shown Cer[NS]:Cer[NP] ratios in the face 
comparable to non-lesional skin without a location-dependent effect on Cer[NSc34] 
abundances (63,64). It is of note that total ceramide levels can change with age and 
seasons as demonstrated in healthy skin and acne, but without much effect on the relative 
ceramide subclass composition as reported on in the current study (63,65,66). 
Additionally, the impact of these factors might be limited as patients serve as their own 
control. The predilection of SD lesions with areas known for increased water loss such as 
the mouth, eyelids and nasolabial folds might be confounding for the increased TEWL 
(49,67). Indeed, healthy volunteers have shown TEWL values at the nasolabial fold that 
approach the lesional values observed in this study with comparable TEWL values at the 
cheek or forehead, sites where non-lesional measurements were often conducted(68,69). 
Therefore, increased TEWL values in lesional skin may not reflect barrier impairment but 
rather indicate differences in normal physiological functioning between skin sites. 
However, the concurrent correlations between the TEWL values and ceramide 
composition reaffirm the interdependence of SD functional barrier impairment and 
ceramide-compositional alterations.  
 

Integrative data analysis emphasizes importance of barrier dysfunction 

An integrative approach was taken to visualize the data after investigating the three 
hallmarks of SD separately. Using PCA, we elucidated which parameters of our dataset 
predominantly contribute to the SD phenotype. The abundance of Cer[NS] and ceramide 
chain length showed to be the most important discriminating features. Indeed, the radar 
plot directs emphasis towards barrier function with little differences in the micro- and 
mycobiome. While the contribution of Malassezia seems to be negligible when only 
considering relative abundances, it should be re-emphasized that SD appears to be neither 
caused solely by barrier dysfunction nor microbial involvement but rather by the interplay 
between factors. This finding correlates with the shifting belief in literature that 
Malassezia might not be solely responsible for causing SD (5,6). This highlights the added 
value of a multimodal and integrative approach to disease profiling which enables in-
depth characterization with the possibility to unravel part of pathogenesis (35).  
 

CONCLUSION 

In conclusion, this study demonstrates the importance of the barrier-inflammation axis in 
mild-to-moderate SD which seems to be more prominently involved compared to the 
microbiome. While not incorporating an internal healthy control group, our results are 
compared thoroughly with prior research in healthy volunteers through literature. 
Moreover, the results agree with and support existing literature regarding inflammation 
and microbial involvement in SD while complementing the current understanding of 
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barrier dysfunction in SD. Barrier impairment parallels that of atopic dermatitis where 
emollients are used effectively(70). Treating SD by improving the skin barrier function has 
been proposed as a potential adjuvant therapy(71), but the management of SD remains 
focused on anti-inflammatory and anti-fungal treatments(72). Taken together, the 
incorporation of emollients, humectants or other barrier repair agents should not be 
neglected in the management of SD and might support current treatment modalities. 
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SUPPLEMENTAL INFORMATION 
 

EXTENDED MATERIAL AND METHODS 

Study design and population 

This was a cross-sectional study which consisted of one screening and one visit. The study 
was conducted at the facilities of the Centre for Human Drug Research (Leiden, the 
Netherlands). Between November 2018 and December 2019, a total of 115 persons were 
screened for eligibility with the study in- and exclusion criteria. Inclusion criteria included 
being 18 years or older, SD scored with an Investigators Global Assessment of 2 or 3 with 
sufficient surface area for all assessments, confirmation of SD by a dermatologist and 
willingness to refrain from any SD treatments during study participation. Exclusion criteria 
included the presence of any current or recurrent clinically significant (skin) condition 
other than SD, recent excessive sun exposure, adapting a different washing routing 1 week 
prior to screening and the use of SD topical treatments and dandruff shampoo 2 weeks, 
phototherapy 3 weeks and systemic treatments 4 weeks prior to enrolment. In total, 37 
patients were included after successfully passing the screening. All 37 included subjects 
underwent the visit as planned within 28 days of screening. No formal power calculations 
were performed to determine group size because of the exploratory nature of the study. 
Patients were instructed not to wash their face 12 hours preceding the study visit. Non-
lesional was defined as an area of skin without any clinical characteristics of SD and was 
similarly located on the face. Different areas for measurements were chosen on a per-
subject basis depending on the availability of sufficient lesional skin and the 
disqualification of areas due to invasive measurements. These areas have been listed in 
the supplementary table 2 and 3. 

 

Clinical characteristics  

Clinical assessments were performed by trained physicians. The Seborrheic Dermatitis and 
Severity Index (SDASI) was adapted from Baysal, et al. (2004) (1) to include only the facial 
extent of SD. Additionally, a 5-point IGA and an estimation of the percentage of affected 
body surface area (%BSA) were performed. Patient reported outcomes included the 
average amount of itch experienced by a 0 – 100 Numeric Rating Scale (NRS) itch, the 5-
Domain Itch Questionnaire (2) as well as impact of SD on general life by the Dermatology 
Life Quality Index (DLQI) (3,4). Facial Seborrheic Dermatitis Area and Severity Index 
(SDASI): Erythema, scaling and papules are scores 0 – 4 with; 0 = none, 1 = mild, 2 = 
moderate, 3 = severe. The area of involvement is estimated as the fraction of the face with 
lesional skin and is scored by: 1 = less than 10%, 2 = 11 – 30%, 3 = 31 – 50%, 4 = 51 – 70 
and 5 = more than 70%. Erythema, scaling and papule scores are then summed and 
multiplied by the area score. The scoring is based on the SDASI by Baysal et al. (2004) (1). 
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Investigator’s Global Assessment (IGA): The IGA is a general 5-point scale in which the 
severity of disease is scored with 0 = clear, 1 = almost clear, 2 = mild, 3 = moderate and 4 = 
severe. Percentage body surface area affected (%BSA): The area of involvement is 
estimated using the hand palm method where the surface of a patient’s hand equals 1% of 
the total body surface area. 

 

Standardized photography 

Standardized 2D cross-polarized images of the face were taken using a VISIA-CR (Canfield 
Scientific, New Jersey, United States). Erythema Index calculations were performed based 
on a method by Yamamoto, et al. (2008) (5). In short, obtained Red Green Blue (RGB) 
images were split and the R and G channels log transformed using ImageJ (version 1.51h) 
(6). After subtraction of the R channel with the G channel, brightness was increased by 3 
and the mean grey value within a predefined region of interest of 500000 pixels was 
determined for a lesional and non-lesional area. 

 

Optical Coherence Tomography 

Lesional and non-lesional skin was imaged with a Vivosight Dx OCT (Michelson Diagnostics, 
Kent, United Kingdom). The epidermal thickness, superficial roughness and average 
epidermal perfusion depth was determined from the resulting scans using the proprietary 
VivoTools 4.12 software. Individual perfusion-over-depth curves were reviewed and 
excluded if high superficial levels of perfusion were observed, indicating an invalid 
measurement in 4 lesional and 4 non-lesional measurements. Epidermal thickness could 
only be determined in 23 of 37 lesional and 34 of 37 non-lesional measurements because 
of pronounced epidermal disorganization resulting in troublesome localization of the 
dermal-epidermal junction. 

 

Microbial analysis by sequencing 

Sterile 0.9% NaCl soaked skin swabs (Puritan Sterile Polyester Tipped Applicators, Puritan, 
Guilford, Maine, United States) were collected by rubbing over a lesional or non-lesional 
site for 10 seconds while rotating the swab and subsequently stored in DNA/RNA shield 
lysis buffer and beat beads (Zymo Research, Irvine, California, Unites States) at -80 °C. 
Swabs were transferred to Baseclear B.V. (Leiden, the Netherlands) for extraction and 
subsequent sequencing. DNA was extracted using a ZymoBIOMICS DNA Miniprep Kit 
(Zymo Research) according to manufacturer’s instructions. Next-Generation Sequencing 
for the bacterial and fungal composition was performed using amplification of 16S rRNA 
region V3-V4 and Internal transcribed spacer region 2 (ITS2), respectively. An Illumina 
NovaSeq 6000 or MiSeq system was used to generate single- or pair-end sequence reads. 
FASTQ read sequence files were generated using bcl2fastq2 version 2.18. Primary quality 
was assessed using the Illumina Chastity filtering and reads containing a PhiX control 
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signal removed. Quality was finally assessed using the FASTQC quality control tool version 
0.11.5. USEARCH version 9.2(7) was used to create pseudoreads and classification of these 
reads performed based on the alignment with SNAP version 1.0.23 (8) against the RDP 
database for bacterial (9) and UNITE ITS gene database for fungal classification (10). The 
resulting list of Operational Taxonomic Units per sample was filtered to genus level and 
the detected genera included in analysis if it exceeded 1% of the total composition within 
a sample. Data was presented in the Genome Explorer database (Baseclear B.V., Leiden, 
the Netherlands) and further processed in Python version 3.8.0 (Python Software 
Foundation, Wilmington, Delaware, United States) in which microbes contributing <1% of 
the total were excluded after which their relative abundance at the genus level was 
determined.  

 

Malassezia culturing 

9 cm diameter Agar plates with modified Dixon medium (Mediaproducts B.V., Groningen, 
the Netherlands) were pressed against a lesional and non-lesional site for 20 seconds. 
Plates were cultured at 33 °C for up to 21 days at the Microbiology department of the 
Alrijne Hospital (Leiden, the Netherlands). A sample from each colony forming unit was 
isolated after positive identification for bacterial or fungal growth through light 
microscopy. Mycological isolates were transported to the Westerdijk Fungal Biodiversity 
Institute (Utrecht, the Netherlands) for Malassezia species determination by matrix-
assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) as 
described by Kolecka et al. (2014) (11). 

 

Skin barrier integrity by trans-epidermal water loss 

Subjects were allowed to acclimatize to controlled environmental conditions (humidity 
<60%, temperature 22±2 °C) in rested state for at least 15 minutes prior to measurements. 
An AquaFlux AF200 (Biox Systems Ltd., London, United Kingdom) was used to measure the 
TEWL of lesional and non-lesional skin. Baseline calibration was performed and TEWL was 
measured for up to 200 seconds or until a steady state was reached. 
 

Tape stripping procedure 

Stratum corneum was harvested by pressing polyphenylene sulfide tape (Nichiban, Tokyo, 
Japan) to the skin with a D500 D-squame Pressure Instrument (CuDerm Corporation, 
Dallas, TX, United States) and exerting pressure 5 times. Tapes were transferred to a 
cutting board with the glue side up. 16 mm diameter holes were punched within the 
region that was pressed against the skin. The individual punched out tape samples were 
stored in 20 ml vials with 1.5 ml of chloroform:methanol (2:1) at -20 °C before extraction.  
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Ceramide analysis by liquid chromatography-mass spectrometry 

HPLC grade chloroform (Honeywell, Charlotte, North Carolina, United States), UPLC grade 
Methanol (Biosolve, Valkenswaard, the Netherlands), UPLC grade heptane (LiChorSolv, 
Merck, Darmstadt, Germany), UPLC grade isopropyl alcohol (Biosolve, Valkenswaard, the 
Netherlands), UPLC grade ethanol (Biosolve, Valkenswaard, the Netherlands), reagent 
grade potassium chloride (Sigma Aldrich, Saint-Louis, Missouri, USA) and ultrapure water 
from a Milli-Q Advantage A10 system (Merck, Darmstadt, Germany) were used. Synthetic 
ceramides and deuterated standards were purchased from Avanti Polar Lipids (Alabaster, 
Alabama, United States) or kindly provided by Evonik (Essen, Germany).  

Extraction of tape strips and analysis of the ceramide profile was performed as 
described Boiten et al. (2016) (12). In short, individual tape samples were stored in 1.5 ml 
of chloroform:methanol (2:1) in a 20 ml glass vial and stored at -20 °C before analysis. 
Tapes were extracted by shaking the tape samples in an IKA S4000 rotary shaker at 120 
rounds per minute at 40 °C for one hour. Solvent was isolated and shaking repeated three 
times with 1 ml of different solvent mixtures; chloroform:methanol:water (1:2:0.5), 
chloroform:methanol (1:1) and heptane:isopropylalcohol (1:1). Solvent was isolated each 
time and pooled with the previous collected organic solvent. 4 ml of 0.25M KCl was added 
to the pooled solvent and phase separation achieved overnight. The organic layer was 
isolated and washed with the addition of 4 ml chloroform. The isolated organic layer was 
combined with the washing solvent and filtered through 0.45 µm PVDF syringe filters 
(Grace, Deerfield IL, USA). Samples were transferred to 1.5 ml HPLC vials and 
reconstituted in 750 µl chloroform:methanol (2:1). 225 µl of this stock was transferred to 
a separate HPLC vial, dried, and reconstituted in 60 µl heptane:chloroform:methanol 
(95:2.5:2.5) containing 10 µM CER[N(24deu)S(18)] for analysis by UPLC-MS. Separation 
was achieved by a 5 µl injection using an Acquity UPLC H-class (Waters, Milford, MA, USA) 
and a normal phase PVA-silica column (5 μm particles, 100 × 2.1 mm i.d.) (YMC, Kyoto, 
Japan) over a gradient from 98% heptane and 2% heptene:isopropylalcohol:ethanol 
(2:1:1) to 50% heptane and 50% heptene:isopropylalcohol:ethanol (2:1:1) at a flow rate of 
0.8 ml/min. Detection was performed using atmospheric pressure chemical ionization 
(APCI) on a XEVO TQ-S mass spectrometer (Waters, Milford, MA, USA) in positive ion 
mode scanning from 350 to 1200 m/z. Quality control samples from combined stratum 
corneum extracts and standard calibration curves containing 50, 20, 10, 5, 2, 1, 0.5, 0 μM 
of several ceramides (Cer[NS, NdS, NP, AS, EOS and EOP] in triplicate were added to the 
run. Responses of 2 out of 64 samples were below the limit of detection and therefore 
excluded from analysis. 

Peaks at the ceramides monoisotopic mass were integrated using TargetLynx V4.1 
(Waters, Milford, MA, USA) and Area Under the Curve (AUC) responses corrected for the 
internal standard in Excel (Microsoft 365, Redmond, Washington, United States). The 
monoisotopic AUC was further corrected by the degree of water loss as determined from 
quality control samples. AUC were further corrected by the ceramides theoretic 13C 
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isotope distribution. Using the calibration curves, correction for increased responses at 
higher masses was performed. This corrected response per ceramide was converted to 
relative data using the total corrected AUC and calculations were made after grouping 
individual ceramides by class or chain lengths for further graphing. 

 

Sebum measurements 

Lesional and non-lesional skin was measured using a Sebumeter SM815 
(Courage+Khazaka, Köln, Germany). The Sebumeter was calibrated before a patient was 
measured. Three measurements were performed next to each other on the same 
predefined lesional or non-lesional site. The average of this triplicate measurement was 
used for graphing. 

 

Statistical analysis 

Data visualization and statistical testing was performed using Prism 9 (Graphpad Software, 
San Diego, California, United States). 2-way ANOVA, or a mixed effects model in the case 
of missing data points, was performed using Bonferroni’s multiple comparison test in the 
case of multiple variables and paired t-test in the case of two variables. P-values are 
denoted as *: P≤0.05, **: P≤0.01, ***: P≤0.001. Integrative data graphing by principal 
component analysis (PCA) and radar plot has been performed through Python version 
3.8.0 (Python Software Foundation, Wilmington, Delaware, United States). PCA analysis of 
the ceramides composition was performed using relative individual ceramide abundance 
as percentage of all detected saturated ceramides, with values below the limit of 
quantification set to 0 in order to prevent missing datapoints and allow for PCA analysis. 
Multimodal integration through PCA was performed on all the data presented in the 
figures of this paper with mean imputation in the case of missing data, but without 
epidermal thickness data due to a high amount of data not missing at random in this set as 
higher epidermal disorganization was more evident in lesional skin. Radar charts using 
min-max scaling were used to visualize differences between lesional and non-lesional skin 
in an integrative and descriptive manner. Data used in generation of the ceramide PCA, 
integrative PCA and integrative radar plot is added as supplemental information. 
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SUPPLEMENTAL FIGURES 

 

 
Figure S1. Clinical presentation of a seborrheic dermatitis patient and overview of the study setup 
showing the assessments performed on lesional and non-lesional skin and the interdependency of 
inflammation, microbiome and barrier function. Note that the locations indicated are examples of 
lesional and non-lesional skin and can differ between subjects based on the availability of affected 
skin as listed in the supplemental data. 
 

 
Figure S2. General structure of a ceramide composed of a sphingoid base coupled to a fatty acid 
chain. The carbon chains attached to the polar head group can vary in length. Differences in the 
ceramide headgroup architecture is indicated using the naming convention conceived by Motta et 
al. (1993). This image was adapted from Janssens et al. (2012) (13). 
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Figure S3. Average vascularization between 0.15 mm up to and including 0.25 mm of lesional and 
non-lesional skin as determined by optical coherence tomography.  

 
Figure S4. Sebum levels on lesional and non-lesional skin. Datapoints represent the average value of 
a triplicate measurement.  
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Table S1. Overview of the location that assessments were performed. Imaging includes both the 
Erythema Index as determined through standardized 2D-photograpy with VISIA and Optical 
Coherence Tomography. Lesional and non-lesional sites are indicated with the suffix “_L” and “_NL”, 
respectively. The table is continued in supplemental table 2. 

Subject Lesional Erythema and 
OCT 

Non-lesional 
Erythema and OCT 

Lesional TEWL Non-lesional 
TEWL 

1 Nosebridge Left forehead Nosebridge Right forehead 

2 Right nosefold Right forehead Right nosefold Right forehead 

3 Right nosefold Right cheek Right nosefold Right cheek 

4 Left nosefold Right forehead Left nosefold Right forehead 

5 Right nosefold Right cheek Left nosefold Right cheek 

6 Right nosefold Left forehead Right nosefold Left forehead 

7 Left forehead Right cheek Left forehead Right cheek 

8 Right nosefold Right forehead Right nosefold Right forehead 

9 Right nosefold Right forehead Right nosefold Right forehead 

10 Right nosefold Right lower eyelid Right nosefold Right lower 
eyelid 

11 Chin Right forehead Right nosefold Right forehead 

12 Right nosefold Right forehead Right nosefold Right forehead 

13 Right nosefold Right forehead Right nosefold Right forehead 

14 Right upper lip Right forehead Right upper lip Right forehead 

15 Right eyebrow, upper Right cheek Right eyebrow, 
upper 

Right cheek 

16 Nosebridge Right cheek Nosebridge Right cheek 

17 Right nosefold Left forehead Right nosefold Left forehead 

18 Left nosefold Right forehead Left nosefold Right forehead 

19 Right nosefold Right forehead Right nosefold Right forehead 

20 Right nosefold Right cheek Right nosefold Right cheek 

21 Left upper lip Left forehead Left upper lip Left forehead 

22 Right nosefold Right forehead Right nosefold Right forehead 

23 Right nosefold Left forehead Right nosefold Left forehead 

24 Right nosefold Right forehead Right nosefold Right forehead 

25 Right nosefold Right forehead Right nosefold Right forehead 

26 Right nosefold Left forehead Right nosefold Left forehead 

27 Right forehead Left Cheek Right forehead Left Cheek 

28 Left nosefold Right cheek Left nosefold Right cheek 

29 Right nosefold Right forehead Right nosefold Right forehead 

30 Nosebridge Right cheek Nosebridge Right cheek 

31 Left forehead Left Cheek Left forehead Left Cheek 

2
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32 Left nosefold Left Cheek Left nosefold Left Cheek 

33 Right nosefold Right cheek Right nosefold Right cheek 

34 Left nosefold Left Cheek Left nosefold Left Cheek 

35 Left nosefold Left forehead Left nosefold Left forehead 

36 Left nosefold Right forehead Left nosefold Right forehead 

37 Right nosefold Right forehead Right nosefold Right forehead 

 
 
Table S2. Overview of the location that assessments were performed. Imaging includes both the 
Erythema Index as determined through standardized 2D-photograpy with VISIA and Optical 
Coherence Tomography. Lesional and non-lesional sites are indicated with the suffix “_L” and “_NL”, 
respectively. This is a continuation of supplemental table 1. 

Subject Lesional Swab location Non-lesional Swab 
location 

Lesional agar plates Non-lesional agar 
plates 

1 Nosebridge Right forehead Nosebridge Left Cheek 

2 Right nosefold Right cheek Nosebridge Right forehead 

3 Right nosefold Right cheek Left nosefold Left Cheek 

4 Left nosefold Nosebridge Left nosefold Right forehead 

5 Right nosefold Left lower lip Central forehead Left lower eyelid 

6 Right cheekbone Left Cheekbone Left nosefold Right forehead 

7 Right nosefold Right cheek Left forehead Right cheek 

8 Right nosefold Right cheek Nosebridge Right forehead 

9 Left nosefold Left forehead Left nosefold Right forehead 

10 Right upper lip Right cheek Left nosefold Left Cheek 

11 Left nosefold Right forehead Left Cheek Left forehead 

12 Right lower lip Right forehead Left lower lip Left forehead 

13 Right nosefold Right forehead Left nosefold Left forehead 

14 Left upper lip Left forehead Left eyebrow, upper Right forehead 

15 Left nosefold Right cheek Nosebridge Left Cheek 

16 Left Cheek Right cheek Nosebridge Chin 

17 Nosebridge Left Cheek Left nosefold Right forehead 

18 Right nosefold Left Cheekbone Left nosefold Right forehead 

19 Left nosefold Right forehead Right cheek Left forehead 

20 Left nosefold Left forehead Nosebridge Left Cheek 

21 Nosebridge Left Cheek Right upper lip Right forehead 

22 Left nosefold Left forehead Right lower lip Left Cheek 

23 Nosebridge Left Cheek Left nosefold Right forehead 

24 Left nosefold Left forehead Right cheek Left Cheek 
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25 Left nosefold Left forehead Left nosefold Left Cheek 

26 Right nosefold Left forehead Nosebridge Right cheekbone 

27 Left Cheekbone Left Cheek Nosebridge Left Cheek 

28 Left nosefold Right cheek Nosebridge Right cheekbone 

29 Right nosefold Left forehead Right lower lip Left forehead 

30 Left nosefold Left Cheek Nosebridge Left Cheek 

31 Right forehead Left Cheek Left forehead Right cheek 

32 Nosebridge Right cheek Left nosefold Left Cheek 

33 Left nosefold Left Cheek Nosebridge Right cheek 

34 Nosebridge Right cheekbone Right nosefold Left Cheek 

35 Nosebridge Right forehead Right nosefold Right cheek 

36 Left upper lip Right forehead Left nosefold Left Cheek 

37 Chin Right forehead Left nosefold Right forehead 

 
Table S3. Overview of the location that assessments were performed. Imaging includes both the 
Erythema Index as determined through standardized 2D-photograpy with VISIA and Optical 
Coherence Tomography. Lesional and non-lesional sites are indicated with the suffix “_L” and “_NL”, 
respectively. This is a continuation of supplemental table 1 and 2. 

Subject Lesional tape stripping Non-lesional tape 
stripping 

Lesional sebum 
measurement 

Non-lesional 
sebum 
measurement 

1 Right nosefold Right cheek Nosebridge Right forehead 

2 Right nosefold Left forehead Left nosefold Right forehead 

3 Right nosefold Left forehead Right nosefold Right cheekbone 

4 Right nosefold Left forehead Left nosefold Right forehead 

5 Left nosefold Right cheek Left nosefold Right cheekbone 

6 Right nosefold Left forehead Right nosefold Left forehead 

7 Left forehead Right forehead Left forehead Right cheekbone 

8 Right nosefold Left forehead Right nosefold Right forehead 

9 Right nosefold Right cheek Right nosefold Right forehead 

10 Left upper lip Left forehead Right nosefold Left forehead 

11 Right nosefold Right cheek Right nosefold Right forehead 

12 Left eyebrow, upper Right cheekbone Right nosefold Right forehead 

13 Nosebridge Left forehead Right nosefold Right forehead 

14 Right upper lip Right cheekbone Right lip, upper Right eyebrow, 
upper 

15 Left eyebrow, upper Left Cheek Right eyebrow, 
upper 

Right cheekbone 

16 Right forehead Left Cheek Nosebridge Right cheekbone 

2



636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban
Processed on: 25-3-2024Processed on: 25-3-2024Processed on: 25-3-2024Processed on: 25-3-2024 PDF page: 58PDF page: 58PDF page: 58PDF page: 58

58 
 

17 Right nosefold Left forehead Right nosefold Left forehead 

18 Nosebridge Left forehead Left forehead Right forehead 

19 Left nosefold Left Cheekbone Right cheekbone Right forehead 

20 Right nosefold Right cheek Right nosefold Right cheek 

21 Left upper lip Left forehead Left forehead Left forehead 

22 Left lower lip Right cheekbone Right nosefold Right forehead 

23 Left nosefold Right forehead Right nosefold Left forehead 

24 Left nosefold Left forehead Right nosefold Left nosefold 

25 Nosebridge Left forehead Right nosefold Right forehead 

26 Right nosefold Right forehead Right nosefold Left forehead 

27 Right cheekbone Right cheek Left cheek Right forehead 

28 Right nosefold Right cheek Left forehead Right cheekbone 

29 Left lower lip Left Cheek Right nosefold Right forehead 

30 Right nosefold Right cheek Nosebridge Right cheek 

31 Right forehead Left Cheek Left forehead Left cheekbone 

32 Right nosefold Right forehead Left nosefold Left cheek 

33 Right nosefold Right cheekbone Right nosefold Left cheek 

34 Left nosefold Right cheek Left forehead Left cheek 

35 Left nosefold Left forehead Left forehead Left forehead 

36 Right nosefold Right cheek Left nosefold Right forehead 

37 Right nosefold Right cheekbone Right nosefold Right forehead 
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PCA loadings 
Table S4. The loadings per parameter used in the generation of the Principal Component Analysis in 
figure 4A.  

Principal component 1 (36.78%) Principal component 2 (11.51%)  
Parameter Loading 

 
Parameter Loading 

1 Cer[NS] 0.304353 1 Cer[OS] 0.377582 

2 Ratio Cer[NS:NP] 0.291921 2 Cer[OP] 0.337539 

3 Cer[AS] 0.291615 3 Cer[OH] 0.329363 

4 Cer[NSc34] 0.251295 4 Cer[EOdS] 0.242378 

5 Staphylococcus (%) 0.207942 5 Fungal Diversity 0.214079 

6 Trans-epidermal water loss 0.186069 6 Bloodflow at 0.2 mm 0.170678 

7 Roughness 0.183875 7 Erythema 0.170665 

8 MUCer[NS] 0.182895 8 Ratio Cer[NS:NP] 0.168114 

9 Erythema 0.143098 9 Bloodflow at 0.25 mm 0.16635 

10 Malassezia (%) 0.028224 10 Cer[EOH] 0.162232 

11 Bloodflow at 0.15 mm 0.004897 11 Cer[EOS] 0.161557 

12 Bloodflow at 0.35 mm 0.003023 12 Bloodflow at 0.15 mm 0.158108 

13 Bloodflow at 0.3 mm -0.00488 13 Bloodflow at 0.3 mm 0.156788 

14 Bloodflow at 0.2 mm -0.0056 14 Bloodflow at 0.35 mm 0.145911 

15 Cer[AdS] -0.00785 15 Bloodflow at 0.1 mm 0.130806 

16 Bloodflow at 0.25 mm -0.01004 16 Cer[AH] 0.128493 

17 Bloodflow at 0.1 mm -0.01428 17 Trans-epidermal water loss 0.116807 

18 Cer[AH] -0.02809 18 Cer[AS] 0.116675 

19 Bacterial Diversity -0.02977 19 MUCer[NS] 0.109013 

20 Fungal Diversity -0.06081 20 Cer[NS] 0.088148 

21 Cer[NdS] -0.07766 21 Cer[EOP] 0.039438 

22 Cer[NH] -0.08445 22 Cer[NH] 0.019096 

23 Cer[OS] -0.11084 23 Roughness -0.00196 

24 Cer[EOdS] -0.11781 24 Cer[AdS] -0.02022 

25 Cer[AP] -0.12997 25 Cer[NSc34] -0.05328 

26 Cer[OP] -0.14308 26 Staphylococcus (%) -0.07786 

27 Cer[OH] -0.18532 27 Bacterial Diversity -0.09176 

28 Cer[EOS] -0.22501 28 Carbon chain length -0.13019 

29 Cer[NP] -0.22817 29 Cer[AP] -0.15411 

30 Cer[EOH] -0.24775 30 Malassezia (%) -0.18649 

31 Cer[EOP] -0.26718 31 Cer[NdS] -0.24213 

32 Carbon chain length -0.39401 32 Cer[NP] -0.24222 
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CHAPTER 3 
 
 
 

Phytosphingosine ceramide mainly localizes in the central layer of the 
unique lamellar phase of skin lipid model systems 
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ABSTRACT 

Understanding the arrangement of the lipids within the skin’s outermost layer, the 
stratum corneum (SC), is important for advancing the knowledge on the skin barrier 
function. The SC lipid matrix consists of ceramides (CER), cholesterol and free fatty acids, 
which form unique crystalline lamellar phases, referred to as the long periodicity (LPP) and 
short periodicity phase. As the SC lipid composition is complex, lipid model systems that 
mimic the properties of native SC are used to study the SC lipid organization and the 
molecular arrangement. In previous studies such lipid models were used to determine the 
molecular organization in the trilayer structure of the LPP unit cell. The aim of this study 
was to examine the location of CER N-(tetracosanoyl)-phytosphingosine (CER NP) in the 
unit cell of this lamellar phase and compare its position with CER N-(tetracosanoyl)-
sphingosine (CER NS). CER NP was selected as it is the most prevalent CER subclass in the 
human SC and its location in the LPP is not known. The neutron diffraction results 
demonstrate that the acyl chain of CER NP was positioned in the central part of the 
trilayer structure, with a fraction also present in the outer layers, the same location as 
determined for the acyl chain of CER NS. FTIR results are in agreement with this molecular 
arrangement suggesting a linear arrangement for the CER NS and CER NP. These findings 
provide a more detailed insight in the lipid organization in the SC lipid matrix.  
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INTRODUCTION 

The skin acts as a barrier to protect the body against the environment (1). The skin barrier 
function is primarily located in the outermost layer of the skin, the stratum corneum (SC), 
which consists of corneocytes (dead keratin containing cells) embedded in a lipid matrix. 
The SC lipid matrix provides the only continuous pathway for substances through the SC. 
This lipid matrix is therefore considered a crucial element in the barrier function (2). The 
three main SC lipid subclasses are ceramides (CER), free fatty acids (FFA) and cholesterol 
(CHOL), in an approximately equimolar ratio (3-5). The CER subclasses differ by their 
molecular structure, as they consist of a long acyl chain linked through an amide bond to a 
sphingoid base (6-8). The CER nomenclature used is according to Motta et al (9). 
Nowadays at least 21 different CER subclasses have been identified in human SC (8, 10, 
11).  

X-ray diffraction studies revealed that the SC lipids simultaneously form two unique 
crystalline lamellar phases referred to as the short periodicity phase (SPP) and long 
periodicity phase (LPP), with a repeat distance of approximatively 6 and 13 nm, 
respectively (12, 13). Apart from this lamellar organization, the lateral organization of the 
lipids is also important for barrier functionality (14). The lateral packing represents the 
arrangement of the lipids within the lamellae. The lipids are packed in either an 
orthorhombic (densely packed lipids), a hexagonal (less dense packing, but still an ordered 
organization) or a liquid (fluid) (disordered lipids) phase. In human SC, the lipids primarily 
adopt an orthorhombic packing at physiological temperature, while a small portion of the 
lipids adopt a hexagonal packing (14-16). In lipid model membranes, besides the 
hexagonal and orthorhombic packing, a liquid or isotropic phase has also been 
encountered (17-19). 

When focusing on CER composition, changes in CER subclass composition have been 
reported in several inflammatory skin diseases, such as atopic dermatitis, psoriasis or 
Netherton syndrome, which correlated with an impaired skin barrier function, 
demonstrating that the lipid composition is important for the skin barrier (9, 10, 20-24). 
Clinical studies revealed that especially the concentration of CER N-(tetracosanoyl)-
sphingosine (CER NS) was increased, while the concentration of CER N-(tetracosanoyl)-
phytosphingosine (CER NP) was reduced (Figure 1) (9, 24-26). Furthermore, another 
interesting observation can be made when comparing the CER subclass composition in 
porcine, dog, mice and human SC. In dog, mice and porcine SC, CER NS is by far the most 
abundant CER subclass (11, 27-29), while in healthy human SC, CER NP is one of the most 
abundant CER subclasses (6, 8, 30). Therefore, a comparison of the role of CER NP and CER 
NS in the lipid organization will result in a more thorough understanding of the lipid 
arrangement and the barrier function. In native SC it is not possible to study selectively 
the role of these CER subclasses, thus, for such studies lipid model systems are an 
attractive tool. 

3



636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban
Processed on: 25-3-2024Processed on: 25-3-2024Processed on: 25-3-2024Processed on: 25-3-2024 PDF page: 66PDF page: 66PDF page: 66PDF page: 66

66 
 

Lipid model membranes can be used as an alternative to investigate the relationship 
between lipid composition, lipid organization and lipid barrier functionality. These systems 
are prepared with SC lipids, using selected CER subclasses, CHOL and a suitable FFA chain 
length composition, creating a model that resembles the lipid composition and 
organization in healthy SC lipid matrix (17, 21, 29, 31-34).  

Previous studies have shown the importance of the lamellar lipid organization for 
maintaining the skin barrier functionality, in which the presence of the LPP plays an 
important role (23, 35). Using lipid models, it was identified that CER N-(30-linoleoyloxy-
triacontanoyl)-sphingosine (CER EOS) is required for the formation of the LPP (36), 
therefore including CER EOS in the lipid composition is essential for the SC lipid matrix (34, 
37-39) . The unit cell of the LPP consists of three stacked lipid layers, as illustrated by the 
electron density profile and water profiles determined by analyzing the X-ray diffraction 
pattern (including that of human SC) and neutron scattering profiles, respectively (32, 40). 
Investigating the molecular organization of the lipids within the LPP trilayer unit is 
important for understanding the role of the different lipid subclasses in the formation of 
this phase. To achieve this, it is important that the lipid mixture only forms the LPP. This 
can be obtained by increasing the CER EOS level to at least 30mol% of the total amount of 
CERs without changing the unit cell structure (41, 42). 

Small-angle neutron scattering (SANS) is an excellent tool that can be used to 
investigate the localization of lipid subclasses (40, 43-46). Previous studies focused on the 
localization of CER NS, CER EOS, CHOL and FFA in the LPP and based on these results a 
trilayer unit molecular arrangement was proposed (44). However, to our knowledge the 
location of CER NP, the most abundant CER in the human SC in the LPP is not yet 
determined. Therefore, the localization and arrangement of CER NP in the LPP is the aim 
of the present study. 

We have investigated the position of the acyl chain of CER NP in the LPP unit cell 
using SANS and compared it with the acyl and sphingosine chains of CER NS. The lipid 
model consisted of only five lipids, CER EOS, CER NS, CER NP, CHOL and FFA C24 (chain 
length 24 carbon atoms). This allows a more detailed analysis especially as Fourier 
transform infrared (FTIR) spectroscopy is used to assess the lateral organization and the 
lipid chain interactions. As we are primarily interested whether the head group 
architecture affects the position and arrangement of the CERs, we chose an equal fraction 
of CER NP and CER NS. The location of CER NP was determined and compared with that of 
CER NS, using CER NP and CER NS with deuterated acyl chains. First, we showed that this 
composition indeed formed the LPP, as observed in more complex lipid model systems 
and intact SC. Within the LPP, CER NP adopts a similar localization as CER NS, with the acyl 
chains of CER NP being localized predominantly in the inner layer of the LPP unit. 
Furthermore, we demonstrate that the acyl chains of CER NP and CER NS and the FFA C24 
chains are neighbors in the central layer of the LPP unit cell and that CER NP adopts a 
linear conformation, similar to that of CER NS.  
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MATERIALS AND METHODS 

Materials 

The synthetic CER mixture used for the LPP model consists of CER EOS, CER NS and CER 
NP, whose molecular structures are presented in Figure 1. The sphingoid chains of CER NS 
and CER NP have a chain length of 18 carbons (C18), while the acyl chain length is 24 
carbons (C24). These protiated CERs, alongside the deuterated CER NS and CER NP with a 
perdeuterated acyl chain (d47), referred to as NSd47 and NPd47 respectively, were kindly 
provided by Evonik (Essen, Germany). CER NS with the sphingosine chain terminally 
deuterated, referred to as NSd7, was purchased from Avanti Polar Lipids (Alabama, USA). 
Lignoceric acid (FFA24), CHOL, acetate buffer salts and D2O were supplied by Sigma-
Aldrich Chemie GmbH (Schnelldorf, Germany). Deuterated lignoceric acid (DFFA24) was 
obtained from Arc Laboratories BV (Apeldoorn, The Netherlands). All organic solvents 
were HPLC grade or higher and were purchased from Biosolve BV (Valkenswaard, The 
Netherlands). The Millipore quality water was produced by a Milli-Q water filtration 
system. The silicon substrates (wafers) were purchased from Okmetic (Vantaa, Finland).  

 
Figure 1. The molecular structure of the CERs used in this study. The deuterated chains are 
highlighted in red: the d7 sphingosine chain of CER NS and the acyl chains d47 of CER NS and CER 
NP. 
 

Composition of the lipid models 

The lipid models were prepared from the synthetic CERs, CHOL and FFA in a 1:1:1 molar 
ratio. In order to form exclusively the LPP, the ratio of CER EOS was set to 40 mol% of the 
total CER concentration (41). The concentrations of CER NS and CER NP were equal, each 
30 mol% of the total CERs. In this study the FFA included was only FFA24, in order to limit 
the total number of components in the model. The composition of the lipid models with 
their molar ratios and the abbreviations are provided in Table 1. 

3
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Table 1. The composition of the lipid model membranes and the molar ratios. The deuterated lipids 
and their molar ratios are highlighted in bold. 

Model abbreviation Lipid composition Molar ratio 

LPP:prot CER EOS: CER NS: CER NP: CHOL: FFA C24 0.4:0.3:0.3:1:1 
LPP:NPd47 CER EOS: CER NS: CER NPd47: CHOL: FFA C24 0.4:0.3:0.3:1:1 
LPP:NSd47 CER EOS: CER NSd47: CER NP: CHOL: FFA C24 0.4:0.3:0.3:1:1 
LPP:NSd7 CER EOS: CER NSd7: CER NP: CHOL: FFA C24 0.4:0.3:0.3:1:1 
LPP:NSd47:DFFA24 CER EOS: CER NSd47: CER NP: CHOL: DFFA C24 0.4:0.3:0.3:1:1 
LPP:NPd47:DFFA24 CER EOS: CER NS: CER NPd47: CHOL: DFFA C24 0.4:0.3:0.3:1:1 
LPP:NSd47:NPd47:DFFA24 CER EOS: CER NSd47: CER NPd47: CHOL: DFFA C24 0.4:0.3:0.3:1:1 

 

Sample preparation of the lipid models 

To prepare the samples, the required amount of lipids was dissolved in a 
chloroform/methanol solution (2:1; v/v) at a concentration of 5 mg/mL. The samples were 
sprayed using a Camag Linomat IV device (Muttenz, Switzerland) at a rate of 14 s/µL, 
under a gentle stream of nitrogen. For the FTIR measurements, 1 mg of the lipid mixture 
was sprayed on AgBr windows over an area of 1 x 1 cm2. The lipids were then equilibrated 
by increasing the temperature to 85°C (using a constant rate of 4°C/min), and it was 
maintained at this temperature for 50 min to ensure the lipids melted. This was followed 
by a slow cooling to room temperature. For the neutron diffraction experiments, 10 mg of 
lipids were sprayed on a silicon substrate in an area of 1.2 x 3.8 cm2 using the sample 
preparation method described above. To avoid contraction of the lipid layers during the 
melting process, the sample equilibration temperature was 81-82°C. Prior to the 
measurements, the samples were hydrated either with deuterated acetate buffer (pH 5.0) 
(for FTIR studies) or a D2O/H2O buffer (for neutron experiments) at 37°C for ≥12 h. For 
contrast variation in the neutron experiments, the samples were hydrated at three 
different D2O/H2O buffer levels (100%, 50% and 8%).  
 

Neutron diffraction measurements 

The neutron diffraction data was collected at the ISIS Neutron and Muon Source 
(Rutherford Appleton Laboratory, United Kingdom), on the LARMOR instrument, set in 
small angle neutron scattering (SANS) mode. The wavelength range of the neutron beam 
was 1-12.5 Å and its diameter was 1x30 mm. The distance from the sample to the detector 
was 4.4 m. The 3He tube detector angle was set at a 2θ angle of 5° to the direct neutron 
beam and covered approximately 4° in both directions. The incident flux shape and 
detector efficiency were accounted for by using the direct beam measurement, thus all 
the different curves measured at the different wavelengths would overlap. Each sample 
sprayed on the silicon substrate was placed in a custom-made aluminum humidity 
chamber maintained at a constant temperature of 25°C and measured for 4 h (40 µA/h 
accelerator proton charge). The windows of the aluminum chambers were maintained at 
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42°C to prevent condensation. The sample angle to the neutron beam was set to 2.5° and 
kinematic mounts ensured reproducible positions. An empty aluminum chamber was 
measured as background and was subtracted from each scattering curve.  
 

Neutron data analysis  

The MANTID software framework was used for the SANS data analysis (47). First, the 
detector readout was reduced to one-dimensional plots and the background (empty 
chamber measurement) was subtracted. The data was then analyzed following the steps 
described previously (40). Briefly, a one-dimensional diffraction pattern of the scattering 
intensity as a function of the scattering angle (2θ) was obtained. The 2θ scattering angle 
was converted to the scattering vector q using the following equation: 

𝑞𝑞 = #$%&'(
)

				(1) 

where λ is the wavelength of the neutron beam and θ is the Bragg angle. The repeat 
distance of the LPP unit cell (d) was calculated from the position of a series of equidistant 
diffraction peaks attributed to the lamellar phase (Bragg peaks): 

𝑑𝑑 = ,$'
-.
							(2) 

where n is the order of the diffraction peak. To obtain the intensity (In) of each peak, the 
Bragg peaks were fitted using a Pearson VII function (using Fityk software). From these 
peak intensities the absolute structure factor amplitude for each diffraction order (|Fn|) 
was calculated: 

│𝐹𝐹'│ = 𝐴𝐴'2𝐿𝐿𝐼𝐼	'		  (3)  
In this formula, L refers to the Lorentz correction and it can be assumed L = q because 

of the high degree of orientation of the lipid lamellae in the samples. An represents the 
correction factor for the sample absorption, which can be calculated using the following 
equation (48): 

𝐴𝐴' =
5

678.9
:;< (5>?

@:;<
78.9)

    (4) 

where µ is the linear attenuation coefficient and l represents the lipid film thickness. The 
latter was calculated to be ~0.03 mm, knowing the lipid density and surface area of the 
sample, as described previously (49). 

The D2O/H2O contrast variation method was used to determine the water phase signs 
of the amplitudes of the different diffraction orders. The lipid head groups are located at 
the boundary of the lamellar phases (40, 49, 50). In a hydrated lipid model, most of the 
water molecules are located close to the hydrophilic lipid head groups, rather than the 
hydrophobic tails. With this assumption, the phase signs of the water profile were 
selected, which can be either positive (+) or negative (-). The phase signs of the water 
profile are obtained from the positive or negative signs of the slope of the difference 
between the absolute structure factors |Fn| of the sample hydrated at 100% and 8% 

3
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D2O/H2O. The combination of phase signs for the water profiles in this study is - + - + - +. 
Using these phase signs, four regions are observed in the LPP unit cell, corresponding to 
the lipid head group locations at the boundary of the unit cell and in the inner layer. Other 
phase sign combinations resulted in unrealistic water profiles and were thus discarded. 
The phase signs of the water profile used in this study are in agreement with previously 
reported structure factor phase signs for the LPP (32, 40, 44, 46). 

Next, the structure factors (calculated with Eq. 3) with the corresponding phase signs 
are plotted as a function of the D2O/H2O buffer ratio (Figure 2). There is a linear 
correlation of the relative structure factor amplitudes as a function of the D2O/H2O buffer 
ratio, thus demonstrating the centrosymmetric structure of the LPP unit cell. This is in 
agreement with previous studies (40, 44). The phase signs of the protiated and deuterated 
samples were individually determined based on the positive or negative sign of the 
structure factors at 8% D2O/H2O hydration (Figure 2). For the LPP:prot, and LPP:NSd7 lipid 
models, the same combination of phase signs was obtained (- + - + - +). The phase signs of 
the samples match those obtained for the water profile if the linear regression of the 
structure factors plotted as a function of the buffer level does not intersect the x-axis. The 
phase sign is switched for the respective diffraction order if the line crosses the x-axis. This 
can be seen in the LPP:NPd47 and LPP:NSd47 models (Figure 2) for the first diffraction 
order, when the slope of the regression line is negative but the Fn at 8% D2O/H2O has a 
positive value, determining the phase signs combination + + - + - +.  

Using the phase signs and the values of the structure factors, the scattering length 
density (SLD) profile of the unit cell was calculated by Fourier reconstructions: 

𝜌𝜌(𝑥𝑥) = 𝐹𝐹D + 2∑ 𝐹𝐹H	𝑐𝑐𝑐𝑐𝑐𝑐 L
,$'M
N
O'PQR

'S5 		(5)  
where x is the distance in the unit cell, with x=0 center of the unit cell (40). F0, the 
scattering density per unit volume, was calculated using the chemical composition of the 
lipid sample (which included one water molecule per lipid molecule from the hydration of 
the samples) and its density (51, 52).  

The SLD profiles of each deuterated lipid moiety were calculated by subtracting the 
protiated profiles from the deuterated profiles of each sample hydrated at 8% D2O/H2O 
buffer. At this exact buffer ratio, the scattering contribution of the buffer is zero and the 
SLD profiles show only the scattering of the lipid chains. 

A scaling factor was calculated to place the SLD data on a ‘relative absolute’ scale, as 
previously described (36, 44, 53). First, the SLD peak height (SLDh) and peak area (SLDa) 
were fitted for the sample with NSd7. The peak area obtained from the difference in SLD 
profile (SLDdif) of the LPP:NSd7 and LPP:prot lipid models represents the deuterium atoms 
on the CER sphingosine chain. The relative absolute SLD value (SLDcorrect) was determined 
using the following equation: 

𝑆𝑆𝑆𝑆𝑆𝑆WXYY?WZ =
[\]^∗[\]`8a

[\]Q
		(6)  
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Finally, the scaling factor was calculated as the ratio between SLDcorrect and SLDh and it 
was then applied to the Fn values to obtain the results on the relative absolute scale.  

 
Figure 2. Linear fitting of the relative structure factors (F) as a function of the percentage of D2O in 
the D2O/H2O buffer for the six diffraction orders of the LPP:prot, LPP:NPd47, LPP:NSd47 and 
LPP:NSd7 models. The diffraction orders are each represented by different colors and symbols: 1st 
(dot, dark blue), 2nd (square, red), 3rd (triangle, green), 4th (triangle, orange), 5th (diamond, light 
blue), 6th (cross, purple). 
 

FTIR measurements 

The FTIR measurements were performed on a Varian 670-IR spectrometer (Agilent 
Technologies, Santa Clara, USA) using a broad-band mercury cadmium telluride detector, 
cooled by liquid nitrogen. The FTIR spectra were acquired by the co-addition of 256 scans, 
with a resolution of 1 cm−1, collected over 4 min in transmission mode. Starting 30 min 
prior to the measurement, the samples were purged continuously under dry air. In order 
to examine the thermotropic phase behavior, the lipid models were measured between 
10 - 90°C at a heating rate of 0.25°C/min (resulting in a 1°C temperature rise per recorded 
spectrum). The measurement was performed in the wavenumber range of 600−4000 
cm−1. The software Resolution Pro (Agilent Technologies, Palo Alto, USA) was used for data 
collection and analysis. During data analysis, the spectra were deconvoluted using a half-

3
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width of 4 cm−1 and an enhancement factor of 1.4. At least three samples were prepared 
and measured for each experimental condition. 

The conformational ordering determined at 10°C and phase transitions of the lipid 
chains were examined using the CH2 symmetric stretching vibration (νsCH2, wavenumber 
range: 2845-2855 cm-1) and CD2 symmetric stretching vibration (νsCD2, 2080-2100 cm-1). 
The lateral packing of the lipids was analyzed using the CH2 scissoring vibration (δCH2, 
1462-1473 cm-1), while the mixing properties of the lipid chains was determined using the 
CD2 and CH2 scissoring vibration (δCD2, 1085-1095 cm-1). The accurate peak position 
determination of the δCH2 and δCD2 vibrations was performed in the Enthought Canopy 
software, using in-house developed Python scripts. The three scissoring peaks were fitted 
using a Lorentzian function.  

Statistical analysis was performed using GraphPad Prism (v.8). An unpaired t-test was 
conducted to determine the significance of the peak height ratio values of the two 
orthorhombic δCD2 modes (at 1086 and 1091 cm-1) and the central δCD2 peak (at 1088.5 
cm-1). Differences in mean values of the different models (n≥3) are considered statistically 
significant when P < 0.05.  

The mid-point temperature of the ordered-disordered phase transition (TM) was 
determined by fitting a linear regression curve, as described before (54).  
 

RESULTS 

Localization of CER NP and CER NS in the LPP lipid model system  

Neutron diffraction studies were performed to examine the molecular arrangement of 
CER NP and CER NS in the LPP trilayer unit. In Figure 3 the neutron patterns of the lipid 
samples are depicted and they showed six equidistant peaks that all could be attributed to 
the LPP. A small peak appeared at q=1.2 nm-1, which did not overlap the Bragg peaks 
corresponding to the LPP, indicating that a very small portion of the lipids formed another 
phase. The reflection attributed to crystalline phase separated CHOL was observed at 
q=1.8 nm-1 and it did not interfere with the diffraction orders of the LPP. The repeat 
distance of the LPP unit was calculated from the series of equidistant Bragg peaks with Eq. 
2. The d-spacing values obtained for the four samples were very similar: 12.6 ± 0.1 nm 
(LPP:prot), 12.5 ± 0.05 nm (LPP:NSd7), 12.5 ± 0.1 nm (LPP:NSd47) and 12.6 ± 0.1 nm 
(LPP:NPd47). 
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Figure 3. The one-dimensional neutron diffraction patterns of the four samples hydrated at 100% 
D2O/H2O (LPP:prot, LPP:NPd47, LPP:NSd47 and LPP:NSd7), the intensity plotted as a function of the 
scattering vector (q). The insert represents the zoomed-in region q=1.7-3.5 nm-1. The first six 
diffraction orders are indicated by numbers and the crystalline CHOL peak is indicated by an asterisk.  

 
Data analysis based on the calculated structure factors and phase signs led to the 

construction of the SLD profiles, using Eq. 5. Figure 4A displays the SLD profile of the 
LPP:prot sample hydrated at 100% and 8% D2O/H2O. The intensity of the SLD profiles is 
directly proportional with the percentage of D2O in the hydration buffer, thus the highest 
intensity was noticed after hydration with 100% D2O/H2O, while the SLD profile of the 
sample after 8% D2O/H2O hydration has no contribution of the water (Supplemental 
Figure S1A). Therefore, by subtracting the profile of the 8% D2O/H2O from the 100% 
D2O/H2O buffer, the water profile for this sample is obtained. This SLD water profile is 
shown in Figure 4B and it indicates that the water molecules were present at the outer 
regions of the centrosymmetric LPP unit cell (at 6.3 ± 0.1 nm from the center) and at two 
distinct regions inside the unit cell (2.2 ± 0.1 nm from the unit cell center). The positions of 
the water profile correspond to the locations of the hydrophilic head groups of the lipids. 
Therefore, the SLD water profile is in agreement with the trilayer structure of the LPP (40, 
44). The water profile followed the same pattern in all four compositions analyzed in this 
study. 

Using the phase signs for the deuterated samples, the next step was to calculate the 
SLD profiles for the LPP:NPd47, LPP:NSd47 and LPP:NSd7 compositions from the structure 
factors for each of the three D2O/H2O buffer hydration levels (Supplemental Figure S1). 
Then the 8% D2O/H2O hydrated samples were selected for calculating the localization of 
the deuterated samples, as at this ratio there is no contribution of water to the SLD 
profile. The SLD profiles are provided in Figure 4C-E. To identify the localization for the 
deuterated lipid chains in these systems, the difference between the SLD profile of the 
deuterated and the protiated model was determined. The difference of the SLD profiles 
indicate the location of the deuterated moiety in the LPP trilayer unit. Figure 4F clearly 

3



636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban
Processed on: 25-3-2024Processed on: 25-3-2024Processed on: 25-3-2024Processed on: 25-3-2024 PDF page: 74PDF page: 74PDF page: 74PDF page: 74

74 
 

shows that the maximum of the SLD profile was obtained in the inner layer of the LPP unit, 
however there is a SLD elevation at the unit cell border. This indicates that the 
perdeuterated acyl chain of CER NP is primarily located in this inner layer of the LPP unit, 
with a small fraction of the chains positioned in the outer layers. 

Similarly, the SLD profiles of the deuterated chains of CER NS were calculated in the 
LPP:NSd47 and LPP:NSd7 models and are both shown in Figure 4G. The SLD profile 
indicates that the maximum intensity of the d47 acyl chain of CER NS was located in the 
central layer of the LPP trilayer unit cell but an increase in SLD profile was also observed 
near the LPP unit cell border (Figure 4G, red curve). Therefore, the deuterated acyl chains 
of CER NS were localized predominantly in the inner layer of the LPP, but a fraction of the 
CER NS acyl chains is also positioned in the outer layers. This indicates that both the CER 
NS and CER NP head groups are not only located at the inner water layer region, but also 
at the unit cell border, although clearly less abundant.  

CERs can adopt two conformational arrangements: in an extended (linear) 
conformation the lipid tails are located on either side of the lipid headgroup, while in a 
hairpin conformation the two lipid chains are located on the same side of the headgroup. 
In this study, the conformation of the CER NS was examined by determining the 
localization of the terminally deuterated sphingosine chain of CER NSd7. The SLD profile of 
the d7-deuterated sphingosine chain of CER NS (LPP:NSd7) presented in Figure 4G (green 
curve) clearly revealed that the maximum scattering intensity was located at 4.2 nm from 
the center of the LPP unit cell (respectively 2 nm outer unit cell boundary in the two outer 
lipid layers). No maximum was observed in the inner layer. This demonstrates that the CER 
NS with the head groups in the inner head group regions have their acyl chain in the 
central lipid layer and the sphingosine tail in the outer lipid layers. Therefore, these lipids 
are in a linear arrangement. When CER NS is either in a linear or hairpin conformation in 
the outer layers, the deuterated sphingosine moiety will be located at a very similar 
position coinciding to that of the CER NS located in the inner layers of the LPP. Therefore, 
we were unable to determine the conformation of the CER NS with the head group 
located at the unit cell boundaries of the LPP.  
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Figure 4. Neutron SLD profiles of: (A) LPP:prot, measured at 100% (top dashed line) and 8% (bottom 
solid line) D2O/H2O hydration; (B) The D2O (water) profile determined from the difference between 
the 100% and 8% SLD profiles of the LPP:prot model; (C) LPP:prot (grey line) and LPP:NPd47 (orange) 
overlapped, both measured at 8% D2O/H2O buffer ratio – the difference between these represents 
the net SLD profile of the deuterated moiety; (D) LPP:prot (grey) and LPP:NSd47 (orange) samples, at 
8% D2O/H2O hydration; (E) LPP:prot (grey) and LPP:NSd7 (orange) models, measured at 8% 
D2O/H2O; (F) The net SLD profile of the perdeuterated CER NPd47 chain (red line), determined from 
the SLD profile of LPP:prot subtracted from the LPP:NPd47 model; (G) The net SLD profile of the 
deuterated acyl chain of CER NSd47 (red line) and sphingosine chain of CER NSd7 (green line) 
obtained from the two models: LPP:NSd47 and LPP:NSd7. The maximum SLD intensity for the NSd47 
chain was predominantly localized in the inner layer of the LPP unit, but with a small part also in the 
outer layers, while NSd7 was located in the outer layers of the LPP.  
 

3
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νsCH2 frequencies indicate mixing of the lipids 

Information about the thermotropic behavior and the lipid packing is obtained from the 
νsCH2 peak position in the FTIR spectra. The νsCH2 vibrations are a measure for the 
conformational disordering of the hydrocarbon chains. Based on the νsCH2 wavenumber, 
the transitions from an ordered to a disordered lipid model can be monitored. Figure 5A 
depicts the thermotropic behavior of the LPP:prot sample. The νsCH2 vibrations indicate 
that between 10°C and 35°C the lipid chains of the LPP:prot model were organized in an 
ordered phase (νsCH2 peak position at 10°C: 2849 cm-1). Between 35-40°C a transition 
from the orthorhombic to the hexagonal phase occurred. This is monitored by an increase 
of the νsCH2 peak wavenumber with ~1 cm-1. A further increase of the temperature of the 
sample resulted in a gradual increase of the wavenumber and at around 69°C the phase 
transition from the ordered to the disordered fluid phase started. During this transition 
the νsCH2 wavenumber increased from 2850.5 cm-1 to 2854 cm-1. 

The presence of phase separation in the lipid samples was examined by 
systematically replacing protiated lipids by their deuterated counterparts (CER NSd47, CER 
NPd47 and DFFA24). The νsCH2 and νsCD2 thermotropic responses of the single 
replacements of the CERs are provided in Figure 5 B, C. The shifts in the wavenumber of 
the νsCD2 and the νsCH2 vibrations indicate an hexagonal to liquid phase transition in a 
similar temperature range in the LPP:NSd47 and LPP:NPd47 samples, between 65-70°C. A 
similar temperature range for the phase transitions is a first indication that the deuterated 
and protiated lipids mixed in the same lattice. In the νsCD2 vibrations, the orthorhombic to 
hexagonal transition is hardly visible due to the shift in the νsCD2 frequency being less 
sensitive to this phase transition (55).  

When including deuterated DFFA24 alongside either NSd47 or NPd47 in the LPP 
model, the wavenumber νsCH2 peak at 10°C was increased to ~2850.5 cm-1 for both 
compositions (Supplemental Figure S2), indicating a higher conformational disordering of 
the remaining protiated lipids. A similar effect was also observed when FFA and both the 
CER NS and CER NP were replaced by their deuterated counterparts 
(LPP:NSd47:NPd47:DFFA24, Figure 5D) with a further increase to ~2850.8 cm-1. This 
wavenumber increase of the νsCH2 peak position indicates that the acyl chain of CER EOS 
with the protiated sphingoid base of CER NS and CER NP had a higher mobility than the 
acyl chains of CER NS, CER NP and the DFFA24. Moreover, the shift of the νsCH2 
wavenumber at 32-34°C indicates an orthorhombic to hexagonal phase transition, which 
means that a part of the remaining protiated lipids are in an orthorhombic packing, 
despite the higher wavenumber. This increase in wavenumber is caused by the linoleate 
chain of CER EOS that represents approximately 19% of the total protiated fraction of 
hydrocarbon chains and it was previously reported to be in a liquid phase (19). Table 2 
displays the νsCH2 and νsCD2 peak wavenumber at 10°C and the mid-transition 
temperatures from an ordered to a disordered phase. 
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Figure 5. Thermotropic curves of the stretching vibrations for the LPP:prot lipid model (A) and 
deuterated models with CER NSd47(B) and CER NPd47(C) and the LPP model with CER NSd47, CER 
NPd47 and DFFA24 (D). The phase transitions temperatures of the lipids are plotted as a function of 
the νsCH2 and νsCD2 peak position, on the left and right y-axis, respectively. Both the protiated (blue 
circle) and deuterated (red square) lipids melted over the same temperature range, indicating that 
the deuterated lipids were integrated with the protiated lipids in the model membrane. 
 
Table 2. The wavenumber corresponding to the νsCH2 and νsCD2 peak positions at 10°C, while the 
lipids were organized in an orthorhombic packing (shown as the mean value of n≥3 measurements, 
SD of ± 0.1 cm-1) and the mid-point transition temperatures (TM) for the ordered-disordered 
(hexagonal – liquid) phase transitions (average ± SD, n≥3). 

Lipid model νsCH2 wavenumber 
(cm-1) 

νsCD2 wavenumber 
(cm-1) 

TM ordered-disordered 
phase transition (°C) 

LPP:prot 2849.0 - 71.2 ± 1.2 
LPP:NSd47 2849.4 2088.3 71.4 ± 1.0 
LPP:NPd47 2849.1 2088.3 68.0 ± 1.5 
LPP:NSd47:DFFA24 2850.4 2088.1 66.9 ± 1.5 
LPP:NPd47:DFFA24 2850.5 2088.1 68.5 ± 1.7 
LPP:NSd47:NPd47:DFFA24 2850.8 2088.0 69.2 ± 3.3 

 

CD2-CD2 chain interactions provide information about the CER arrangement  

To investigate the packing and mixing of the lipid chains in more details, the shape 
and splitting of the δCH2 and δCD2 frequencies were examined. The δCH2 vibrations of the 
LPP:prot sample at 10°C is presented in Figure 6A (black line). Two peaks were observed at 
1463 and 1473 cm-1 with a deep minimum in between, an indication that most of the lipid 
chains were densely organized in an orthorhombic packing, while the small peak at 1467 
cm-1 represented the hexagonal packing adopted by a fraction of the lipids. The splitting 

3
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distance between the two δCH2 peaks was calculated and for the LPP:prot model this 
distance was 10.3 ± 0.1 cm-1. Comparing this with pure FFA C24, with a maximum δCH2 
peak splitting of 10.7 cm-1 (not shown), provides an indication that the size of the domains 
forming an orthorhombic phase are close to 100 lipid molecules (56, 57).  

In partially deuterated lipid samples, the δCH2 and δCD2 vibrations of the 
hydrocarbon chains cannot directly interact due to the large vibrational energy difference 
(CH2: ~1470 cm-1; CD2: ~1090 cm-1). If the deuterated lipid chains are neighboring one 
another in large domains, the minima between the two δCD2 peaks would be very deep 
due to the large number of CD2-CD2 interactions (pure DFFA24 has the maximum splitting 
distance of 7.3 ± 0.1 cm-1, representing a deuterated chain domain size of at least 100 lipid 
molecules). A decrease in the δCD2 splitting distance represents a smaller deuterated 
domain size. However, if the protiated and deuterated lipid chains are fully integrated and 
participate in the same orthorhombic lattice, the interaction will be lost and only one peak 
will be observed. The δCH2 and δCD2 vibrations in the infrared spectrum of the lipid 
membranes with deuterated CER NSd47, CER NPd47 and/or DFFA24 were examined. In 
Figure 6A and 6B the δCH2 and δCD2 vibrations are provided measured at 10°C. 
Substituting either CER NS or CER NP with its deuterated counterpart (LPP:NSd47 and 
LPP:NPd47, respectively) resulted in a splitting distance of the δCH2 peaks of 9.3±0.1 cm-1 
(LPP:NSd47 model) and 9.5±0.1 cm-1 (LPP:NPd47 model) (Table 3). A peak height ratio was 
calculated for the δCH2 peaks, to evaluate the difference of the average height of the two 
orthorhombic peaks (at 1473 and 1463 cm-1) and the peak height of the central peak 
(1467 cm-1). Fitting these peaks and calculating their ratio allows a quantitative 
assessment of the chain interactions present in the model. The peak height ratio of the 
LPP:NPd47 composition is also different compared to the ratio in the spectrum of the 
protiated sample (Table 3) suggesting that protiated and deuterated chains are 
neighboring. However, the fittings did not lead to a statistically significant difference. A 
single peak is observed for the δCD2 vibrations at 1088 cm-1 demonstrating that the 
deuterated lipids did not form separate lipid domains. 

Next, FFA24 was replaced by DFFA24 alongside either CER NSd47 or CER NPd47 
(Figure 6A and B: LPP:NSd47:DFFA24 and LPP:NPd47:DFFA24 models respectively). These 
two compositions displayed very different splitting of the scissoring vibrations in the 
spectra than observed for the LPP:NSd47 and LPP:NPd47 samples and both compositions 
showed a similar trend. The δCH2 vibrations were characterized by a single peak at ~1468 
cm-1 indicating that protiated hydrocarbon chains in orthorhombic packing are not 
neighboring. Two separated scissoring modes were observed in the δCD2 vibrations at 
1086 and 1091 cm-1. The δCD2 peak to peak distance was 5.2 ± 0.0 cm-1 
(LPP:NSd47:DFFA24 model) and 5.4 ± 0.1 cm-1 (LPP:NPd47:DFFA24 model) (Table 3). These 
results demonstrate that the deuterated acyl chains of the CER NSd47 or CER NPd47 were 
frequently neighboring the DFFA24 chains, as the introduction of DFFA24 allowed the 
coupling of the CD2-CD2 vibrations. To obtain quantitative information, the peak height 
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ratio between the two orthorhombic scissoring modes (at 1086 and 1091 cm-1) and the 
central scissoring mode (at 1088.5 cm-1) was calculated by peak fitting (Table 3). The 
statistical analysis results (t-test with P <0.05) show that the peak height ratio for the 
LPP:NPd47:DFFA24 model is significantly higher than for the LPP:NSd47:DFFA24, 
illustrating that the CH2-CD2 chain interactions were less pronounced for the 
LPP:NPd47:DFFA24 than for the LPP:NSd47:DFFA24 model. Thus, in the 
LPP:NSd47:DFFA24 model the protiated and deuterated chains were more frequently 
neighboring compared to the LPP:NPd47:DFFA24 model.  

Finally, when the majority of lipids were deuterated creating a model with DFFA24, 
NSd47 and NPd47, the FTIR spectrum displayed an increased δCD2 vibration peak splitting 
of 6.4 ± 0.1 cm-1, indicating a larger mean domain size of the deuterated chains in an 
orthorhombic packing (Table 3). The δCD2 vibration of the LPP:NSd47:NPd47:DFFA24 lipid 
sample had a deeper minima between the two peaks than in the δCD2 vibrations of the 
LPP:NSd47:DFFA24 and LPP:NPd47:DFFA24 models (Table 3). This suggests that the 
deuterated acyl chains of CER NS and CER NP were located in the same regions of the LPP 
unit demonstrating less CH2-CD2 interactions. The single peak observed in the δCH2 
vibrations of this model indicates that the protiated lipid chains did not form phase 
separated domains and they were well mixed with the deuterated lipids or the remaining 
protiated lipids are partly in a hexagonal phase. 

The neutron diffraction measurements were performed at 25°C, however the lipid 
organization of these models is similar to that at 10°C and this data for the δCH2 and δCD2 
vibrations is shown in the Supplemental Figure S3. 

 
Figure 6. The FTIR peak splitting of the (A) δCH2 and (B) δCD2 vibrations for the six LPP model 
membranes, measured at 10°C, when the lipids were packed in the orthorhombic phase. Each curve 
has an annotation with the lipid model it represents.  

3
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Table 3. Peak splitting values of the δCH2 and δCD2 vibrations the for the six models, at 10°C, the 
peak height ratio of the δCH2 peaks (average of the peak height of the orthorhombic peaks at 1473 
and 1463 cm-1 compared to the middle peak at 1467 cm-1) and peak height ratio of the δCD2 

(average peak height of the orthorhombic peaks at 1086 and 1091 cm-1 divided by the peak height of 
the middle peak at ~1088.5 cm-1). The values are shown as average ± SD of n≥3 measurements.  

Lipid model δCH2 peak split 
(cm-1) 

δCD2 peak split 
(cm-1) 

δCH2 peak 
height ratio 
(OR/MID) 

δCD2 peak 
height ratio 
(OR/MID) 

LPP:prot 10.3 ± 0.1 - 3.1 ± 0.2 - 
LPP:NSd47 9.3 ± 0.1 - 2.5 ± 0.1 - 
LPP:NPd47 9.5 ± 0.1 - 2.4 ± 0.1 - 
LPP:NSd47:DFFA24 - 5.2 ± 0.0 - 3.1 ± 0.2 
LPP:NPd47:DFFA24 - 5.4 ± 0.1 - 3.5 ± 0.1 
LPP:NSd47:NPd47:DFFA24 - 6.4 ± 0.1 - 5.0 ± 0.1 

 

DISCUSSION 

In the present study a lipid model membrane consisting of CER EOS, CER NS, CER NP, CHOL 
and FFA C24 forming the LPP was investigated. Previous studies revealed that the unit cell 
of the LPP has a three-layer structure (32, 40). In this study we were particularly interested 
in the location of CER NP in the LPP, as CER NP is the most abundant CER subclass in 
human SC (6-8, 10, 11, 30). This was compared to the position of CER NS, which is the 
most abundant CER subclass in mice, dog and porcine SC (11, 27-29). Our results show 
both the acyl chains of CER NP and of CER NS are not only positioned in the central layer, 
but a minor part of the chains is also located in the outer layers of the LPP. Furthermore, 
the arrangement of the CER NP and CER NS positioned in the central layer is for both CERs 
primarily linear. Based on these results, we proposed the molecular arrangement of the 
lipids in the LPP unit, depicted in Figure 7, adapted from the structure proposed by 
Mojumdar et al (44). 

 
Figure 7. The molecular arrangement of the trilayer structure of the LPP unit according to the 
locations of CER NP and CER NS determined in this study and the positions of CER EOS, CHOL and 
FFA C24 determined previously (40, 44). CER NS is depicted in red, CER NP in blue, while CER EOS, 
CHOL and FFA C24 are drawn in black. The figure is adapted with permission from Mojumdar et al 
(44). 
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Arrangement of CER NP in unit cell of the LPP  

Using neutron diffraction, six diffraction orders of the LPP could be detected and we 
demonstrate a symmetric arrangement of the LPP unit cell, in agreement with previous 
studies which elucidated the electron density profile of the LPP trilayer using X-ray 
diffraction (32). The SLD profile of the LPP:NPd47 model revealed that most of the 
deuterated acyl chains of CER NP are located in the central layer, but a minor fraction is 
also positioned in the outer layers of the unit cell of the LPP (Figure 7). The FTIR results for 
the LPP:NPd47:DFFA24 model demonstrate that the acyl chains of CER NPd47 and the 
DFFA24 chains are neighboring, as shown by the interactions of the deuterated chains and 
the δCD2 peak height ratio (OR/MID) for this composition. Thus, these chains are located 
in close proximity in the central layer of the unit cell. 

The conformation of CER NP in a LPP model membrane has also not been examined 
before. Information on whether this lipid adopts a hairpin or an extended conformation 
can be obtained from the FTIR measurements. Focusing on the splitting of the δCD2 
vibrations for the LPP:NPd47:DFFA24 and LPP:NSd47:NPd47:DFFA24 models, the inner 
layer of the LPP is characterized by large size domains of deuterated chains. In a hairpin 
structure, the protiated CER NP phytosphingosine chains are neighboring the deuterated 
acyl chains and this would strongly disturb the CD2-CD2 interactions in this layer and thus 
precludes a large splitting as encountered in the δCD2 vibrations. However, the opposite 
occurs, as when deuterated CER NP is used, the deuterated domain sizes increase. 
Therefore, it is very likely that CER NP adopts primarily an extended conformation with 
the phytosphingosine and acyl chains on either side of the headgroup.  
 

Arrangement of CER NP in comparison with CER NS in the LPP models 

The SLD profile of the unit cell of the model membrane that includes CER NPd47 is similar 
to the model with CER NSd47, thus the deuterated acyl chain of CER NS is not only located 
in the center of the LPP unit, but a minor fraction is also located in the two boundary lipid 
layers. Assuming a C-C bond length of 0.125 nm, the length of the C24 acyl chain is 
approximately 2.9 nm (46). As the inner layer of the LPP has a total length of 
approximatively 4.4 nm, the acyl chains are interdigitated, as illustrated in the schematic 
arrangement proposed in Figure 7. Interdigitating chains are quite often encountered in 
SC lipid organization and it has been previously reported in SPP models (36, 49, 58-60) and 
LPP models (40, 44), as well as in computational models of the SC lipid models (61). All 
these studies support the interdigitated acyl chains and FFA chains in SC lamellar 
structures. In one of these papers, it has been discussed why interdigitation is more likely 
to occur to fit the chain length with the width of the central lipid layer than the 
alternative, namely a large angle of the acyl and FFA chain with the basal plain of the lipid 
membrane (46). The results of this study are in agreement with the molecular 
organization proposed in earlier studies, which examined the localization of the acyl chain 

3
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of CER NS both in a simple model, comprising of only CER EOS and CER NS, and a complex 
lipid model mimicking the lipid composition of porcine SC (40, 46). 

The difference between the structure of CER NP and CER NS is the C4-hydroxyl group 
located on the phytosphingosine chain, instead of the double bond of CER NS. This extra 
hydroxyl group can cause different lipid head group interactions. It was previously shown 
that the additional OH group of CER NP was very important in the formation of hydrogen 
bonds with surrounding hydrogen donors/acceptors (62), and CER NP caused 25% more H-
bonds in a lipid bilayer, compared to CER NS (63). Moreover, it was hypothesized that the 
H-bonding could be participating in the connection of the ordered lipid domains in SC and 
decreasing the permeability of the SC, thus highlighting the importance of the CER NP 
subclass for the SC lipid matrix (62). 

When comparing the δCD2 vibrations of the LPP:NPd47:DFFA24 and 
LPP:NSd47:DFFA24 models an interesting difference is noticed. The δCD2 peak height ratio 
(the two orthorhombic peaks resulting from the CD2-CD2 interactions) compared to the 
central peak (resulting from the CD2-CH2 interaction) for the LPP:NSd47:DFFA24 model is 
significantly lower than for the LPP:NPd47:DFFA24. This difference suggests that more 
CD2-CH2 interactions are encountered in the LPP:NSd47:DFFA24 model, compared to the 
LPP:NPd47:DFFA24 model. This likely occurs in the outer layers of the LPP, where the 
protiated CER EOS and sphingoid chains are located and can interact with the deuterated 
acyl chains of the CERs. However, the neutron diffraction data indicates that the location 
of the two CERs is the same in the LPP trilayer. It might be that the δCD2 vibrations in the 
FTIR spectra are more sensitive to small differences in the localization of CER NS and CER 
NP.  

 

The arrangement of CER NS is not changed in lipid models of different complexity 

CER NS is the most frequently investigated CER subclass with regard to its properties and 
molecular arrangement in model membranes mimicking the SC lipid composition. The 
arrangement of CER NS was also examined in our study, when analyzing the SLD profile of 
the LPP:NSd7 system. These results demonstrate the extended conformation of CER NS 
that is located in the inner layer of the LPP unit, as the acyl and sphingosine chains of CER 
NS are positioned on either side of the head group, as shown in Figure 7. Based on the 
length of the sphingosine C18 chain, which extends over 15 C-C bonds from the head 
group, and assuming the length of the C-C bond of 0.125 nm, the total length of the 
sphingosine chain is approximatively 1.9 nm. Taking into account the location of the inner 
lipid head groups, the position of the terminally deuterated sphingosine chain of CER NS is 
calculated to be at 4.1 nm from the center, being close to the experimentally observed 
location.  

Recent studies by Beddoes et al. provided insights into the conformation of CER NS 
both in a membrane prepared with a complex synthetic porcine CER mixture and a simple 
LPP lipid model system prepared with only two CER subclasses, CER EOS and NS (46, 64). 
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In these studies, it was also concluded that CER NS with the head group in the inner head 
group layers adopts an extended conformation. Furthermore, in this paper it was 
thoroughly discussed why interdigitation occurs in the central layer of the LPP. An 
extended conformation of CER NS was also proposed in a SPP model composed of CER NS 
C24: CHOL: FFAC24, with an equimolar ratio of the lipids (65). This system was studied 
with 2H NMR and FTIR and it was concluded that the acyl chain of CER NS was neighboring 
the FFAC24 chain and thus CER NS is present in a linear conformation in the SPP, similarly 
as observed in the LPP (46, 64). 

 

Lipid ordering in the outer layers of the LPP 

When comparing the νsCH2 peak positions of the LPP:prot and the LPP 
NSd47:NP47:DFFA24, the corresponding νsCH2 frequencies indicate that the outer layers of 
the unit cell of the LPP, where CHOL, CER EOS and the sphingoid chains of CER NS and CER 
NP are located, have a higher conformational disordering than the central region, where 
the acyl chains of CER NS and CER NP are primarily positioned. Furthermore, in the 
LPP:NSd47:NPd47:DFFA24 model the protonated lipid chains adopt at least partially an 
orthorhombic organization at 10°C, even though there is an increased νsCH2 frequency. 
This can be concluded from the orthorhombic to hexagonal packing observed in the 
thermotropic behavior of νsCH2 frequencies, indicating the phase transition occurs at 32-
34°C. However, the single peak observed in the δCH2 vibrations of this model, attributed 
primarily to the protiated chains in the outer layers, indicates that a part of the protiated 
lipid chains may adopt a hexagonal packing. The presence of a hexagonal phase is also 
observed in the δCH2 vibrations of the LPP:prot model, which are characterized by two 
separated peaks and a small central peak, the latter indicating that at 10°C not all lipid 
chains are organized in an orthorhombic packing. Considering the proposed molecular 
organization of the LPP unit and the observations mentioned above, the sphingoid bases 
could be contributing to the formation of the hexagonal (less densely packed) phase, as it 
was suggested for a SPP model with CER NS (65). 
 

Extrapolation of the results to the lipid matrix in SC 

Understanding the arrangement of the barrier lipids within the SC is important for 
advancing the knowledge on the skin barrier function. The results of this study contribute 
to a better understanding of the SC lipid organization. First of all, CER NS and CER NP are 
positioned at the same location in the unit cell of the LPP and both CER subclasses are 
primarily aligned in a linear arrangement, in which the acyl chains are interdigitating 
together with the FFA chains. This linear arrangement has various advantages for the SC to 
provide an excellent barrier. Due to the reduced cross section per lipid molecule in a linear 
arrangement compared to the hairpin structure, the linear arrangement accommodates a 

3



636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban
Processed on: 25-3-2024Processed on: 25-3-2024Processed on: 25-3-2024Processed on: 25-3-2024 PDF page: 84PDF page: 84PDF page: 84PDF page: 84

84 
 

tighter packing of the hydrocarbon chains in the structure, which is favorable for the 
barrier functionality (66).  

Furthermore, a linear arrangement makes the structure more flexible as the 
interdigitating chain length can be adapted to the requirements to obtain a dense and 
thermodynamically stable structure. A linear conformation of CER NS and CER NP also 
provides a tight connection of the adjacent lipid layers, so it reduces the permeability 
through the SC lipid matrix (66) and it discourages swelling of the lipid lamellae during 
hydration (19). In this respect it is important to mention that a linear arrangement has 
been proposed not only in the LPP, but also in the SPP unit cell with CER NS (65). 
Interestingly in both the LPP and SPP unit structure, the CHOL is at a similar position as the 
sphingoid base of the CERs, while the FFA chains and acyl chains are neighboring. A linear 
arrangement has also been proposed for the molecular models proposed by Norlén et al 
(67).  

Another important message is the similar position of the acyl chains of both CER NP 
and CER NS in the LPP unit as it indicates the adaptability of the lamellar phase to 
differences in the lipid head group architecture. This observation is a possible explanation 
that while in human SC CER NP is one of the most prevalent CER subclasses, in mice, 
porcine and dog SC CER NS is the most abundant one, the SC lipid organization is very 
similar in all species. However, the effect of changing the concentration of CER NS and CER 
NP on their position and alignment in the unit cell of the LPP has not yet been investigated 
and may affect the outcome.  

Using Ruthenium tetroxide (RuO4) staining the lamellar organization in SC was for the 
first time reported by Madison et al. (68). These studies showed broad-narrow-broad 
sequence of lucent bands in one repeating unit. RuO4 is a strong oxidizer that reacts with 
the double bonds of the lipid chains and the hydroxyl groups of the CERs (69). Thus, both 
the head groups and the linoleate position will turn into dark regions in the electron 
micrographs. As the CER EOS linoleate chains are present in the inner part of the central 
region close to the inner head group region, this inner region represents the narrow lucent 
band, while the two broad lucent bands represent the two outer regions. Therefore, our 
proposed molecular arrangement is in agreement with the RuO4 pattern reported. 
 

Selection of the CER composition in the lipid systems 

As the composition of the human SC lipid matrix is too complex to selectively analyze the 
localization of individual CER subclasses in the LPP structure, model systems composed of 
selected lipids can be used. Previous studies show that lipid models provide reproducible 
structures mimicking those found in SC of native skin. These lipid models consisted of CERs 
extracted from native porcine or human SC (29, 32), or a synthetic CER composition that 
mimicked the CER composition of the porcine SC (31, 32, 70). However, to obtain more 
detailed information about the molecular arrangement, a simple model with a limited 
number of lipids is required. The advantage of a simple model is the possibility to 
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incorporate sufficient deuterated CERs of interest to provide information about the 
interactions between different lipid subclasses, thus we chose such a model for studying 
the localization of CER NP and CER NS in the LPP unit.  

An important difference between the native SC lipid composition and the synthetic 
lipid models is the concentration of CER EOS. This CER is crucial for the formation of the 
LPP and varying its concentration leads to forming simultaneous an LPP and SPP phase at 
15 mol% (32, 41, 71), the approximate level in human SC, while a minimum of 30 mol% 
CER EOS is required for the formation of only the LPP (41, 72). Increasing the 
concentration of CER EOS to 40 mol% did not change the LPP structure and organization 
and resulted in a peak separation of crystalline CHOL and the fourth order diffraction peak 
of the LPP, important for analyzing neutron data (42).  
 

CONCLUSION 

In this study we determined for the first time the position of the acyl chain of CER NP in 
the LPP unit cell of a simple lipid model membrane. Our studies revealed that in the 12.6 
nm repeating unit of the LPP, the acyl chain of CER NP is predominantly located in the 
central part of the trilayer structure, with a minor fraction present at the unit cell 
boundary. The location and the arrangement of CER NP was similar to that of CER NS and 
both CERs adopt a linear arrangement, indicating that even though there is a difference in 
the headgroup structure of CER NS and CER NP, they adopt a similar molecular 
arrangement in the LPP unit. This study expands the current knowledge of the molecular 
arrangement of lipids in the LPP, a very important structure present in the native SC.  
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SUPPLEMENTAL INFORMATION 
 

 

 
Figure S1. The SLD profiles for the LPP:NPd47 (A), LPP:NSd47 (B) and LPP:NSd7 (C) models plotted 
for each of the three D2O/H2O buffer hydration levels (8% in blue, 50% in green, 100% in magenta). 
 
 

 
Figure S2. Thermotropic curves of the stretching vibrations for the partially deuterated systems: (A) 
LPP:NSd47:DFFA24 and (B) LPP:NPd47:DFFA24. The phase transitions temperatures of the lipids are 
plotted as a function of the νsCH2 and νsCD2 peak position, on the left and right y-axis, respectively. 
Both the protiated (blue circle) and deuterated (red square) lipids melted over the same 
temperature range, indicating that the deuterated lipids were integrated with the protiated lipids in 
the lipid system. 



636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban
Processed on: 25-3-2024Processed on: 25-3-2024Processed on: 25-3-2024Processed on: 25-3-2024 PDF page: 91PDF page: 91PDF page: 91PDF page: 91

 91 
 

 
Figure S3. The δCH2 (A) and δCD2 (B) vibrations of the six lipid systems, determined by FTIR, at 25°C 
(same temperature used during the neutron diffraction measurements). Each curve has an 
annotation with the lipid model it represents. 
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CHAPTER 4 
 
 
 

Effect of sphingosine and phytosphingosine ceramide ratio on lipid 
arrangement and barrier function in skin lipid models 
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ABSTRACT 

The lipids in the uppermost layer of the skin, the stratum corneum (SC), play an important 
role in the skin barrier function. The three main subclasses in the SC lipid matrix are 
ceramides (CER), cholesterol and free fatty acids. In inflammatory skin diseases, such as 
atopic dermatitis and psoriasis, the SC lipid composition is modulated compared to the 
composition in healthy SC. One of the main alterations is the molar ratio between the 
concentration of CER N-(tetracosanoyl)-sphingosine (CER NS) and CER N-(tetracosanoyl)-
phytosphingosine (CER NP), which correlated with an impaired skin barrier function. In the 
present study we investigated the impact of varying the CER NS:CER NP ratios on the lipid 
organization, lipid arrangement and barrier functionality in SC lipid model systems. The 
results indicate that a higher CER NS:CER NP ratio as observed in diseased skin did not 
alter the lipid organization or lipid arrangement in the long periodicity phase encountered 
in SC. The trans-epidermal water loss, an indication of the barrier functionality, was 
significantly higher for the CER NS:CER NP 2:1 model (mimicking the ratio in inflammatory 
skin diseases) compared to the CER NS:CER NP 1:2 ratio (in healthy skin). These findings 
provide a more detailed insight into the lipid organization in both healthy and diseased 
skin and suggest that in vivo the molar ratio between CER NS:CER NP contributes to 
barrier impairment as well, but might not be the main factor. 
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INTRODUCTION 

Skin, the largest organ of the human body, has the important role of protecting the body 
against pathogens, chemicals and radiation, while also preventing excessive water loss (1-
3). The outermost layer of the skin’s epidermis is the stratum corneum (SC), with a 
thickness varying between 10 – 20 μm. It consists of 10 – 25 layers of corneocytes, which 
are dead differentiated keratinocytes, embedded in a lipid matrix, forming a well-
organized “brick-mortar” structure (4). The intercellular SC lipid matrix is mainly 
composed of three lipid classes: ceramides (CER), free fatty acids (FFA) and cholesterol 
(CHOL) (5, 6). These lipid classes are present at an equimolar ratio (1:1:1) in healthy 
human SC. Currently, at least 20 CER subclasses have been identified in human SC, which 
differ based on their head group structure (7-10). 

CERs belong to the family of sphingolipids and are formed in the viable epidermis by 
three general pathways: degradation of glucosylceramides, hydrolysis of sphingomyelin or 
de novo synthesis in the endoplasmic reticulum (11). Sphingolipids, together with 
phospholipids (which are the precursors of FFAs in the epidermis) are structural 
components of living cell membranes (12). Sphingolipids preferentially associate with 
CHOL and form lipid rafts, dynamic lateral membrane inhomogeneities, which can interact 
with membrane proteins and modulate their activity (13). Unlike other biological 
membranes, the SC lipid matrix does not include phospholipids, but contains CHOL (14). 
Due to the altered lipid composition, the phase behavior in SC is different from the 
membranes of living cells. However, similar to living cell membranes, CHOL plays an 
important role in the lipid organization in SC (15, 16).  

The intercellular SC lipids are organized as two lamellar phases: a long periodicity 
phase (LPP), with the repeat distance of 13 nm, and a short periodicity phase (SPP), with a 
repeat distance of 6 nm (17, 18). The LPP is observed exclusively in SC and is assumed to 
be critical for the skin barrier function (19-22). It was previously shown that for the 
formation of the LPP, among the various CER subclasses, the esterified ω-hydroxy 
sphingosine ceramide (CER EOS) and CHOL are crucial (15, 22). In the absence of CER EOS 
only the SPP is formed (23), while in the absence of CHOL the LPP and SPP are not formed 
(15). The organization of the lipid chains within this lamellar structure of the SC is referred 
to as the lateral organization. Based on the density of the packing, this can be 
orthorhombic (very dense and ordered), hexagonal (less dense, but still ordered), or liquid 
phase (highly disordered) (24-26). Barrier lipids in human SC are mainly organized in the 
orthorhombic packing, while a small part of the lipids is packed hexagonally and even 
small liquid domains are present (27). This is different from phospholipid membranes with 
high CHOL levels, where a liquid ordered phase is often encountered (28). 

Lipids have been shown to play an important role in the skin barrier function (2, 4). 
Inflammatory skin diseases, such as atopic dermatitis, seborrheic dermatitis or psoriasis, 
and the rare hereditary disorder Netherton syndrome, are characterized by a deviation in 

4
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SC lipid composition, which may contribute to the impaired skin barrier function (4, 29-
32). Clinical studies have revealed that among the lipid compositional alterations of 
diseased SC, the most prevalent changes are detected in the CER subclass and chain length 
composition (20, 29, 33-36). A previous study by Yokose et al. investigated potential 
biomarkers in the SC of barrier-disrupted skin and the ratio of CERs in diseased skin (atopic 
dermatitis and psoriasis) was compared to the CERs ratio in healthy individuals (36). They 
reported the ratio of CER N-(tetracosanoyl)-sphingosine (CER NS) to CER N-
(tetracosanoyl)-phytosphingosine (CER NP) (Figure 1) as being a potential marker for 
impaired skin barrier function in these patients, as this ratio correlated positively with the 
trans-epidermal water loss (TEWL). Furthermore, apart from atopic dermatitis and 
psoriasis, an increased CER NS:CER NP ratio was also reported in the SC of Netherton 
syndrome patients (35) and recently in seborrheic dermatitis (32). Therefore, this CER 
subclass ratio change could be an important factor causing barrier dysfunction in diseased 
skin. However, the contribution of the altered CER NS:CER NP ratio to the barrier function 
is not known, as in clinical studies the various lipid composition changes always occur 
simultaneously and only correlations can be obtained.  

To understand the relationship between lipid subclasses, lipid models can be used 
that mimic the organization in the SC lipid matrix. Previous studies showed that lipid 
models prepared either with isolated pig (37, 38) or human CERs (39), along with CHOL 
and FFAs mimicked the unique SC lipid organization; the mixtures form the crystalline LPP 
and SPP, as observed in SC. Furthermore, when isolated porcine or human CER subclasses 
were replaced by their synthetic counterparts with almost uniform chain length, the phase 
behavior of the lipid models was similar to the isolated CERs models, therefore also closely 
resembling the lipid organization of native SC (40-43). A further reduction in CER 
components to 4 or 3 and more recently to only 2 subclasses showed that when selecting 
the proper CER subclasses together with CER EOS and mix them with CHOL and FFAs, the 
models still formed the same lamellar phases and lateral packing (40, 42, 44, 45). This is an 
important finding as simple models with a limited number lipid components are 
compulsory to obtain detailed information about the molecular arrangement, as in these 
studies a replacement of protiated by deuterated lipids is required. 

Lipid models offer the possibility to study changes systematically and to obtain more 
detailed insights into the underlying factors that cause barrier impairment (46-48). As the 
CER NS:CER NP ratio was identified as a possible factor for a dysfunctional barrier in 
inflammatory diseased skin, the aim of the current study is to investigate whether 
changing the CER NS:CER NP molar ratio results in an altered lipid organization and barrier 
function in lipid models. A CER composition that consists of CER NS, CER NP and CER EOS, 
when mixed with CHOL and FFA, has been identified to mimic the phase behavior in SC 
(49).  

In this study different CER NS:CER NP molar ratios were investigated: 1:2, as observed 
in healthy SC, 1:1, and 2:1; the latter mimics the approximate ratio observed in 
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inflammatory skin diseases. We decided to use a simple SC lipid model as this allows us to 
obtain detailed insights about changes in lipid organization and lipid arrangement. In 
human SC, both the LPP and SPP are simultaneously present, however our focus was to 
examine the influence of the CER NS:CER NP ratio exclusively on the LPP. The lipid 
organization, lipid arrangement and barrier functionality were examined in our models. A 
change in CER NS:CER NP ratio did not induce changes in the lipid organization or the lipid 
arrangement of CER NS and CER NP in the LPP unit cell. TEWL was increased for the CER 
NS:CER NP 2:1 model, similarly as observed in clinical studies. These findings imply a 
contribution of the CER NS:CER NP ratio to the skin barrier impairment in vivo, but suggest 
that this might not be the main factor. 

 

 
Figure 1. The molecular structure of the three CERs used in this study. The deuterated acyl chains 
(d47) of CER NP and CER NS are highlighted in red. 

 
MATERIALS AND METHODS 

Materials 

Synthetic CER NP and CER NS with acyl chain lengths of 24 carbons (C24) and a 
sphingosine chain length of 18 carbon atoms (C18), along with CER NP and CER NS with a 
perdeuterated acyl chain (d47) (NPd47 and NSd47) and CER EOS C30 were kindly donated 
by Evonik (Essen, Germany). Lignoceric acid (FFA C24) was purchased from Sigma-Aldrich 
Chemie GmbH (Schnelldorf, Germany) and its deuterated counterpart (DFFA24) was 
supplied by Arc Laboratories BV (Apeldoorn, The Netherlands). CHOL, deuterium oxide 
(D2O), acetate buffer salts, Na2HPO4, KH2PO4, KCl and ethyl-p-aminobenzoate (E-PABA) 
were supplied by Sigma-Aldrich Chemie GmbH (Schnelldorf, Germany). The organic 
solvents (HPLC grade or higher) were purchased from Biosolve BV (Valkenswaard, The 
Netherlands). Nucleopore polycarbonate filter disks with a pore size of 0.05 μm 
(Whatman, Kent, U.K.) were used as sample supports, as well as a silicon substrate 
obtained from Okmetic (Vantaa, Finland). 
 
 

4
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Lipid model compositions  

An equimolar ratio of CER: CHOL: FFA was selected for the lipid models. The concentration 
of CER EOS was 40 mol% of the total CERs to allow an exclusive formation of the LPP 
structure. Furthermore, this also results in a peak separation between crystalline CHOL 
and the fourth-order diffraction peak of the LPP, irrespective of the CER NS:CER NP ratio. 
This is crucial for an accurate analysis of the neutron data. The ratio between CER NS:CER 
NP was changed in the different models (total 60 mol%). Different models were then 
prepared by substituting CER NS, CER NP or FFA C24 with their deuterated counterparts, 
as shown in Table 1.  
 
Table 1. Composition of the lipid models used in this study. The deuterated lipids are indicated in 
bold. 

 
For the neutron studies, CER NS and CER NP were substituted with their deuterated 

counterparts, NSd47 and NPd47 (indicated in the model’s name). To allow a direct 
comparison of the results, the same amount of deuterated lipids should be present in the 
models (20% of total CERs). For this reason, the samples LPP NS:NPd47 1:2 and LPP 
NSd47:NP 2:1 were prepared with a mix of CER NP:NPd47 (1:1) and CER NS:NSd47 (1:1), 

Model Lipid composition Molar ratio 
LPP NS:NP 1:2 CER EOS C30 : CER NS C24 : CER NP C24 : 

CHOL : FFAC24 
0.4:0.2:0.4:1:1 

LPP NS:NP 1:1 CER EOS C30 : CER NS C24 : CER NP C24 : 
CHOL : FFAC24 

0.4:0.3:0.3:1:1 

LPP NS:NP 2:1 CER EOS C30 : CER NS C24 : CER NP C24 : 
CHOL : FFAC24 

0.4:0.4:0.2:1:1 

LPP NSd47:NP 1:2 CER EOS C30 : CER NS C24-d47 : CER NP 
C24 : CHOL : FFAC24 

0.4:0.2:0.4:1:1 

LPP NS:NPd47 1:2 CER EOS C30 : CER NS C24 : (CER NP C24 : 
CER NP C24-d47) : CHOL : FFAC24 

0.4:0.2:(0.2:0.2):1:1 

LPP NSd47:NP 2:1 CER EOS C30 : (CER NS C24 :CER NS C24-
d47) : CER NP C24 : CHOL : FFAC24 

0.4:(0.2:0.2):0.2:1:1 

LPP NS:NPd47 2:1 CER EOS C30 : CER NS C24 : CER NP C24-
d47 : CHOL : FFAC24 

0.4:0.4:0.2:1:1 

LPP NSd47:NP:DFFA 1:2 CER EOS C30 : CER NS C24-d47 : CER NP 
C24 : CHOL : DFFAC24 

0.4:0.2:0.4:1:1 

LPP NS:NPd47:DFFA 1:2 CER EOS C30 : CER NS C24 : CER NP C24-
d47 : CHOL : DFFAC24 

0.4:0.2:0.4:1:1 

LPP NSd47:NPd47:DFFA 1:2 CER EOS C30 : CER NS C24-d47 : CER NP 
C24-d47 : CHOL : DFFAC24 

0.4:0.2:0.4:1:1 

LPP NSd47:NP:DFFA 2:1 CER EOS C30 : CER NS C24-d47 : CER NP 
C24 : CHOL : DFFAC24 

0.4:0.4:0.2:1:1 

LPP NS:NPd47:DFFA 2:1 CER EOS C30 : CER NS C24 : CER NP C24-
d47 : CHOL : DFFAC24 

0.4:0.4:0.2:1:1 

LPP NSd47:NPd47:DFFA 2:1 CER EOS C30 : CER NS C24-d47 : CER NP 
C24-d47 : CHOL : DFFAC24 

0.4:0.4:0.2:1:1 
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respectively. For the FTIR studies both CER NS and CER NP were entirely substituted in the 
models with their perdeuterated counterpart, alongside FFA C24 with DFFA. 
 

Preparation of the lipid models 

Approximately the same sample preparation method was used for the different analysis 
techniques and details are provided in Table 2. The necessary amount of lipids was 
dissolved in the solvent at a concentration of 5 mg/ml. The lipid samples were sprayed 
using a Camag Linomat IV device (Muttenz, Switzerland) under a gentle stream of 
nitrogen, at a spraying rate of 14 s/µl. For the samples prepared for permeability and 
TEWL, a ~12 µm thick lipid layer was obtained (47). All samples were equilibrated using an 
automatic equilibrator with a heating rate of 4°C/min until reaching 95°C, maintained at 
this temperature for 65 min to allow the lipid film to melt, and then slowly cooled to 25°C. 
Prior to the measurements, the samples were hydrated. As different analysis methods 
required different sample supports and nucleopore polycarbonate disks are not resistant 
against chloroform/methanol, in that case we used hexane/ethanol as a solvent. However, 
this does not affect the formation of the lipid membrane (50).  

 
Table 2. Sample preparation details for each analytical technique used in this study. 

Technique Amount 
of lipids 

Solvent Spraying 
area 

Sample support Hydration 

Permeability 1 mg hexane/ 
ethanol (2:1, 
v/v) 

1 x 1 cm2 nucleopore 
polycarbonate 
disk 

1 h, PBS in 
diffusion cell, at 
32°C 

TEWL 1 mg hexane/ 
ethanol (2:1, 
v/v) 

1 x 1 cm2 nucleopore 
polycarbonate 
disk 

30 min, water in 
diffusion cell, room 
temperature 

SAXD 1 mg hexane/ 
ethanol (2:1, 
v/v) 

2 x 3 mm2 nucleopore 
polycarbonate 
disk 

24 h, 80% relative 
humidity, room 
temperature 

FTIR 1 mg chloroform/ 
methanol (2:1, 
v/v) 

1 x 1 cm2 silver bromide 
(AgBr) window 

≥12 h, acetate 
buffer (pH 5) in 
D2O, at 37°C 

Neutron 
diffraction 

10 mg chloroform/ 
methanol (2:1, 
v/v) 

1.2 x 3.8 
cm2 

silicon substrate ≥12 h, D2O/H2O 
buffer (100%, 50%, 
8%), at 37°C 

 

Permeability  

A drug permeation study was performed using Permegear in-line diffusion cells 
(Bethlehem, PA, USA) with a diffusion area of 0.28 cm2. The acceptor phase was 
phosphate buffered saline (PBS, pH 7.4) and the donor phase consisted of a saturated 
ethyl-p-aminobenzoate (E-PABA) solution (0.65 mg/ml concentration, prepared in acetate 
buffer with pH 5). The samples were mounted in the diffusion cells and the temperature 
was maintained at 32°C. The acceptor solution was continuously stirred using a small 

4
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magnetic stirrer and it had a continuous flow of approximatively 2.5 ml/h. To start the 
experiment, E-PABA was added to the donor compartment, which was then covered with 
an adhesive tape. Every hour fractions of the acceptor phase were collected, over 15 h. At 
the end of the experiment the PBS flow was determined by weighing the collected tubes 
and the E-PABA concentration was determined using ultra-high performance liquid 
chromatography (UPLC), as described below. Each sample group consisted of at least 6 
replicates. The steady-state flux of E-PABA was calculated as an average between the 10th 
and 15th hours. Statistical analysis was performed using GraphPad Prism 5 using an one-
way ANOVA test. 
 

UPLC analysis of E-PABA 

UPLC analysis was performed using a validated method, described previously (51). The 
Acquity UPLC system (Waters, Milford, MA, USA) was connected to a UV-VIS detector. The 
column (1.7 µm siloxane hybrid particles) was maintained at 40°C. The mobile phase 
consisted of a mixture of 0.1% trifluoroacetic acid in acetonitrile : Milli-Q (40:60 ratio, v/v), 
with a flow rate of 1 ml/min. 10 µl of each sample and the calibration curve (described 
previously by Uche et al. (51)) were injected. 
 

TEWL 

Trans-epidermal water loss (TEWL) was measured using an AquaFlux AF 200 (Biox Systems 
Ltd., London, UK). This method was previously described by Mojumdar et al. (52). The 
AquaFlux device was tightly connected to the donor compartment of the diffusion cell by 
using a measurement cap (Biox Systems Ltd., London, UK). The TEWL flux of the lipid 
models was recorded for 30 min at a collection rate of 10 s. The average steady-state 
TEWL in the last 10 min of the measurement was calculated and statistical analysis was 
performed using an unpaired t-test in GraphPad Prism 5 to assess the differences between 
two groups (P < 0.05). At least 10 lipid membranes were measured for each of the two 
compositions. 

 

X-ray measurements 

Small-angle X-ray diffraction (SAXD) measurements were performed at the ALBA 
Synchrotron (Barcelona, Spain) at the NCD-SWEET beamline. The distance between the 
detector (Pilatus 1M detector with a pixel array of 981 × 1043, each pixel: 172 × 172 μm2) 
and the sample was 2.148 m. The wavelength of the beam was 0.999 Å. The lipid samples 
were measured at 23°C for 20 s and the setup was calibrated with silver behenate prior to 
the measurements. Each composition was measured twice.  

The two-dimensional scattering plot was integrated over a 90° segment from the 
beam center to obtain the one-dimensional X-ray intensity profiles of the scattering 
intensity (I) as a function of the scattering vector (q). The latter can be calculated as      
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𝑞𝑞 = (4𝜋𝜋 sin 𝜃𝜃)/𝜆𝜆, where q represents the scattering angle and λ is the wavelength. The 
peaks were fitted using the Pearson VII function in Fityk (53) to determine the peak 
positions (qn). The repeat distance (d) of the lamellar phase was calculated by least square 
fitting using the equation 𝑑𝑑 = 2𝑛𝑛𝑛𝑛/𝑞𝑞', where n is the order number of the diffraction 
peak attributed to a lamellar phase. 
 

FTIR Measurements 

A Varian 670-IR spectrometer (Agilent Technologies, Santa Clara, USA) fitted with a 
broadband mercury cadmium telluride detector, cooled by liquid nitrogen, was used to 
perform the FTIR measurements. The spectra were collected at a resolution of 1 cm−1, by 
co-addition of 256 scans over 4 min. The sample chamber was continuously purged with 
dry air for at least 30 min prior to the measurements. The lipid models were measured 
between 10-90°C, with a heating race of 0.25°C/min and the wavenumber range of the 
measurements was 600−4000 cm-1. Data collection and analysis were performed using 
Resolution Pro software (Agilent Technologies, USA), and the spectra were deconvoluted 
using a peak half-width of 4 cm-1 and an enhancement factor of 1.4. Three measurements 
were performed for each composition. 

The thermotropic behavior and conformational ordering of the samples were 
followed by examining the peak positions of the CH2 and CD2 symmetric stretching 
vibrations (νsCH2: wavenumber range 2845-2855 cm-1 and νsCD2: wavenumber range 
2080-2100 cm-1). The mid-phase transition temperatures (orthorhombic – hexagonal: Tm 
O-H; hexagonal – liquid: Tm H-L) were determined by linear regression fitting, as previously 
described (54). CH2 and CD2 scissoring vibrations (δCH2, wavenumber range: 1462-1473 
cm-1; δCD2, wavenumber range: 1085-1095 cm-1) were examined to determine the lipid 
chain packing and their accurate peak positions were determined by fitting Lorentzian 
peaks with an in-house Python script. A peak height ratio (OR/MID) was calculated as an 
average of the peak heights of the two orthorhombic scissoring peaks divided by the peak 
height of the central scissoring peak, to quantitatively assess the chain interactions for 
both δCH2 and δCD2 vibrations. Statistical analysis was performed to determine the 
significance of the results obtained from the peak positions (unpaired t-test, using 
GraphPad Prism 5; results were statistically different when P < 0.05).  

 

Neutron diffraction measurements and data analysis 

The lipid arrangement of the two models with CER NS:CER NP ratios of 1:2 and 2:1 was 
measured using the small-angle neutron scattering (SANS) mode of the LARMOR 
instrument, at the ISIS Neutron and Muon Source (Rutherford Appleton Laboratory, UK). 
The samples were measured with a neutron beam size of 1 × 30 mm, in the wavelength 
range (λ) between 1 – 12.5 Å and a sample angle to the beam of 2.5°. The 3He detector 

4
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was positioned at a distance of 4.4 m from the sample and was set at a 2θ angle of 5° to 
the direct beam, covering an area of 664 × 600 mm with a pixel size of 4 × 8 mm. 

The environment of the sample was kept constant using a sealed, heated aluminum 
chamber and the windows of the chambers were maintained at 42°C to prevent 
condensation. Each sample was measured for 4 h (40 µA/h accelerator proton charge) at 
25°C for each hydration level. The SANS data was normalized to the incident flux shape 
and detector efficiency using a direct beam measurement. An empty chamber was used as 
background measurement, which was subsequently subtracted from each sample. 

The Mantid software framework (55) was used to reduce the neutron scattering data 
to monitor the normalized intensity vs. scattering vector (q), resulting in a range of q 
between 0.032 and 0.991 nm-1. The scattering angle (2θ) was converted to q using Bragg’s 
equation as follows: 

𝑞𝑞 = 4𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋	/	𝜆𝜆 (1) 
The repeat distance (d) of the lamellar phase (LPP) was calculated based on the 

positions of the equidistant Bragg peaks using the following equation: 
𝑑𝑑 = 2𝜋𝜋𝜋𝜋/𝑞𝑞'  (2) 

where n is the diffraction order number of the peak at position qn. 
The scattering length density (SLD) profiles were calculated for each sample using the 

intensity vs. q data. The data analysis method has been previously described (56-58). In 
short, the Bragg peaks were fitted in the Fityk software (using a Pearson VII function) to 
obtain the intensity value of each diffraction order (53). The structure factor amplitude 
(|Fn|) for each diffraction order was calculated using the following formula:  

│𝐹𝐹'│ = 𝐴𝐴'2𝐿𝐿𝐼𝐼	'		  (3) 
The Lorentz correction (L) can be assumed to be L=q, because of the high degree of 

orientation of the lipid lamellae. The correction factor for sample absorption (An) can be 
calculated: 

𝐴𝐴' =
5

678.9
:;< (5>?

@:;<
78.9)

    (4) 

where l represents the lipid sample thickness and µ is the linear attenuation coefficient 
(59). 

The phase signs of |Fn| for the different diffraction orders were calculated using the 
different D2O/H2O hydration buffer levels (100%, 50%, and 8%), as previously described 
(49). First, the Fn values were plotted as a function of the D2O amount in the hydration 
buffer (Figure S1). The LPP unit cell is centrosymmetric, as demonstrated by the linear 
correlation of the relative structure factor amplitudes as a function of the D2O/H2O buffer 
shown in Figure S1. The water molecules are located close to the hydrophilic lipid head 
groups, which are positioned at the boundary of the unit cell of the lamellar phases (57, 
60, 61). As the structure is symmetric, the water profile phase signs can be either negative 
or positive. Assuming that the water is located close to the head groups at the boundary 
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of the unit cell, the slopes of the linear correlation of the structure factors and the buffer 
ratio between 100% and 8% D2O/H2O indicate that the phase signs of the water profile is -
,+,-,+,-,+ for both CER NS:CER NP 1:2 and 2:1 models. These phase signs are in accordance 
with previously described LPP phase signs for the water profile (49, 56, 57, 62, 63).  

Next, the phase signs of the protiated and deuterated lipid samples were individually 
determined based on the negative or positive sign of the Fn at 8% D2O/H2O hydration 
(Figure S1) and appeared to be -,+,-,+,-,+ for all compositions, including those with partly 
deuterated lipids. 

Using the phase signs and the values for the structure factors, the scattering length 
density (SLD, ρ(x)) profile of the LPP unit cell was plotted using Fourier reconstructions 
with equation 5, where x represents the distance in the unit cell (center of the unit cell is 
x=0) (56): 

𝜌𝜌(𝑥𝑥) = 𝐹𝐹D + 2∑ 𝐹𝐹H	𝑐𝑐𝑐𝑐𝑐𝑐 L
,$'M
N
O'PQR

'S5     (5) 

The scattering density per unit volume (F0) was calculated using the chemical 
composition and density of the lipid sample (64, 65). It included one water molecule per 
lipid in agreement with the obtained sample hydration (49). The SLD profiles that provide 
the position of the deuterated lipid chains were obtained from the difference in the SLD 
profiles of the deuterated and protiated samples, with the two samples hydrated at 8% 
D2O/H2O. This hydration level was chosen as the scattering contribution of the buffer at 
8% D2O is zero; therefore, the SLD profiles displayed only the scattering of the lipids.  

The SLD data was calculated on a “relative absolute” scale, following the steps 
previously described (49, 56, 66, 67). This seemingly contradictory term was adopted to 
allow the detailed examination and scaling of diffraction data, as described by Wiener et 
al. (67). Our set of measurements did not include a sample with terminally deuterated 
sphingosine chain of CER NS (NSd7) that was used in previous measurements to calculate 
the relative absolute scale. To correct for this, a scaling factor (Sf) was introduced, which 
was based on previous measurements using the same settings, analysis procedure and a 
similar lipid model: LPP CER NS:CER NP 1:1 model (49). Sf is calculated as a ratio of the 
peak area of NSd7 and NPd47 chains from the CER NS:NP 1:1 model.  

Next, the peak area of the NPd47 SLD profile (in the LPP NS:NPd47 2:1 model of this 
study) was fitted using Fityk. This peak area was then multiplied with Sf to obtain the 
corrected NPd47 peak area scaled to the previous measurements (SLDarea). 

The scattering of the 47 deuterium atoms in the NPd47 acyl chain (SLDdif) was 
calculated by subtracting the scattering of a protiated CER acyl chain (C23H47) from the 
scattering of a deuterated CER acyl chain (C23D47).  

The factor for calculating the absolute SLD values (SLDcorrect) represents the ratio 
between the scattering of the 47 deuterium atoms in the NPd47 chain and the corrected 
peak area of the NPd47 profile: 

𝑆𝑆𝑆𝑆𝑆𝑆WXYY?WZ =
[\]`8a
[\]QmnQ

		    (6) 

4
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This SLDcorrect factor finally was applied to the Fn values, transforming the data to the 
‘relative absolute’ scale. 

This method resulted in deuterated water peaks at the border of the LPP unit cell 
having the same density in all samples hydrated at 100% D2O, including the samples 
measured with deuterated NSd7 in our previous experiments, as expected. 

 

RESULTS 

Increasing the CER NS:CER NP ratio results in a higher TEWL, but no effect on E-PABA 
flux 

E-PABA diffusion studies were performed to investigate the effect of increasing the CER 
NS:CER NP ratio on the permeability of the models (Figure 2A and B). Figure 2A shows the 
average E-PABA flux through the lipid model membranes of the three different CER 
NS:CER NP ratios (1:2, 1:1 and 2:1). The steady state was reached after 10 h and the 
averaged E-PABA steady-state flux calculated between 10 and 15 h is provided in Figure 
2B. In the three groups (n ≥6), the E-PABA flux was very similar (LPP NS:NP 1:2: 2.0 ± 0.3 
µg/cm2/h; LPP NS:NP 1:1: 2.0 ± 0.2 µg/cm2/h; LPP NS:NP 2:1: 2.2 ± 0.37 µg/cm2/h) and 
thus no significant difference was observed between the models. 

 
Figure 2. Permeability of the lipid models: (A) The E-PABA flux through the lipid models over 15 h. 
(B) The average steady-state E-PABA flux between 10-15 h (n≥6). (C) TEWL flux across the model 
membranes, n≥10 (**P < 0.01). All data are presented as mean ± SD. 
 

TEWL measurements were performed on the two models with the molar ratios LPP 
NS:NP 1:2 and LPP NS:NP 2:1 (Figure 2C). The water loss of the LPP NS:NP 2:1 model was 
significantly higher than for the LPP NS:NP 1:2 model (2.34 ± 0.46 g/m2/h compared to 
1.61 ± 0.48 g/m2/h, n≥10); P<0.01. 
 

CER NS:CER NP ratio does not influence the lamellar or the lateral organization 

SAXD studies were performed to obtain information about the lamellar organization of the 
lipid models and the repeat distances of the lamellar phases of the models with a changed 
CER NS:CER NP ratio (1:2, 1:1 and 2:1). The diffraction profiles, displayed in Figure 3A, 
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show a series of nine equidistant peaks, indicating a lamellar phase. The only peaks that 
could not be assigned to this lamellar structure correspond to the phase separated 
crystalline CHOL (with two orders of diffraction at q= 1.8 nm-1 and q= 3.6 nm-1; indicated 
by an asterisk in Figure 3A). The repeat distance of this lamellar phase is 12.6 nm for the 
LPP NS:NP 2:1 model, 12.7 nm for the LPP NS:NP 1:1 model and 12.8 nm for the LPP NS:NP 
1:2 model (Table 3) suggesting a slight increasing trend. The peak intensity distribution 
shows the following order for the first three diffraction peaks: 2nd order has a higher 
intensity than the 1st and 3rd order peaks (Table 3). This intensity distribution is very 
characteristic for the LPP and demonstrates the formation of the LPP in all three models 
(62).  
 
Table 3. The LPP repeat distance (d-spacing) of the samples shown as average (in nm). The peak 
height ratio is calculated as the ratio between the heights of the fitted peaks for the 1st:2nd:3rd 
diffraction orders. 

Lipid model LPP d-spacing (nm) Peak height ratio 
LPP NS:NP 1:2 12.8 1: 1.8: 0.5 
LPP NS:NP 1:1 12.7  1: 1.9: 0.5 
LPP NS:NP 2:1 12.6  1: 2.1: 0.5 

 
In the next step the packing of the lipids within the lamellae were examined. Figure 

3B shows the δCH2 vibrations for the protiated LPP NS:NP 1:2 and LPP NS:NP 2:1 models, 
with two peaks at approximately 1462 cm-1 and 1473 cm-1 and a small central peak at 
1467 cm-1. The exact δCH2 peak position was determined for each sample by peak fitting 
using Python scripts, then the δCH2 peak splitting (distance between the two 
orthorhombic peaks) and the peak height ratio of the two orthorhombic peaks and the 
hexagonal central peak (OR/MID) were calculated. Both models had the same δCH2 peak 
splitting (10.6 ± 0.04 cm-1) and OR/MID peak height ratio (3.00 ± 0.3), therefore no 
difference in the lateral organization was observed. 

Next the symmetric stretching vibrations were examined as a function of 
temperature: the thermotropic curves of the νsCH2 stretching vibrations for the two 
models are provided in Figure 3C. At low temperatures the wavenumber of the stretching 
vibrations is <2849 cm-1 indicating a high conformational order. This remains constant 
until 34°C, then there is an increase of the νsCH2 wavenumber, indicating a lower 
conformational ordering of the chains. As the scissoring vibrations indicated the presence 
of an orthorhombic packing at 10°C, this transition is from an orthorhombic to hexagonal 
phase, which is confirmed by the scissoring vibrations (not shown). The two mixtures 
showed similar mid-phase transition temperature for LPP NS:NP 1:2 (Tm O-H 37.8 ± 1.2 °C, 
Tm H-L 68.7 ± 1.6 °C) and LPP NS:NP 2:1 (Tm O-H: 36.4 ± 0.7 °C, Tm H-L: 65.9 ± 0.3 °C) (Figure 
3C). Increasing the temperature further results in a second phase transition from 
hexagonal to isotropic phase.   

4
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Even though 32°C is the skin temperature in vivo (also used for the permeability 
measurements in this study), the conformational order of the lipid models is provided at 
10°C, as 32°C is close to the transition temperature from the orthorhombic – hexagonal 
phase. 

 
Figure 3. (A) X-ray diffraction profiles of the lipid models. The three CER NS:CER NP ratios: 1:2 (blue), 
1:1 (orange) and 2:1 (green). The LPP diffraction orders are indicated with Arabic numbers and the 
asterisk (*) indicates the phase separated crystalline CHOL peaks. The insert represents a zoom in of 
the q=2.4 – 4.6 nm-1 range. (B) The δCH2 vibrations of the two protiated models, measured at 10°C. 
(C) Thermotropic curve of the νsCH2 vibrations for the protiated samples, LPP NS:NP 1:2 and LPP 
NS:NP 2:1. The wavenumbers of the νsCH2 peak position are plotted as a function of temperature 
(10-90°C). The FTIR data is shown as an average of 3 measurements for each composition. 
 
Stretching vibrations do not indicate phase separation in the models 
The lipid mixing and homogeneity of the samples were examined by replacing protiated 
chains with their deuterated counterparts. Figure S2 (Supplementary Material) displays 
the thermotropic behavior of the lipid models with deuterated acyl chains of CER NS and 
CER NP and deuterated FFA (LPP NS:NPd47:DFFA 1:2, LPP:NSd47:NP:DFFA 1:2, LPP 
NSd47:NPd47:DFFA 1:2, LPP NS:NPd47:DFFA 2:1, LPP:NSd47:NP:DFFA 2:1 and LPP 
NSd47:NPd47:DFFA 2:1). This shows that for both CER NS:CER NP ratios with deuterated 
acyl chain of CER NP and DFFA (Figure S2 A, D) and with deuterated acyl chain of CER NS 
and DFFA (Figure S2 B, E) a similar thermotropic response of the νsCH2 and νsCD2 
vibrations is detected. As an increase of the νsCH2 wavenumber is observed at ~34°C, 
similar to LPP NS:NP 1:2 and LPP NS:NP 2:1, indicating a shift in the conformational 
ordering probably caused by an orthorhombic to hexagonal phase transition, as an 



636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban
Processed on: 25-3-2024Processed on: 25-3-2024Processed on: 25-3-2024Processed on: 25-3-2024 PDF page: 107PDF page: 107PDF page: 107PDF page: 107

 107 
 

orthorhombic lateral packing is present at 10°C. The samples with both the acyl chains of 
CER NS and CER NP and FFAC24 deuterated had a νsCH2 peak position at ~2850.9 cm-1 at 
10°C, which was ~ 0.6 cm-1 higher than the samples with only one of the acyl chains 
deuterated (Figure S2 C, F). This elevated value represents an indication of a slightly higher 
conformational disordering of the protiated chains in these two fully deuterated models 
compared to the chains in the fully protiated samples.  

The protiated and deuterated lipids had the same melting behavior in all six models 
presented in Figure S2, with a shift in νsCH2 and νsCD2 vibrations starting at ~60°C, 
indicating that the transition from hexagonal to liquid isotropic phase is occurring at 
approximately the same temperatures (Table S1). This indicates that the protiated and 
deuterated lipids undergo phase transitions simultaneously with increasing temperature, 
implying that the lipid chains mix thoroughly and there are no separated lipid domains in 
any of the six deuterated models. These results suggest that the altered CER NS:CER NP 
molar ratio, which only changes the lipid head group structure, does not influence the 
homogeneous mixing behavior of the compositions with CER NS:CER NP ratio of 1:2 and 
2:1. The scissoring vibrations are used to obtain a more detailed insight in the mixing 
behavior of the lipids, as described below.  

 

Molecular arrangement of the LPP unit is not influenced by the CER NS:CER NP ratio 
change 

The effect of a change in CER NS:CER NP ratio on the location of the deuterated acyl 
chains of CER NS and CER NP in the LPP unit was examined with SANS. This was studied in 
models with the CER NS:CER NP ratio of 1:2 and 2:1. The one-dimensional plots of the 
intensity as function of the scattering vector q showed equidistant peaks attributed to the 
LPP (Figure 4).  

 
Figure 4. SANS one-dimensional plots of the six lipid models corresponding to the two CER NS:CER 
NP ratio systems (1:2 and 2:1), hydrated at 100% D2O/H2O buffer. The intensity plotted as a function 
of the scattering vector (q) shows the equidistant Bragg peaks corresponding to the first six 
diffraction peaks of the LPP and the insert displays a zoom-in of the 1.7-3.5 nm-1 region. The phase-
separated crystalline CHOL peak is indicated by an asterisk. 

4
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The d-spacing of the unit cell was calculated and its value was 12.5 ± 0.03 nm for all 
samples, without a difference based on the CER NS:CER NP ratio. The phase-separated 
crystalline CHOL peak was observed at q=1.8 nm-1 and did not overlap the LPP diffraction 
peaks, allowing the integration of all the diffraction orders.  

The SLD profiles of each model, with the three hydration levels (8%, 50% and 100% 
D2O/H2O), were determined after the calculation of the structure factors and phase signs 
(Eq. 5). The water SLD profiles were calculated as the difference between the SLD profile 
intensity of the protiated sample hydrated at 100% D2O/H2O and the SLD profile intensity 
of the same sample hydrated at 8% D2O/H2O buffer (Figure 5 A,C). Apart from the two 
regions at the unit cell border (located at 6.3 ± 0.1 nm from the center of the unit cell), the 
water profiles of the two protiated samples (LPP NS:NP 1:2 and LPP NS:NP 2:1) also show 
two inner water regions positioned at 2.2 ± 0.1 nm from the center of the unit cell (Figure 
5 B,D). The location of the water molecules corresponds to the lipid head group region. 
This demonstrates that the LPP has a centrosymmetric trilayer structure, in agreement 
with previous studies (56, 57).  

The SLD profiles of the deuterated samples were examined to determine if a change 
in the CER NS:CER NP ratio affected the lipid arrangement in the LPP unit. The positions of 
the deuterated acyl chains of CER NS and CER NP were determined by subtracting the SLD 
profile of the protiated sample from the SLD profile of the deuterated sample, both 
hydrated at 8% D2O/H2O buffer. The 8% D2O/H2O hydrated models were used, as there is 
no contribution of water to the SLD profile at this ratio. The resulting SLD profiles 
indicated the positions of the deuterated moieties in the LPP unit (Figure 5 E-H). The SLD 
profile corresponding to the LPP NS:NPd47 1:2 model displayed a high SLD intensity in the 
center of the unit cell; however, a slight elevation of the SLD was also observed in the 
outer layers of the LPP (Figure 5E). This suggests that the deuterated acyl chain of CER NP 
is predominantly located in the central layer of the LPP, with a small fraction located in the 
outer layers at the unit cell boundary. The SLD profile of the LPP NSd47:NP 1:2 model 
showed the same distribution, indicating that the acyl chain of CER NS has the same 
location as the acyl chain of CER NP (Figure 5F).  

Increasing the CER NS concentration (LPP NS:NP 2:1 model) did not influence the 
location of the acyl chains of CER NS and CER NP in the LPP unit of this model, as the same 
arrangement of the lipids was observed (Figure 5 G,H). Each lipid model consisted overall 
of 20% NSd47 or NPd47, which represents 6.6% of total lipids, to ensure an equal number 
of deuterated chains to be examined by neutron diffraction and to avoid an overload of 
the detector. The relative absolute intensities of the SLD profiles were similar among the 
models indicating that the change of the CER NS:CER NP ratio did not result in any 
differences between the positions of the deuterated acyl chains of CER NS and CER NP in 
the LPP unit. 
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Figure 5. The neutron SLD profiles of: (A) The LPP NS:NP 1:2 protiated sample, measured at 100% 
D2O/H2O hydration and 8% D2O/H2O hydration; (B) The resulting water profile of the LPP NS:NP 1:2 
sample; (C) LPP NS:NP 2:1 protiated sample, with the two hydration levels 100% D2O/H2O and 8% 
D2O/H2O; (D) Water profile of the LPP NS:NP 2:1 model; (E-H) SLD profiles of the acyl chains of CER 
NP and CER NS in the LPP NS:NP 1:2 models (E,F) and LPP NS:NP 2:1 models (G,H). 

 
 

 

4
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CER NS and CER NP both adopt the extended conformation regardless of the CER NS:CER 
NP ratio 

The interaction of the lipid chains was further investigated by examining the shape and 
the splitting of the δCD2 (Figure 6 A,B) and δCH2 vibrations in the FTIR spectra (Figure 6 
C,D). When hydrocarbon chains are packed close to each other (orthorhombic packing), 
the CH2 groups interact and CH2-CH2 short-range coupling occurs creating two peaks in the 
δCH2 vibrations. The δCH2 peak splitting distance depends on the size of the formed 
orthorhombic lipid domain. A splitting of the scissoring vibrations is also noticed for 
deuterated samples where the CH2 chains are replaced by CD2 chains. The δCH2 and δCD2 
vibrations have a large vibrational energy difference (CH2 in the range of 1470 cm-1 and for 
CD2 around 1090 cm-1). In deuterated lipid models, if the deuterated chains are located in 
close proximity forming large domains, the δCD2 peak to peak distance increases. It 
reaches a maximum peak to peak distance when the domains are around 100 chains (68, 
69). The δCD2 peak positions are around 1085 cm-1 and 1091 cm-1, inducing a very deep 
minimum. However, when protiated and deuterated chains are neighboring and 
participate in the same orthorhombic lattice, CH2-CD2 chain interactions occur and as a 
consequence of the different vibrational energy, the short-range coupling of the CD2-CD2 
chains is lost. This results in the formation of a central single peak in the δCD2 vibration at 
around 1088.5 cm-1, located in between the 1085 cm-1 and 1091 cm-1, thus a shallower 
depth between the two orthorhombic peaks is observed. 

A smaller δCD2 splitting distance indicates a decreased deuterated lipid domain size. 
For pure DFFA24 the peak splitting value is 7.3 ± 0.1 cm-1, which is the maximum splitting 
that can be obtained for large deuterated domains (not shown). In the lipid model LPP 
NSd47:NPd47:DFFA 1:2, where the acyl chains of both CER NS and CER NP are deuterated 
together with DFFA, the calculated δCD2 peak splitting distance is 6.2 ± 0.1 cm-1 (Table 4). 
This demonstrates that large deuterated lipid domains are formed in the system. To be 
able to form such large domains, a majority of DFFA chains should be located in proximity 
of the deuterated acyl chains of CER NS and CER NP in the central layer of the LPP unit. To 
examine whether domains of mixed protiated and deuterated lipids occur, resulting in 
CD2-CH2 interaction, the peak height ratio between the two orthorhombic scissoring 
modes (OR: 1085 cm-1 and 1091 cm-1) and the central scissoring mode (MID: 1088.5 cm-1) 
was calculated by peak fitting, resulting in a value of 5.5 ± 0.1 (OR/MID ratio; Table 4). This 
value indicates a low number of CD2-CH2 interactions compared to the CD2-CD2 
interactions. As sphingosine and phytosphingosine chains are protiated, this demonstrates 
that the sphingosine chains are hardly present in the central layer of the LPP.  
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Figure 6. (A) The δCD2 vibrations for the partially deuterated CER NS:CER NP 1:2 ratio models and (B) 
CER NS:CER NP 2:1 ratio models measured at 10°C. (C) The δCH2 vibrations for the CER NS:CER NP 
1:2 models and (D) CER NS:CER NP 2:1 models. Each lipid model is annotated in the graph. The δCD2 
peak splitting values were calculated as the difference between the peak positions of the two peaks 
and are listed in Table 4. 
 
Table 4. δCD2 peak splitting and the δCD2 peak height ratio (OR/MID) of the six deuterated LPP 
models, at 10°C. Data is shown as an average of 3 measurements for each composition ± SD. 

Lipid model δCD2 peak splitting (cm-1) δCD2 peak height ratio 
(OR/MID) 

LPP NSd47:NP:DFFA 1:2 4.8 ± 0.1 3.8 ± 0.1 
LPP NS:NPd47:DFFA 1:2 5.4 ± 0.1 5.0 ± 0.0 
LPP NSd47:NPd47:DFFA 1:2 6.2 ± 0.0 5.4 ± 0.1 
LPP NSd47:NP:DFFA 2:1 5.5 ± 0.1 5.0 ± 0.0 
LPP NS:NPd47:DFFA 2:1 4.7 ± 0.1 3.9 ± 0.1 
LPP NSd47:NPd47:DFFA 2:1 6.3 ± 0.0 5.5 ± 0.1 

 
When CER NPd47 is replaced by protiated CER NP resulting in the LPP NSd47:NP:DFFA 

1:2 model, the δCD2 peak splitting reduces to 4.8 ± 0.1 cm-1, indicating smaller deuterated 
lipid domains (Table 4). The OR/MID peak height ratio of this sample is decreased in 
comparison with the model with three deuterated lipids described above, resulting in a 

4



636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban
Processed on: 25-3-2024Processed on: 25-3-2024Processed on: 25-3-2024Processed on: 25-3-2024 PDF page: 112PDF page: 112PDF page: 112PDF page: 112

112 
 

value of 3.8 ± 0.1, indicating that in this sample there are relatively less CD2-CD2 chain 
interactions compared to the CD2-CD2 chain interactions in the LPP NSd47:NPd47:DFFA 1:2 
model. This demonstrates that the deuterated CER NP acyl chain was a significant part of 
the deuterated domain formed in the LPP NSd47:NPd47:DFFA 1:2 system.  

Next, CER NSd47 was exchanged for the protiated CER NS (LPP NS:NPd47:DFFA 1:2 
model). The δCD2 peak splitting distance of this model is 5.4 ± 0.1 cm-1, which is also a 
lower value compared to the LPP NSd47:NPd47:DFFA 1:2 model, indicating that the acyl 
chain of CER NS was also part of the large deuterated domains. The values of the δCD2 
peak splitting distance and peak height ratio are also lower in comparison with the 
LPP:NS:NPd47:DFFA 1:2 model, as shown by the data in Table 4. This difference is caused 
by the lower concentration of CER NS compared to CER NP in the LPP NS:NP 1:2 ratio 
model (CER NS represents 20% of the total CERs, while the CER NP concentration is 40%).  

When analyzing the lipid models with the CER NS:CER NP ratio of 2:1, a similar trend 
to the 1:2 models was observed (Figure 6B). The fully deuterated model (LPP 
NSd47:NPd47:DFFA 2:1) has a large δCD2 peak splitting distance of 6.3 ± 0.0 cm-1, 
comparable to the 1:2 model with the same deuterated lipids composition. This indicates 
that size of the deuterated domains in the two compositions is very similar. Furthermore, 
comparable results are obtained for the partially deuterated models LPP NSd47:NP:DFFA 
2:1 and LPP NS:NPd47:DFFA 2:1, where the δCD2 peak splitting distance is 5.5 ± 0.1 cm-1 
and 4.7 ± 0.1 cm-1 and the OR/MID peak height ratios of 5 and 3.9 respectively (Table 4). 
This reveals that the deuterated acyl chains of CER NS and CER NP are indeed part of the 
large deuterated domains of the CER NS:CER NP 2:1 models. The difference in the δCD2 
peak splitting values between the LPP NSd47:NP:DFFA 2:1 and LPP NS:NPd47:DFFA 2:1 
models (observed from Figure 6B and Table 4) are caused by the different concentrations 
of the deuterated CER NS and CER NP in the model.  

When comparing the peak splitting of the LPP NSd47:NP:DFFA with the LPP 
NS:NPd47:DFFA models, the peak splitting distances and δCD2 peak height ratios were 
similar when the same fraction of deuterated CERs was compared for both the 1:2 and 2:1 
models (Table 4).  

The δCH2 vibrations of all these partially deuterated LPP models show a single peak at 
1468 cm-1 at 10 °C (Figure 6 C,D). This indicates that the protiated lipid chains were well 
mixed with the deuterated lipid chains and they did not form phase separated protiated 
lipid domains. Possibly a fraction of the protiated chains may also be in a hexagonal 
packing contributing to the single peak at 1468 cm-1. Figure 6C and D also indicate that the 
δCH2 vibrations of the LPP NSd47:NP:DFFA 1:2 and LPP NS:NPd47:DFFA 2:1 models show a 
broader peak. The lower level of deuterated lipid compared to the models LPP 
NS:NPd47:DFFA 1:2 and LPP NSd47:NP:DFFA 2:1 may play a role here as this reduced the 
CD2-CH2 interactions and increased the CH2-CH2 interactions. 
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DISCUSSION 

In living cell membranes CERs are in competition with CHOL to interact with the amide 
group of sphingomyelin by forming a network of hydrogen bonds. These interactions are 
of interest as they play a role in the formation of lipid rafts (70). In SC the situation is 
different as hardly no phospholipids are present. However, CHOL and CERs form stable 
membranes, even in the absence of FFAs, and strongly interact with each other (39). This 
strong interaction is important, as the SC serves as a barrier to minimize the permeation 
of compounds to the viable epidermis.  

The present study aimed to investigate the effect of changing the CER NS:CER NP 
molar ratio on the composition of a simple lipid model consisting of CER EOS, CER NS, CER 
NP, CHOL and FFA C24. The lipid organization, lipid chain interactions, lipid arrangement 
and barrier functionality of these models were examined, as previous studies have shown 
that an altered CER NS:CER NP ratio represents one of the lipid compositional changes in 
the SC of inflammatory skin diseases (29, 34-36). The results of this study showed that the 
position of CER NS and CER NP in the unit cell is very similar and that varying the CER 
NS:CER NP ratio (1:2 and 2:1) did not influence the location of the acyl chains of CER NS 
and CER NP in the LPP unit. Both of these acyl chains were mainly positioned in the inner 
layer, but with a minor part located in the outer layers of the LPP, similar to a recent study 
on a LPP model with a CER NS:CER NP 1:1 ratio (49). A schematic drawing of the unit cell 
lipid arrangement is provided in Supplemental Figure S3.  

Lipid models prepared either with isolated CERs (porcine or human origin) or 
synthetic CERs, along CHOL and FFAs have been shown to mimic the unique phase 
behavior of native SC (37-42). Previous studies reported the same lipid organization and 
molecular arrangement both in lipid models with a larger number of lipid subclasses 
(complex models) and in simpler compositions with only two CER subclasses (49, 56, 63). 
This important finding allowed the use of lipid models with limited number of components 
for understanding the molecular arrangement of lipids in SC models. Thus, the findings of 
this study using simple lipid compositions can be extrapolated both to the complex lipid 
models (with synthetic or isolated CERs) and to the SC lipid matrix. 

The similar arrangement and location of CER NS and CER NP in the LPP unit cell 
regardless of the molar ratios represents an indication of the adaptability of the SC 
lamellar phase to changes in the lipid head group structure. This can represent a possible 
reason why the CER composition in murine and porcine SC (both having CER NS as the 
most abundant CER subclass) is very different from that in human SC (having CER NP as an 
abundant CER subclass), while the phase behavior in SC of these three species is very 
similar (10, 71). The linear conformation of the CERs in these lipid models allows a tighter 
packing of the lipid chains, which is favorable for the skin barrier. Overall, apart from the 
relevance to inflammatory skin diseases, the results of this study enhance the 
understanding of the lipid organization in SC of various species. 

4
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Location and conformation of CER NS and CER NP not affected by the changes in 
composition 

Neutron diffraction was used to localize the acyl chains of CER NS and CER NP in the LPP 
unit of the LPP NS:NP 1:2 and LPP NS:NP 2:1 models. The SLD profiles obtained showed 
that the deuterated acyl chains of CER NS and CER NP had the same location in the LPP 
unit cell, predominantly in the central layer, with a small fraction in the outer layers of the 
repeating unit, for both the CER NS:CER NP 1:2 and 2:1 models. The large splitting of the 
δCD2 vibrations in the FTIR spectra revealed large deuterated lipid domains in the LPP of 
the models LPP NSd47:NPd47:DFFA (1:2 and 2:1 ratio), suggesting that the deuterated acyl 
chains of CER NS, CER NP and DFFA are neighboring. Therefore, it can be concluded that 
the CER acyl chains and the FFA are in close proximity in the inner layer of the LPP unit 
cell. 

Besides the large splitting, the deep minimum between the two δCD2 peaks of the 
LPP NSd47:NPd47:DFFA model also indicates that the CD2-CH2 interactions are reduced to 
a minimum in the two models. Therefore, CER NS and CER NP with the headgroup located 
in the two central head group regions adopt primarily an extended conformation, allowing 
for the acyl chains and FFAs to be in close proximity in the inner layer. It is unlikely that 
the deuterated acyl chains of CER NS and CER NP interact with the protonated sphingoid 
bases of these CERs (as would be the case if the CERs adopted hairpin conformations) as 
this would introduce extensive CD2-CH2 interactions. Furthermore, our results 
demonstrate that the conformations of CER NS and CER NP are not influenced by the 
change of the CER NS:CER NP molar ratio. A similar location of the acyl chains of CER NS 
and CER NP and an extended conformation of these CERs were also encountered in a LPP 
NS:NP 1:1 model, described in a recent study (49).  

The results of this study demonstrate the adaptability of the LPP unit cell organization 
to changes in the CER head group architecture: partial replacement of CER NS that has a 
double bond close to the head group region by CER NP with a C4-hydroxyl group on that 
position does not affect the lipid arrangement in the unit cell of the LPP.  

 

Choice of CER NS:CER NP ratio for the models 

 In inflammatory skin diseases such as atopic dermatitis, psoriasis and Netherton 
syndrome, alongside an altered SC lipid composition and organization compared to 
control SC, an altered skin barrier function has been reported, often monitored by TEWL 
(4, 29-31). A strong correlation has been shown between an increased CER NS:CER NP 
molar ratio and elevated TEWL (36), which might therefore represent an important 
contribution to the impaired skin barrier function. In healthy SC, the approximate molar 
ratio of CER NS:CER NP is 1:2.3, while in diseased skin, it is increased to 1:1 or even higher, 
depending on the severity of the disease (4, 36). Therefore, in this study we used a CER 
NS:CER NP 1:2 molar ratio as a model for control (healthy) skin, while the models with a 
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CER NS:CER NP ratio 2:1 and CER NS:CER NP 1:1 used in our previous study mimic the 
variation in ratios observed in diseased skin (49). Similarly as in atopic eczema patients, we 
observed an elevated TEWL when increasing the CER NS:CER NP ratio, an indication that a 
CER head group change results in an impaired skin barrier function. However, we did not 
observe an increase in the flux of E-PABA through the lipid membrane. As the hydrogen 
bonding between the head groups is more extensive for CER NP than for CER NS (72, 73), 
this may cause the water molecules to interact more with the CER head groups in the LPP 
NS:NP 1:2 model, forming hydrogen bonds and reducing the TEWL flux. Due to its 
structure, E-PABA may form less hydrogen bonds with the CER headgroup and this could 
be a reason for the similar E-PABA flux of the two models. 

In this study we varied CER NS:CER NP ratio, while keeping the CER chain lengths 
equal. Previous clinical studies observed that in atopic dermatitis, psoriasis and seborrheic 
dermatitis patients the CER NS:CER NP ratio correlates with the TEWL (32, 36, 74). 
However, besides the increase in the CER NS:CER NP ratio, a simultaneous reduction in 
chain length also occurs in vivo, as the CER NS subclass contains a higher level of CER C34 
than CER NP (20, 21, 75). Since we keep the CER chain lengths the same in our models, we 
demonstrate that a change exclusively in the CER NS:CER NP molar ratio affects the lipid 
barrier. A recent study by Rousel et al. also showed a strong correlation between the CER 
NS:CER NP total ratio and the TEWL in SC of seborrheic dermatitis patients (32). In this 
study, when narrowing the chain length distribution of CER NS and CER NP between C40 
and C53 (total number of carbon atoms), while excluding the influence of C34 CERs, an 
excellent correlation between the molar ratio CER NS:CER NP and TEWL is still observed in 
patients (Supplemental Figure S4), confirming that the change in CER head group ratio 
plays a role in the impaired skin barrier function as well. In agreement with our results, 
another study showed that the permeability of a LPP lipid membrane comprised of 60% 
CER NS C24 / 40% CER EOS was also significantly higher than that of a model with 60% CER 
NP / 40% CER EOS (51). 

 

Conformational ordering of the lipid models 

An increase in the νsCH2 wavenumber at 10°C was observed for the LPP 
NSd47:NPd47:DFFA (1:2 and 2:1 ratios) models in comparison with the protiated samples 
LPP NS:NP (1:2 and 2:1) and the LPP NSd47:NP:DFFA and LPP NS:NPd47:DFFA models. 
Possibly the sphingoid bases have a lower conformational ordering than the acyl chain of 
the CERs and FFAs and a fraction of these might be in a hexagonal packing, as also 
indicated by the single peak in the δCH2 vibrations in the membranes of the LPP 
NSd47:NPd47:DFFA 1:2 and 2:1 ratios, as the level of deuterated chains in the outer layers 
is expected to be low. However, an increase can also be caused by changes in 
intermolecular coupling between the chains, which increases the frequency of the νsCH2 

wavenumber in the partly deuterated samples (76). This effect is more pronounced for the 
νsCH2 vibration, as intermolecular coupling does not affect the νsCH2 and νsCD2 bands to 
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the same extent. The νsCH2 vibrations of the deuterated models (LPP NSd47:NPd47:DFFA 
1:2 and 2:1 ratios) show an increase of the wavenumber between 30-40°C, characteristic 
for a phase transition from orthorhombic to hexagonal packing, however, there is a singlet 
observed in the δCH2 vibrations. These results indicate that besides the hexagonal 
packing, a part of the protiated lipids is in an orthorhombic phase: sphingosine chain of 
CER NS, phytosphingosine chain of CER NP, alongside the CER EOS and CHOL, which are all 
located in the outer layers of the LPP unit cell (Supplemental Figure S3). The increased 
width of the singlet peak of the δCH2 vibrations at 1468 cm-1 in the LPP NSd47:NP:DFFA 
1:2 and LPP NS:NPd47:DFFA 2:1 compositions indicates that indeed small fractions of the 
acyl chains of CER NS and CER NP are present in the outer layers of the LPP, partitioning in 
an orthorhombic packing.  

 

CONCLUSION 

This study investigated the effect of systematically changing the molar ratio of CER NS and 
CER NP in lipid models that mimic the lipid organization of the SC. This is one of the lipid 
compositional changes previously reported in inflammatory skin diseases correlating with 
skin barrier impairment. Our findings show that an increased CER NS:CER NP molar ratio 
(mimicking the diseased SC ratio) does not alter the lipid organization and molecular 
arrangement of the LPP, while the TEWL was increased in the LPP NS:NP 2:1 model, 
suggesting an impaired barrier function for water. This indicates that the CER NS:CER NP 
molar ratio might impair the skin barrier function irrespective of a change in chain length 
observed simultaneously in clinical studies. The similar lipid organization and arrangement 
reported in the lipid models investigated in this study demonstrate the adaptability of the 
LPP to small changes in the CER head group structure.  
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SUPPLEMENTAL INFORMATION 
 

 
Figure S1. The relative structure factors (F) for the six diffraction orders of the LPP NS:NP, LPP 
NS:NPd47, LPP NSd47:NP models with the two CER NS:CER NP molar ratios. The Fs are plotted as a 
function of the percentage of D2O in the D2O/H2O hydration buffers. The graphs were fitted using 
linear regression. The diffraction orders are each represented by different colors and symbols: 1st 
(circle, dark blue), 2nd (square, red), 3rd (triangle, green), 4th (triangle, orange), 5th (diamond, light 
blue), 6th (cross, purple). 
 

 
Figure S2. Thermotropic curves of the νsCH2 and νsCD2 vibrations for the CER NS:CER NP 1:2 and 2:1 
ratio models with different deuterated chains. The wavenumbers of the νsCH2 and νsCD2 peak 
positions (left and right y-axis) are plotted in the 10-90°C temperature range. Data shown as an 
average of 3 measurements for each composition. 

4
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Figure S3. The molecular arrangement of the trilayer structure of the LPP unit cell in a CER EOS C30: 
CER NS C24: CER NP C24: CHOL: FFA C24 (0.4:0.3:0.3:1:1) model. Reprinted from Nădăban et al. (1). 
CER NS is depicted in red, CER NP in blue, and CER EOS, CHOL and FFA C24 are drawn in black.  
 

 
Figure S4. Correlation between the CER NS:CER NP ratio with CER chain lengths between C40 – C54 
carbon atoms and TEWL from lesional and non-lesional SC of seborrheic dermatitis subjects. This 
data is part of the clinical study on 37 subjects described by Rousel et al. (2). The correlation is 
shown with the Pearson’s correlation coefficient. Tape-strips were collected from subjects, the lipids 
were extracted and quantitatively analyzed using liquid chromatography – mass spectrometry (LC-
MS). TEWL measurements were conducted on the subjects prior to the tape-stripping. The materials 
and methods of this study can be found in Rousel et al. (2). 
 
 
Table S1. The average mid-transition temperatures (Tm) of the orthorhombic to hexagonal (O-H) 
phase and hexagonal to liquid (H-L) phase transitions for the six deuterated models. The data is 
shown as the average of 3 measurements for each composition, with the standard deviation. 

Model Tm O-H (°C)  Tm H-L (°C) 
LPP NSd47:NP:DFFA 1:2 37.7 ± 1.5 66.9 ± 1.5 
LPP NS:NPd47:DFFA 1:2 36.6 ± 1.1 66.3 ± 0.6 
LPP NSd47:NPd47:DFFA 1:2 35.3 ± 0.4 65.5 ± 0.4 
LPP NSd47:NP:DFFA 2:1 37.0 ± 0.5 64.7 ± 0.5 
LPP NS:NPd47:DFFA 2:1 39.1 ± 0.9 65.8 ± 1.0 
LPP NSd47:NPd47:DFFA 2:1 36.8 ± 0.7 63.7 ± 0.3 
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ABSTRACT 

The lipids located in the outermost layer of the skin, known as the stratum corneum (SC), 
play a crucial role in maintaining the barrier function of the skin. The primary components 
of the SC lipid matrix are ceramides (CERs), cholesterol (CHOL) and free fatty acids (FFAs). 
They form two crystalline lamellar phases, the long periodicity phase and short periodicity 
phase, referred to as the LPP and SPP, respectively. In inflammatory skin conditions like 
atopic dermatitis and psoriasis, there are alterations in the SC CER composition, such as an 
increased concentration of a sphingosine-based CER (CER NS), while the concentration of 
a phytosphingosine-based CER (CER NP) is decreased. In this study, a lipid model was 
created exclusively forming the SPP, to investigate whether alterations in the CER NS:CER 
NP molar ratio would affect the lipid organization and whether the arrangement of the 
lipids is similar as observed in the LPP. Lipid models were prepared using CER NS: CER NP 
at ratios of 1:2 (mimicking a healthy SC ratio) and 2:1 (ratio observed in inflammatory skin 
diseases). The CERs were combined with CHOL and FFA C24. The findings indicate that the 
acyl chains of CER NS and CER NP and FFAs are in close proximity within the SPP unit cell, 
similarly as observed for the LPP. This also implies that CER NS and CER NP adopt an 
extended CER conformation in the SPP unit, resembling the arrangement in the inner layer 
of LPP models. The two compositions showed slightly different hydrogen bonding 
networks, which might be attributed to intermolecular hydrogen bonding interactions 
among the CER NP head groups. 
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INTRODUCTION 

Ceramides (CERs) represent one of the main lipid classes of the intercellular regions of the 
outermost layer of the skin, the stratum corneum (SC). CERs belong to the group of 
sphingolipids, an important component of biological membranes, which are involved in 
different biological processes like cell proliferation, differentiation and apoptosis (1, 2). 
CERs, along with cholesterol (CHOL) and free fatty acids (FFAs), form the highly organized 
lipid matrix of the SC, which restricts water loss and preventing the permeation of 
pathogens and other hazardous materials into the body (3-6). The SC lipid matrix does not 
include phospholipids, in contrast with other biological membranes (7). 

The organization of SC lipids is different from other membranes with high CHOL 
content. In those membranes often a liquid ordered phase is present (8). Lipids in human 
SC are organized into two coexisting crystalline lamellar phases with repeat distances of 
~13 nm and ~6 nm called the long and short periodicity phases (LPP and SPP), respectively 
(9-11). Previous studies have shown that the esterified ω-hydroxy sphingosine ceramide 
(CER EOS) plays an important role in the formation of the LPP (12, 13). When CER EOS is 
not present in the lipid model systems, only the SPP is formed. A gradual increase in CER 
EOS concentration enhances the formation of the LPP in SC lipid model systems and in SC 
at the expense of the SPP (14).  

Within the LPP and SPP phases, the lipid chains can have different packing densities 
within the lamellae, referred to as the lateral organization: orthorhombic (ordered phase, 
very dense packing of lipids), hexagonal (ordered phase, but less dense packing) or liquid 
phase (disordered lipid packing) (15-17). The human SC lipids mainly adopt an 
orthorhombic packing, with a smaller fraction of lipids forming a hexagonal packing. Even 
small liquid domains have been reported in human SC (18).  

The SC lipids play a crucial role in the skin barrier function (5, 19). Changes in the SC 
lipid composition have been reported in inflammatory skin diseases, like psoriasis, atopic 
dermatitis or seborrheic dermatitis (19-25). Among the different lipid compositional 
changes, the altered ratio of the CERs containing non-hydroxy acyl chains linked to a 
sphingosine chain (CER NS) and a phytosphingosine chain (CER NP) is often encountered in 
diseased SC, and it was reported to correlate with an impaired skin barrier (23, 25, 26). 
The effect of the CER NS:CER NP molar ratio on the lipid organization and barrier function 
was recently studied using a lipid model that formed exclusively the LPP (27). The aim of 
this study was to investigate the effect of a variation of this ratio in a lipid model of which 
the lipids form only the SPP (in the absence of CER EOS).  

The study was performed using lipid models that mimic important aspects of the SC 
lipid organization. Previously, it was shown that lipid models consisting of isolated CERs 
(extracted from porcine or human SC) mixed with CHOL and FFAs can mimic the unique 
lamellar organization of the SC lipids (28-30). Moreover, replacing the isolated porcine or 
human CERs with their synthetic counterparts did not affect the lamellar phase behavior 

5
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of the lipid models, which still mimicked the native SC lipid organization (31-35). The CER 
composition of lipid models forming only the SPP varied in different studies from a mix of 
CER subclasses alongside CHOL and FFAs, to systems which only included a single CER 
subclass, with most of the studies focusing on CER NS (36-41). A similar lamellar and 
lateral organization of the lipids was reported for the models prepared with five different 
CER subclasses and models with only CER NS, mixed with CHOL and FFAs. Using lipid 
models with a limited number of components offers the possibility of a more detailed 
analysis due to the possibility to use deuterated lipids.  

In this study we used the CER NS: CER NP molar ratio of 1:2 (mimicking the ratio 
observed in healthy SC) and 2:1 (an approximate ratio corresponding to severe 
inflammatory skin diseases) (23), mixed with CHOL and FFA C24. The lamellar 
organization, the lipid packing and lipid chain interactions were examined, as well as the 
hydrogen network formed in the systems.  
 

MATERIALS AND METHODS 

Materials 

The CERs used in this study were N-(tetracosanoyl)-sphingosine (CER NS C24), N-
(tetracosanoyl)-phytosphingosine (CER NP C24) and these two CERs with perdeuterated 
acyl chain (CER NSd47 and CER NPd47), kindly donated by Evonik (Essen, Germany) (Figure 
S1). CER NS with the sphingosine chain terminally deuterated (CER NSd7) was acquired 
from Avanti Polar Lipids (Alabama, USA). CHOL, lignoceric acid (FFA C24), D2O and the 
acetate buffer salts were obtained from Sigma-Aldrich-Chemie GmbH (Schnelldorf, 
Germany). The perdeuterated FFA C24 (DFFA C24) was purchased from Arc Laboratories 
B.V. (Apeldoorn, The Netherlands). All organic solvents were of analytical grade, acquired 
from Biosolve B.V. (Valkenswaard, The Netherlands). The Nuclepore track-etched 
membranes were purchased from Whatman (Kent, UK). The milli-Q water was of Millipore 
quality.  
 

Lipid model compositions and preparation  

The lipid models were prepared in equimolar ratio of CERs, CHOL and FFA C24 (1:1:1). Two 
ratios of CER NS: CER NP were included in this study: 1:2 and 2:1 (Table 1). For the Fourier-
transform infrared spectroscopy (FTIR) studies, similar models were prepared with DFFA 
C24, CER NSd47 and/or CER NPd47. For Neutron diffraction studies, a model with CER 
NSd7 was prepared (SPP NS:NP 2:1). All of the models studied are presented in Table 1. 
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Table 1. Sample compositions and abbreviations of the lipid models studied 
Lipid model Composition Molar ratios 
SPP NS:NP 1:2 CER NS C24: CER NP C24: CHOL: FFA C24 0.33:0.66:1:1 
SPP NS:NP 2:1 CER NS C24: CER NP C24: CHOL: FFA C24 0.66:0.33:1:1 
SPP NSd47:NPd47:DFFA 
1:2 

CER NSd47: CER NPd47: CHOL: DFFA C24 0.33:0.66:1:1 

SPP NSd47:NPd47:DFFA 
2:1 

CER NSd47: CER NPd47: CHOL: DFFA C24 0.66:0.33:1:1 

SPP NS:NPd47:DFFA 1:2 CER NS: CER NPd47: CHOL: DFFA C24 0.33:0.66:1:1 
SPP NS:NPd47:DFFA 2:1 CER NS: CER NPd47: CHOL: DFFA C24 0.66:0.33:1:1 
SPP NSd47:NP:DFFA 1:2 CER NSd47: CER NP: CHOL: DFFA C24 0.33:0.66:1:1 
SPP NSd47:NP:DFFA 2:1 CER NSd47: CER NP: CHOL: DFFA C24 0.66:0.33:1:1 
SPP NSd7:NP 2:1 CER NSd7: CER NP: CHOL: FFA C24 0.66:0.33:1:1 

 
First, to prepare the samples, the required amount of each individual lipid was 

dissolved in chloroform: methanol (2:1, v/v), at a concentration of 5 mg/mL. For the 
samples used for FTIR studies, 1 mg of the lipid composition was sprayed on an AgBr 
window over a 10 x 10 mm area. The samples for X-ray studies were dissolved in hexane: 
ethanol (2:1, v/v) and then sprayed on a Nuclepore polycarbonate membrane, over an 
area of 2 x 3 mm. During spraying, a Camag Linomat IV sprayer (Muttenz, Switzerland) was 
used with a spraying rate of 14 s/µL. For the neutron diffraction measurements, 10 mg of 
lipids dissolved in chloroform: methanol (2:1, v/v) were sprayed on a silicon substrate over 
an area of 1.2 x 3.8 cm2, using the same spraying conditions. All samples were equilibrated 
at 95 °C for 65 min, then slowly cooled to room temperature over 50 min. Lastly, the 
samples were hydrated with either deuterated acetate buffer (pH 5.0, for FTIR studies) or 
D2O/H2O buffer (at three ratios, 8%, 50% and 100% D2O) for neutron studies. This 
hydration occurred at 37 °C for at least 12 hours. Prior to the X-ray measurements, the 
lipid samples were maintained at 80% relative humidity for at least 24 h. 
 

FTIR measurements  

The FTIR data were collected on a PerkinElmer Frontier FTIR (PerkinElmer, Waltham, USA), 
with a nitrogen cooled mercury cadmium telluride detector. The sample compartment 
was purged with a continuous flow of dry air to remove moisture. Each spectrum consists 
of 77 interferograms with a resolution of 1 cm-1 (wavenumber). The samples were 
measured in the wavenumber range of 500-4000 cm-1, between 10 and 90 °C at a heating 
rate of 4 min/°C. The spectra were extracted using TimeBase (PerkinElmer, Waltham, USA) 
and processed using Spectrum (Perkin Elmer, Waltham, USA). The data was deconvoluted 
using γ = 2.2 and a smoothing factor of 76.7. For all lipid compositions measurements 
were carried out in triplicate. 

By analyzing the CH2 symmetric stretching vibrations (νsCH2), information about the 
lateral packing and the phase transition of the lipid chains was acquired. The νsCH2 
vibrations are observed at ~2849 cm-1 and the CD2 symmetric stretching vibrations at 

5
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~2090 cm-1 (νsCD2). The mid-phase transition temperature is defined as the temperature 
at which the lipids are transitioning from orthorhombic to hexagonal packing (TmO-H) or 
from hexagonal to liquid (TmH-L) packing. It was calculated by using the linear regression 
curve fitting method described elsewhere (39). The lipid chain packing is determined by 
examining the CH2 and CD2 scissoring vibrations (δCH2, wavenumber range: 1462-1473 cm-

1; δCD2, wavenumber range: 1085-1095 cm-1). Python scripts were used for determination 
of the δCH2 and δCD2 peak positions (fitting Lorentzian peaks) and peak heights. A peak 
height ratio (OR/MID) was then calculated as the ratio of the average peak height of the 
two orthorhombic peaks and the height of the central peak. Statistical analyses were 
performed using Graphpad Prism (v.8) to determine the statistical significance of the mid-
phase transition temperatures and scissoring peak splitting of the different compositions 
(unpaired t-test, significance level set at P<0.05). For the amide vibrations (amide I ~1650 
cm-1 and amide II ~1550 cm-1) the peak positions were determined by peak fitting using 
the Fityk software (42). 
 

X-ray diffraction measurements 

Small-angle X-ray diffraction (SAXD) measurements were performed at the NCD-SWEET 
beamline (ALBA Synchrotron, Barcelona, Spain), using a Pilatus 1M detector with a pixel 
array of 981 × 1043, each pixel: 172 × 172 μm2. The sample to detector distance was 2.148 
m, beam wavelength was 0.999 Å. The temperature for the measurements was 23 °C and 
the samples were scanned for 20 s. Silver behenate was used for calibration of the setup. 
The one-dimensional SAXD profiles of the scattering intensity as a function of the 
scattering vector (q) were obtained after the integration of the two-dimensional scattering 
plot, over a 90° segment from the beam center. The scattering vector (q) is calculated 
using the formula: 𝑞𝑞 = (4𝜋𝜋	𝑠𝑠𝑠𝑠𝑠𝑠	𝜃𝜃)/𝜆𝜆	, where q represents the scattering angle and λ is the 
wavelength. The positions of the nth order diffraction peak (qn) were determined by peak 
fitting with the Fityk software, using the Pearson VII function (42). Least squares fitting 
was used to calculate the repeat distance of the lamellar phase (d), as 𝑑𝑑 = 2𝑛𝑛𝑛𝑛/𝑞𝑞'. For 
peaks that correspond to unknown phases (i.e., not part of a lamellar phase), the spacing 
at the peak position q was calculated as 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 2𝜋𝜋/𝑞𝑞 . 

 

Neutron diffraction measurements 

The small-angle neutron diffraction measurements were performed on the LARMOR 
instrument at ISIS Neutron and Muon Source (Rutherford Appleton Laboratory, UK). The 
wavelength range of the neutron beam (with a size 1 x 30 mm) was 1 – 12.5 Å. The 
distance between the detector and the sample was 4.4 m. The detector was set at 2θ 
angle of 5° to the direct beam (area covered 664 × 600 mm; pixel size 4 × 8 mm). The 
angle of the sample to the beam was 2.5°. An aluminum chamber was used for the sample 
environment, which allowed a constant temperature of the windows of the chamber at 



636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban
Processed on: 25-3-2024Processed on: 25-3-2024Processed on: 25-3-2024Processed on: 25-3-2024 PDF page: 131PDF page: 131PDF page: 131PDF page: 131

 131 
 

42°C to prevent condensation. An empty chamber was used for a background 
measurement, which was subtracted from each sample. The samples were measured for 4 
h each (40 µA/h accelerator proton charge) at 25 °C for each of the three hydration buffer 
ratios. A direct beam measurement was used for the normalization to the incident flux 
shape and the detector efficiency. 

To monitor the normalized intensity as a function of the scattering vector (q), the 
neutron data was reduced using the Mantid software framework (43). The resulting q-
range was 0.032 – 0.991 nm-1. The Bragg equation was used to convert the scattering 
angle (2θ) to q as 𝑞𝑞 = 4𝜋𝜋	𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠	/	𝜆𝜆. Based on the positions of the equidistant Bragg peaks, 
the repeat distance (d) of the lamellar phase was calculated as 𝑑𝑑 = 2𝜋𝜋𝜋𝜋/𝑞𝑞', with n 
representing the diffraction order number of the peak at the position qn. 

The intensity of each diffraction order was obtained by fitting the Bragg peaks (Fityk 
software, with a Pearson VII function) (42). Next, the structure factor amplitude for each 

diffraction order (|Fn|) was determined using the formula │𝐹𝐹'│ = 𝐴𝐴'2𝐿𝐿𝐼𝐼	'	, where L is 
the Lorentz correction factor, that can be assumed equal to q, due to the high degree of 
lipid lamellae orientation (44). An, the correction factor for the sample absorption, was 
calculated with the formula below, where l is the thickness of the lipid sample and µ is the 
linear attenuation coefficient (45): 

𝐴𝐴' =
5

678.9
:;< (5>?

@:;<
78.9)

  

The contrast variation method with D2O/H2O buffer levels (100%, 50%, and 8%) was 
used to determine the phase signs of the water profile, which are obtained from the 
positive or negative signs of the slopes of the linear correlation of the absolute structure 
factors of the samples hydrated at 100% and 8% D2O/H2O (46). Assuming water is 
associated with the hydrophilic head groups located at the boundary of the unit cell, we 
used the following phase signs combination: - + - + for the four diffraction orders detected 
in the samples. Next, the Fn with the corresponding phase signs are plotted as a function 
of the D2O/H2O buffer ratio (Figure S2), resulting in a linear fitting for each diffraction 
order.  

The scattering length density profile (SLD) of the SPP unit was obtained by Fourier 
reconstructions using the structure factor values and the phase signs with the following 
equation: 

𝜌𝜌(𝑥𝑥) = 𝐹𝐹D + 2∑ 𝐹𝐹H	𝑐𝑐𝑐𝑐𝑐𝑐 L
,$'M
N
O'PQR

'S5   

where x is the distance in the unit cell and x = 0 represents the center of the unit cell. F0 
represents the scattering density per unit volume. This was calculated using the lipid 
sample density and its chemical composition (one water molecule per lipid was included) 
(47). The SLD profile of the deuterated moiety is determined from the difference between 
the SLD profile of the deuterated sample and the SLD profile of the protiated sample (both 

5
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hydrated at 8% D2O/H2O) and this net SLD profile indicates the location of the deuterated 
part of the lipid chain.  

The SLD data was placed on a “relative absolute” scale using a scaling factor, as 
described previously (44, 48, 49). For the SPP NSd7:NP 2:1 sample, in the SLD profile of the 
NSd7 chain, the peak area (SLDa) and peak height (SLDh) were fitted. The peak area 
obtained from the subtraction of the SLD profiles of the SPP NS:NP 2:1 sample from the 
SPP NSd7:NP 2:1 sample, represents the scattering of the deuterium atoms from the CER 
NS sphingosine chain (SLDdif). The relative absolute SLD profile (SLDcorrect) was calculated 
as: 

𝑆𝑆𝑆𝑆𝑆𝑆WXYY?WZ =
[\]^∗[\]`8a

[\]Q
  

The scaling factor that was then applied to the structure factor values (Fn) was 
calculated as the ratio between SLDcorrect and SLDh values. 
 

RESULTS AND DISCUSSION 

Lamellar organization of the two models 

The lamellar organization of the two lipid models with CER NS:CER NP ratio 1:2 and 2:1 
was examined with SAXD. Figure 1 shows the diffraction profiles of the two systems. The 
SPP NS:NP 2:1 system is characterized by a series of equidistant peaks, indicating a 
lamellar phase with a repeat distance of 5.4 nm, the SPP. The only peak that is not 
assigned to the SPP is phase-separated crystalline CHOL (positioned at q = 1.8 nm-1). The 
diffraction profile of the SPP NS:NP 1:2 model also shows a series of three equidistant 
peaks with the repeat distance of 5.4 nm, indicating the formation of the SPP. However, 
the SAXD profile of this model also shows two other phases indicated in Figure 1. The hash 
symbols designate a lamellar phase with a d-spacing twice that of the SPP (d = 10.8 nm, 
first diffraction peak at q = 0.58 nm-1), which has its other diffraction orders overlapping 
the first, second and third SPP peaks. There are previous reports about a lamellar phase 
with ~10.6 nm repeat distance in compositions that included CER NH C24 (50, 51), CER NS 
C24 (52) (Shamaprasad et al. unpublished) and a mixture of CER NS C24/CER NH C24 (53). 
This phase with a suggested double-bilayer structure was first reported in 1993, but was 
not considered representative for SC and it was suggested to be an artifact of the sample 
preparation technique used (54).  

The plus symbol in Figure 1 identifies an unknown phase with a peak at a q = 1.4 nm-1 
(spacing 4.4 nm), which has been observed previously in other compositions and it was 
suggested that this is a crystalline phase containing CER NP C24 (55). Dahlen et al. 
reported that pure CER NP C24 needs to be orthorhombically packed and it would adopt a 
V-shape conformation with a tilt angle of ~ 41°. A spacing of 4.4 nm was also reported in 
an equimolar model with CER NP C24, CHOL and FFA C24, and the 4.4 nm phase was 
suggested to represent the V-shape arrangement of CER NP (56). 
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Unlike the denoted phase separation for the SPP NS:NP 1:2 model, lipid models 
forming the LPP (the same ratio between the lipid, but with the addition of CER EOS) did 
not form multi-phase systems even when the CER NS:CER NP molar ratio was 1:2 (27). This 
suggests that the addition of CER EOS improves the miscibility of the lipids in the model 
(36, 57). 

 
Figure 1. SAXD profiles of the SPP NS:NP 1:2 (blue, lower) and SPP NS:NP 2:1 (green, upper) models. 
The SPP diffraction orders are indicated with Roman numbers, the asterisk (*) indicates phase-
separated CHOL peaks, the hash (#) indicates the peaks corresponding to a lamellar phase with a d-
spacing of 10.8 nm and the plus (+) indicates an unknown peak. The top-right panel shows an 
expanded view of the profile for the q range 1.5 – 3.6 nm-1. Data represents an average of 2 
measurements. 
 

Lateral organization of the models 

Next, the lateral lipid organization was examined using FTIR. The δCH2 vibrations for the 
protiated SPP NS:NP 1:2 and SPP NS:NP 2:1 models show two clear peaks at approximately 
1462 cm-1 and 1473 cm-1 (characteristic for orthorhombic packing) and a smaller central 
peak at 1467 cm-1 (attributed to the hexagonal packing of the lipids) (Figure 2A). Peak 
fitting with Python scripts was used to determine the accurate δCH2 peak position, the 
δCH2 peak splitting (distance between the two peaks caused by an orthorhombic packing), 
and then the peak height ratio of the average of the two orthorhombic peaks and the 
hexagonal middle peak (OR/MID). While the δCH2 peak splitting distance was the same for 
both models (10.3 ± 0.08 cm-1, Table 2), the SPP NS:NP 1:2 model had a significantly higher 
central peak relative to the two orthorhombic peaks, and thus a lower OR/MID ratio (1.9 ± 
0.1), than the SPP NS:NP 2:1 model (OR/MID ratio 2.3 ± 0.1). The δCH2 vibrations suggest 
that both models adopt primarily an orthorhombic packing, however, a small fraction of 
lipids forms a hexagonal packing, which is higher in the SPP NS:NP 1:2 model. In Figure S3, 
the δCH2 vibrations are provided in the 10-50°C temperature range. These vibrations 
indicate an orthorhombic to hexagonal phase transition. 

5
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The thermotropic curves of the νsCH2 vibrations are shown in Figure 2B. At 10°C the 
νsCH2 wavenumber is <2849 cm-1 indicating a high conformational order, while at 32°C 
there is a transition to a less ordered system, indicated by the increase of the νsCH2 
wavenumber. Correlating the νsCH2 vibrations with the observations from the δCH2 
vibrations (Figure S3), this corresponds to the transition from the orthorhombic to 
hexagonal lipid packing. The mid-phase transition temperatures were similar for the two 
models, as indicated in Table 2. When the temperature is further increased, another 
transition can be observed at ~70°C as depicted in Figure 2B, from hexagonal lipid packing 
to a liquid phase. The difference between the mid-phase transition temperatures (Tm H-L) 
of the two models is statistically significant (P<0.05), as the SPP NS:NP 2:1 model showed a 
sharper transition with Tm H-L = 70.8 ± 1.8°C, than the transition observed for the SPP 
NS:NP 1:2 model with Tm H-L = 74.6 ± 0.4 °C (Table 2).  

 

 
Figure 2. (A) δCH2 vibrations of the two protiated models, measured at 10°C. (B) Thermotropic 
curves of the SPP NS:NP 1:2 and 2:1 models, showing the νsCH2 wavenumbers as a function of 
temperature in the range 10-90°C. 

 
Table 2. δCH2 peak splitting distance, δCH2 peak height ratio (OR/MID) of the two SPP models, at 
10°C, and the mid-phase transition temperatures (Tm O-H and Tm H-L). Data is shown as an average 
of 3 measurements for each composition ± SD. 

Lipid model δCH2 peak 
splitting ± SD 

OR/MID peak 
height ratio ± SD 

Tm O-H ± SD (°C) Tm H-L ± SD (°C) 

SPP NS:NP 1:2 10.3 ± 0.1 1.9 ± 0.1 32.4 ± 0.7 74.6 ± 0.4 
SPP NS:NP 2:1 10.3 ± 0.1 2.3 ± 0.1 32.6 ± 1.6 70.8 ± 1.8 

 

Increased hydrogen bonding in the SPP NS:NP 1:2 model 

The presence of the hydroxyl and the amide group in the CER structure allows them to act 
as both a hydrogen bond donor and acceptor. The amide I (~1650 cm-1) and amide II 
(~1550 cm-1) vibrations measured with FTIR were used to examine hydrogen bonding in 
the CER head group regions. The amide I band results mainly from the C=O stretching 
vibration and the amide II reflects primarily the N-H bending vibration and C-N stretching 
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vibration. Stronger hydrogen bonding can be concluded when there is a lower frequency 
of the amide I and a higher frequency of amide II vibrations (i.e., the positions of the two 
amide vibrations are closer) (58, 59). The amide I vibrations are split into two components 
in the SPP NS:NP 1:2 model, with a peak positioned at 1612.8 ± 0.8 cm-1 and another peak 
at 1640.7 ± 0.5 cm-1 (Figure 3). In the spectrum of the SPP NS:NP 2:1 model, the amide I 
frequency is characterized by a broad peak, centered at 1634.7 ± 2.5 cm-1. The peak 
corresponding to the amide II band has the same position in both models (1547.9 ±0.3 cm-

1 for SPP NS:NP 1:2 and 1548.1 ± 0.6 cm-1 for SPP NS:NP 2:1 model). 
Comparing the two systems from Figure 3, the SPP NS:NP 1:2 system displayed a 

lower wavenumber of the amide I vibration and a shorter distance to the amide II peak, 
indicating stronger hydrogen bonding compared to the SPP NS:NP 2:1 model. The 
intermolecular hydrogen bonding between two CER NP headgroups might contribute to 
the shift in position and the doublet of the amide I frequency, as it was reported to occur 
for pure CER NP (60). This difference in the hydrogen bonding of the two models is in 
agreement with other studies, as a stronger hydrogen bonding determined by CER NP 
compared to CER NS was previously reported for single component systems, as well as in 
SPP and LPP models (59-61). 

 
Figure 3. FTIR spectrum of the region 1500 – 1680 cm-1 at 10°C, showing the amide I and II 
frequencies in the SPP NS:NP 2:1 (green, bottom) and SPP NS:NP 1:2 model (blue, top). The shift of 
the two amide peaks indicates a difference in the hydrogen bond network in the system. 
 

Thermotropic behavior indicates phase separation in SPP NS:NP 1:2 model 

To further investigate the lipid mixing of the models, some of the lipids were replaced with 
their deuterated counterparts: perdeuterated acyl chain of CER NP and/or CER NS and 
perdeuterated FFA C24. The thermotropic curves of these models (Figure 4) show 
different behavior of the two SPP models (1:2 and 2:1 ratios). The SPP NS:NP 2:1 models 
are characterized by sharp transitions from hexagonal to liquid phase, similar to the 

5
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protiated sample discussed previously (Figure 2B). Moreover, a similar thermotropic 
response of the νsCH2 and νsCD2 vibrations is detected for the SPP NS:NP 2:1 models. This 
indicates that the hexagonal to liquid phase transitions of the protiated and deuterated 
lipids occur in the same temperature range when the temperature is increased; thus, the 
lipid chains are well mixed in the model. 

Figure 4 shows that the SPP NS:NP 1:2 models have a larger hexagonal to liquid 
phase-transition temperature range than the SPP NS:NP 2:1 model. On average, this phase 
transition of the SPP NS:NP 1:2 models occurs over a 20°C temperature range, while for 
the SPP NS:NP 2:1 models, this is 12°C. However, the protiated and deuterated chains of 
both SPP NSd47:NPd47:DFFA 1:2 and SPP NS:NPd47:DFFA 1:2 models melt in the same 
temperature range (Figure 4A and B), indicating that the protiated and deuterated lipids 
have a similar thermotropic behavior. The SPP NSd47:NP:DFFA 1:2 model (Figure 4C) 
shows different ranges in transition temperature for the deuterated and protiated lipids, 
indicating that lipid domains of different composition are formed in this model. 

 
Figure 4. Thermotropic curves of the νsCH2 and νsCD2 vibrations for the SPP NS: NP 1:2 (A-C) and 2:1 
(D-F) ratio models with different deuterated chains. The wavenumbers of the νsCH2 and νsCD2 peak 
positions (left and right y-axis, respectively) are plotted in the 10-90°C temperature range. Data 
shown as an average of 3 measurements for each composition. 

 
The mid-transition temperature of the deuterated and protiated chains in the SPP 

NSd47:NP DFFA 1:2 deuterated models is significantly different, as shown in Table 3. This 
suggests that the lipids in this mixture do not mix homogenously. The SAXD data of the 
SPP NS:NP 1:2 model showed an unidentified phase with a spacing at 4.4 nm, which as 
discussed above, might contain primarily CER NP. The differences in the mid-transition 
temperatures between the protiated and deuterated lipids could be caused by this 
crystalline CER NP rich phase. Due to the presence of a high concentration of CER NP, it is 
expected to have a delayed onset of the melting process of the protiated chains. This is in 
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agreement with the observation that in the SPP NSd47:NPd47:DFFA 1:2 model the 
protiated chains do not show a delay in the hexagonal - liquid transition (Figure 4D). 

There is only a weak phase transition from orthorhombic to hexagonal packing of the 
protiated lipid chains in most compositions shown in Figure 4, as in most compositions the 
νsCH2 wavenumber shows a slight and steady increase up to 50°C. This is an indication that 
the protiated lipids (CHOL, sphingosine and phytosphingosine chains) adopt primarily a 
hexagonal organization (except in the SPP NS:NPd47:DFFA 2:1 model). Unlike these SPP 
systems, in the LPP models studied recently, clear transitions from orthorhombic to 
hexagonal phases were noticed in the thermotropic plots of the deuterated samples (27). 
It has been previously reported that CER EOS may enhance the formation of the 
orthorhombic phase, as the long acyl chains of CER EOS might increase the van der Waals 
interactions (36, 62). Thus, the presence of CER EOS acyl chains could be a possible 
explanation for the aforementioned differences between these SPP systems and the LPP 
models. 

 
Table 3. The mid-phase transition temperature of the hexagonal – liquid phase (Tm H-L), the δCD2 
peak splitting and the OR/MID δCD2 peak height ratio of the deuterated SPP models. The scissoring 
peak data is calculated at 10°C. Data represents an average of 3 measurements for each 
composition with the standard deviations. 

Lipid model Tm H-L ± SD (°C) δCD2 peak splitting ± 
SD (cm-1) 

OR/MID peak 
height ratio ± SD 

SPP NSd47:NPd47:DFFA 1:2 75.3 ± 0.6 7.2 ± 0.1 5.3 ± 0.3 

SPP NSd47:NPd47:DFFA 2:1 68.6 ± 0.6 7.2 ± 0.1 5.3 ± 0.4 

SPP NS:NPd47:DFFA 1:2 76.8 ± 0.4 5.9 ± 0.1 3.3 ± 0.2 

SPP NS:NPd47:DFFA 2:1 68.1 ± 0.9 5.0 ± 0.1 2.9 ± 0.2 

SPP NSd47:NP:DFFA 1:2 80.7 ± 1.4 6.4 ± 0.1 2.7 ± 0.2 
SPP NSd47:NP:DFFA 2:1 74.5 ± 0.9 6.2 ± 0.1 3.4 ± 0.2 

 
At 32°C (skin temperature), the wavenumbers of the νsCH2 vibration in the SPP 

NSd47:NPd47:DFFA 1:2 and 2:1 systems are 2850.1 ± 0.2 cm-1 and 2850.2 ± 0.1 cm-1, 
respectively. The stretching wavenumber at this temperature indicates that the protiated 
sphingosine and phytosphingosine chains and CHOL have less conformational ordering 
than at 10°C. The conformational disordering of the sphingosine chain of CER NS was 
previously reported by Engberg et al., who labeled this phase as a fluid, highly mobile 
phase, based on the 2H NMR results (40). However, a clear distinction should be made 
regarding the packing of the sphingosine chain of CER NS, as in FTIR terminology a fluid 
disordered phase is characterized by a νsCH2 wavenumber >2853 cm-1 and a νsCD2 
wavenumber >2096 cm-1. In the Engberg et al. study, the νsCH2 wavenumber of the 
deuterated sphingosine CER NS chain is ~2089.5 cm-1 (40), which indicates some 
conformational disordering, but not a fluid phase as detected by FTIR. 

5
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The linear conformation of CER NS and CER NP is similar to LPP models 

The mixing of the lipid chains is further examined using the scissoring vibrations. The 
results are provided in Figure 5, which shows the splitting of the δCD2 and δCH2 vibrations 
in the FTIR spectra of the various compositions. In an orthorhombic packing, the 
hydrocarbon lipid chains are packed tightly, allowing short-range coupling of the CH2-CH2 
groups, interaction of neighboring CH2 groups, resulting in a peak splitting of the δCH2 
vibrations. The size of the orthorhombic domains determines the δCH2 peak splitting 
distance, with a maximum peak splitting distance of 7.3 ± 0.1 cm-1 obtained when the lipid 
domains are around 100 chains (63, 64). Similarly, when deuterated lipid chains are 
included in the models, the CD2-CD2 chains interact if they are neighboring, resulting in 
two separated δCD2 peaks at ~1085 and ~1092 cm-1. However, if the deuterated chains are 
neighboring protiated chains that participate in the same lattice, CD2-CH2 interactions 
occur, resulting in the loss of the CD2-CD2 chain frequency coupling. A central peak is 
formed in both the δCD2 vibrations (~1088 cm-1) and δCH2 vibration (~1468 cm-1), resulting 
in a shallower depth between the two orthorhombic peaks. 

Large deuterated domains are formed in the SPP NSd47:NPd47:DFFA models (1:2 and 
2:1 ratios; Figure 4 A,D), as the distance of the δCD2 peak splitting is 7.2 ± 0.1 cm-1 in both 
compositions (Table 3). These values are close to the maximum δCD2 peak splitting value 
obtained for pure DFFA C24 (7.3 ± 0.1 cm-1), which suggests that the acyl chains of CER NS 
and CER NP are neighboring the DFFA chains. An indication of the number of CH2-CD2 
interactions is the peak ratio of the two orthorhombic peaks and the central peak 
(OR/MID ratio). This ratio was calculated by peak fitting. The OR/MID ratio values 
obtained for this model are very high, indicating that the CD2-CD2 chain interactions are 
predominant in the system (Table 3).  

To further investigate the deuterated lipid domains in the SPP models, CER NSd47 
was replaced by the protiated CER NS in the SPP NS:NPd47:DFFA (1:2 and 2:1) models. 
Both models indicate that smaller deuterated lipid domains are present (Table 3). The 
OR/MID peak height ratios of these models are significantly decreased compared to the 
SPP NSd47:NPd47:DFFA models, indicating that in the SPP NS:NPd47:DFFA models there 
are significantly less CD2-CD2 chain interactions and more CH2-CD2 interactions. This 
confirms that the deuterated acyl chain of CER NS is part of the deuterated domains 
formed in the SPP NSd47:NPd47:DFFA models. Neighboring of these chains is only 
possible when CER NS and CER NP are present in a linear arrangement in the SPP models, 
with the acyl chain and (phyto)sphingosine chain on either side of the headgroup. The 
difference in the δCD2 peak splitting values between the SPP NS:NPd47:DFFA 1:2 and SPP 
NS:NPd47:DFFA 2:1 models (Table 3) are probably only caused by the different 
concentrations of the deuterated CER NP in the models. Next, CER NPd47 was replaced by 
its protiated counterpart resulting in the SPP NSd47:NP:DFFA 1:2 and 2:1 models. The 
conclusions of the SPP NS:NPd47:DFFA models also apply to the SPP NSd47:NP:DFFA 
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models: smaller deuterated lipid domains than the SPP NSd47:NPd47:DFFA models and a 
linear arrangement of CER NS and CER NP.  

 

 
Figure 5. δCD2 vibrations (A,D), δCH2 vibrations (B,E) and ρCH2 vibrations (C,F) for the partially 
deuterated models SPP NSd47:NP:DFFA, SPP NS:NPd47:DFFA and SPP NSd47:NPd47:DFFA with the 
CER NS:CER NP ratio 1:2 (top row of panels) and 2:1 (bottom row), measured at 10°C.  
   

The linear arrangements of CER NS and CER NP are also observed in LPP models with 
the same composition (CER EOS: CER NS: CER NP: CHOL: FFAC24) (27, 46). Studies of the 
LPP models using neutron diffraction and the peak splitting observed in FTIR 
measurements both indicate that the acyl chains of CER NS and CER NP are neighboring 
FFA C24, regardless of the CER NS:CER NP molar ratio, similar to the results observed in 
the SPP model in the present study. The linear conformation of CER NS was reported in 
previous studies using LPP models with different compositions (65, 66) and SPP models 
(38, 40) (Shamaprasad et al. unpublished), however, the conformation of CER NP in SPP 
models was often debated, with different possible arrangements suggested, such as V-
shape (55, 56) or hairpin conformation (67). The V-shape configuration was detected in a 
phase with a repeat distance of 4.3 nm, likely representing phase-separated CER NP. In the 

5
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SPP with 5.4 nm repeat distance, CER NP is suggested to be arranged in either hairpin or 
extended conformations. 

When CER NS and CER NP are in a linear conformation, the acyl chains of CER NS and 
CER NP are neighboring the FFAs, as discussed above, consequently the sphingosine and 
phytosphingosine chains of the CERs and CHOL are also neighboring in another part of the 
repeating unit of the SPP. The δCH2 vibrations of the deuterated SPP models (SPP 
NSd47:NPd47:DFFA, SPP NSd47:NP:DFFA, SPP NS:NPd47:DFFA 1:2 and 2:1 ratios) are 
characterized by the presence of a singlet at 1468 cm-1 (Figure 5B,E). As the sphingosine 
chains and CHOL are neighboring, an absence of the doublet in the δCH2 vibrations 
indicates that there is almost no orthorhombic packing of the these protiated lipid chains. 
To investigate this further, the rocking vibrations are also examined to provide more 
information about the chain packing (Figure 5C,F). A broad single peak is observed at ~720 
cm-1 for the SPP NSd47:NPd47:DFFA models (1:2 and 2:1 ratios), as well. The singlet in 
these two models suggest that the (phyto)sphingosine chains and the CHOL are mainly 
hexagonally packed. The sphingosine chain of CER NS and CHOL were previously reported 
to form a dynamic phase with a high mobility in SPP models (40) (Shamaprasad et al. 
unpublished).  

 

Neutron diffraction shows the symmetric structure of the SPP 

For the neutron diffraction measurements, the SPP NS:NP 2:1 model was selected to avoid 
the overlap of the diffraction peaks with peaks from the unknown phases observed in the 
SPP NS:NP 1:2 model. The SLD profiles of the protiated SPP NS:NP 2:1 sample, hydrated at 
8% and 100% D2O, are shown in Figure 6A. The profile of the protiated sample is 
characterized by a high SLD value at the borders of the unit cells, indicating that the lipid 
head groups are located at the boundary of the unit cell.  

The SLD profile of the CER NSd7 chain (in the SPP NSd7:NP 2:1 sample) displays two 
peaks at the position of ~0.7 nm from the unit cell center (~2 nm from the unit cell border) 
(Figure 6B). A linearly extended sphingosine chain of C18 chain length corresponds to a 
length of ~ 1.9 nm, assuming a C-C bond length of 0.125 nm and 15 C-C bonds (66). Thus, 
the SLD profile intensity shows the location of the NSd7 terminally deuterated chain with 
the CER head group at the unit cell border. The proposed arrangement is schematically 
shown in Figure S4. 

The neutron diffraction data indicates a symmetric structure of the SPP unit, also for 
CER NSd7 chain, which is located at both head group regions. This contrasts with the FTIR 
results that suggest an asymmetric arrangement, also of CER NS. The FTIR results of the 
SPP NS:NP 2:1 system indicate that the acyl chains of CER NS, CER NP and FFA C24 are 
neighboring, as shown by the large lipid domains indicated by the scissoring vibration 
measurements. This suggests an asymmetric arrangement in the SPP profile: on one side 
the CHOL neighboring the (phyto)sphingosine chains, while FFAs are positioned next to 
the acyl chains of the CERs. However, while the FTIR scissoring vibrations provide 
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information about the domain sized formed, neutron diffraction shows the overall mean 
orientation of the lipids in the system. If the asymmetric arrangement is present in a 
mirrored orientation with lipids domains larger than 100 chains, FTIR will detect an 
asymmetric arrangement (based on the interactions between neighboring lipid chains), 
while neutron diffraction will detect this as a symmetric arrangement, as this technique 
provides information based on the sum of the two mirror arrangements (Figure S4). 

This study shows for the first time in the same SPP composition that the neutron 
diffraction data indicate a symmetric arrangement, while the FTIR data can only be 
explained by an asymmetric arrangement. Engberg et al. already proposed an asymmetric 
arrangement solely based on FTIR data for model containing a single CER (40).  

 

 
Figure 6. (A) SLD profile of the SPP NS:NP 2:1 sample hydrated at 100% and 8% D2O/H2O buffer and 
(B) SLD water profile (in blue) of the sample and the SLD profile of the CER NSd7 chain (in red). The 
vertical dashed lines indicate the borders of the repeating unit of the SPP. 
 

CONCLUSION 

In this study, the impact of altering the molar ratio of CER NS and CER NP, one of the lipid 
compositional changes in inflammatory skin diseases, was examined in lipid models that 
formed exclusively the SPP. The results were compared to previously studied LPP models 
with the same composition and CER NS:CER NP ratio. In the SPP models, CER NS and CER 
NP adopt an extended conformation, with the acyl chains of the two CERs in proximity to 
the FFA C24 chain in the SPP unit, similar to the arrangement described in the LPP unit 
cell. The different thermotropic behavior reported in the SPP NS:NP 1:2 model and the X-
ray diffraction profile indicates that there are lipid domains formed in this system, possibly 
this is a CER NP-rich phase. Unlike these observations, in LPP models no phase separation 
is observed, suggesting that the addition of CER EOS improves not only the lipid barrier 
(33, 35), but also enhances the miscibility of the lipid chains. Moreover, the SPP systems 
investigated in this study and the corresponding LPP models previously studied showed a 
different conformational ordering of the lipids. In SPP models with deuterated acyl chain 
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of CER NS and CER NP and DFFA, the protiated lipids show a higher conformational 
disordering of the chains compared to the LPP models (at 10°C). This could be due to the 
acyl chain of CER EOS probably located in the outer layers with the sphingosine and 
phytosphingosine chains and the CHOL, which improves the lipid ordering in the outer 
layers of the LPP (44). While some aspects are similar in the SPP and LPP models with 
different ratios of CER NS:CER NP, the absence of CER EOS affects the mixing of the lipid 
chains and allows domain formation in models with a high concentration of CER NP. This 
determines a larger effect when changing the CER NS:CER NP ratio on the lipid 
organization in SPP models, compared to LPP systems. 
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SUPPLEMENTAL INFORMATION 
 
 

 
Figure S1. The molecular structure of the CERs used in this study. The deuterated moieties are 
depicted in red (the acyl chains of CER NS and CER NP and the terminally deuterated sphingosine 
chain of CER NS). 
 

 
Figure S2. Linear fitting of the structure factors as a function of the percentage of D2O in the 
D2O/H2O buffer for the SPP NS:NP 2:1 model and SPP NSd7:NP 2:1 models. The four diffraction 
orders are indicated by different symbols and colors: first (dot, blue), second (square, red), third 
(triangle, green), fourth (triangle, orange). 
  

 
Figure S3. The δCH2 vibrations of the SPP NS:NP 2:1 (A) and SPP NS:NP 1:2 (B) models, measured in 
the temperature range 10 – 50 °C. 
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Figure S4. Proposed schematic model for the arrangement of the SPP unit cell. CHOL is shown in 
black, FFA is indicated as a single acyl chain in blue and the CER is depicted in blue, in an extended 
conformation (the acyl chain and sphingoid base on each side of the head group). The asymmetric 
structure mirrors itself within the lamellar structure, resulting in a symmetric structure of the SPP 
unit. 
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CHAPTER 6 
 
 
 

The molecular arrangement of ceramides in the unit cell of the long 
periodicity phase of stratum corneum models shows a high adaptability 

to different ceramide head group structures 
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ABSTRACT 

The stratum corneum (SC) lipid matrix, composed primarily of ceramides (CERs), 
cholesterol and free fatty acids (FFA), has an important role for the skin barrier function. 
The presence of the long periodicity phase (LPP), a unique lamellar phase, is characteristic 
for the SC. Insight into the lipid molecular arrangement within the LPP unit cell is 
imperative for understanding the relationship between the lipid subclasses and the skin 
barrier function. In this study, the impact of the CER head group structure on the lipid 
arrangement and barrier functionality was investigated using lipid models forming the 
LPP. The results demonstrate that the positions of CER N-(tetracosanoyl)-sphingosine (CER 
NS) and CER N-(tetracosanoyl)-phytosphingosine (CER NP), two essentials CER subclasses, 
are not influenced by the addition of another CER subclass (N-(tetracosanoyl)-
dihydrosphingosine (CER NdS), N-(2R-hydroxy-tetracosanoyl)-sphingosine (CER AS) or D-
(2R-hydroxy-tetracosanoyl)-phytosphingosine (CER AP)). However, differences are 
observed in the lipid organization and the hydrogen bonding network of the three 
different models. A similar localization of CER NP and CER NS is also observed in a more 
complex lipid model, with the CER subclass composition mimicking that of human SC. 
These studies show the adaptability and insensitivity of the LPP unit cell structure to 
changes in the lipid head group structures of the CER subclasses.  
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INTRODUCTION 

The barrier function of the skin is mainly provided by the stratum corneum (SC), the 
uppermost layer of the skin (1). The SC consists of corneocytes embedded in a lipid matrix, 
with the latter representing the continuous pathway for permeation of compounds 
through the skin. Thus, the SC lipid matrix plays an important role to prevent undesired 
environmental compounds from entering the skin and to reduce excess water loss from 
the body (2). Ceramides (CER), free fatty acids (FFA) and cholesterol (CHOL) are the main 
SC lipid classes, present in an approximately equimolar ratio (3, 4). Phospholipids are not 
present in the SC, whereas they are prominently present in biological membranes of living 
cells (5). CERs are part of the sphingolipid family and play an important role in the 
regulation of cellular processes (6). Currently, 25 CER subclasses have been identified, with 
most of them having an acyl chain linked to a sphingoid base by an amide bond (7). All CER 
subclasses and FFAs have a wide chain length distribution. 

The SC lipids are organized in two crystalline lamellar phases, a long periodicity phase 
(LPP) with a repeat distance of 13 nm and a short periodicity phase (SPP) with a repeat 
distance of 6 nm (8, 9). Previous studies have shown that the esterified ω-hydroxy 
ceramides (CER EO subclass) (Figure S1) are unique to the SC and are required for the 
formation of the LPP (10-12). In the absence of the CER EO subclass, primarily the SPP is 
formed (13). In some publications another lamellar phase has been reported in lipid model 
systems (14-17). However, there are no indications that this phase has been detected in 
SC.  Within the lamellar phases in the SC, the lipid chains can adopt different packing 
densities, referred to as the lateral organization: orthorhombic (ordered phase, very dense 
packing), hexagonal (an ordered phase, but the lipid chains are less densely packed) or 
liquid phase (highly disordered phase) (18-20). The lipids in the SC lipid matrix are 
predominantly organized in an orthorhombic phase, with a fraction of the lipids adopting 
a hexagonal packing. The formation of liquid phase domains has also been reported for 
lipids in the SC (21).  

Lipid model systems that resemble the lipid organization in the native SC provide 
detailed insight about the interactions between the different lipid subclasses. Previous 
studies used isolated human or porcine CERs mixed with synthetic FFAs and CHOL to 
prepare lipid models, which had a similar lipid organization to native SC (22-24). In 
subsequent studies, fully synthetic focused on lipid models were prepared with a synthetic 
CER composition mimicking the porcine or human CER subclasses. These models formed 
the LPP and SPP, similar to the lipid systems with isolated CERs and the native SC (11, 25-
27). The next step was incorporating a limited number of CER subclasses mixed with FFAs 
and CHOL, aiming to keep the same phase behavior. This is of importance as simple lipid 
models are an excellent tool to gain detailed insight about the molecular arrangement of 
the lipids in the system, as deuterated lipids can be included in the mixture. If the 
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appropriate CER subclasses are chosen for the composition, even with a few numbers of 
CER subclasses, these lipid models still resemble the lipid phase behavior of SC (26-30). 

Due to the co-existing lamellar phases (LPP and SPP), the lipid arrangement in these 
models is difficult to investigate using neutron diffraction, because of the partial overlap 
of the diffraction peaks of the two lamellar phases in the neutron scattering profile. To 
exclusively form the LPP, the unique lamellar phase in SC, the concentration of the 
esterified ω-hydroxy sphingosine ceramide (CER EOS) has to be increased to 30 or 40 
mol% of the CER composition (10, 11). When forming only this lamellar phase, much more 
detail can also be obtained using other methods, such as Fourier transform infrared 
spectroscopy (FTIR) and neutron diffraction. Increasing the CER EOS level does not change 
the molecular arrangement of the repeating unit of the LPP, it only increases the fraction 
of lipids forming the LPP (10, 31). The molecular arrangement of the SPP in lipid models 
with different compositions was previously modelled using molecular dynamics 
simulations (32-35). 

Understanding the role of the lipid subclasses for the lipid organization is crucial for 
explaining the changes in lipid composition and organization in diseased skin. For this 
reason, the lipid arrangement of the LPP unit cell has been investigated. Small-angle 
neutron diffraction (SANS) can provide the localization of water molecules and deuterated 
lipids in the LPP unit cell, using contrast variation of D2O/H2O hydration buffers and 
deuterated compounds, while FTIR provides information about lipid domain forming and 
the neighboring lipid chains. Previous studies identified the location of CER EOS, CHOL, 
FFAs, CER N-(tetracosanoyl)-sphingosine (CER NS) and CER N-(tetracosanoyl)-
phytosphingosine (CER NP) (Figure S1) in lipid models with different compositional 
complexity (30, 36-38). According to these studies the lipids are arranged in a trilayer in 
the LPP unit cell. The outer layers of the LPP consist of the acyl chain of CER EOS and the 
CHOL, while the FFAs and acyl chains of CER NP and CER NS are predominantly localized in 
the central layer of the LPP. CER NS and CER NP have been reported to mainly adopt a 
linear conformation, as depicted schematically in Figure S2.  

In the present study the influence of N-(2R-hydroxy-tetracosanoyl)-sphingosine (CER 
AS C24), D-(2R-hydroxy-tetracosanoyl)-phytosphingosine (CER AP C24) and CER N-
(tetracosanoyl)-dihydrosphingosine (CER NdS C24) (Figure S1) on the lipid organization 
and barrier function of lipids assembled in the LPP was investigated. First, a model with 
only CER EOS, CER NP, CER NS and one of these additional CER subclasses (CER AS, CER AP 
or CER NdS) together with CHOL and FFA was used. It was observed that the additional 
CER subclasses did not affect the positions of the acyl chain of CER NP and CER NS in the 
trilayer unit cell. Additional studies show that the two acyl chains are similarly positioned 
even in a complex model representing the human SC CER subclass composition, suggesting 
an insensitivity of the LPP to the CER subclass composition.  
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MATERIALS AND METHODS 

Materials 

The following synthetic CERs used in the study: N-(30-Linoleoyloxy-triacontanoyl)-
sphingosine (CER EOS C30), N-(tetracosanoyl)-sphingosine (CER NS C24), N-
(tetracosanoyl)-phytosphingosine (CER NP C24), N-(2R-hydroxy-tetracosanoyl)-
sphingosine (CER AS C24), D-(2R-hydroxy-tetracosanoyl)-phytosphingosine (CER AP C24) 
and CER NS and CER NP with perdeuterated acyl chains (NSd47, NPd47) were kindly 
donated by Evonik (Essen, Germany). CER N-(tetracosanoyl)-dihydrosphingosine (CER NdS 
C24) was purchased from Avanti Polar Lipids (Alabama, USA). CHOL, palmitic acid (FFA 
C16), stearic acid (FFA C18), arachidic acid (FFA C20), behenic acid (FFA C22), lignoceric 
acid (FFA C24), D2O and the acetate buffer salts were obtained from Sigma-Aldrich-Chemie 
GmbH (Schnelldorf, Germany). Deuterated FFA C24 (DFFA24) was acquired from Arc 
Laboratories B.V. (Apeldoorn, The Netherlands). Analytical grade organic solvents were 
purchased from Biosolve B.V. (Valkenswaard, The Netherlands). The nucleopore 
polycarbonate membranes were purchased from Whatman (Kent, UK). 

 

Lipid compositions preparation 

An equimolar ratio of CERs:CHOL:FFAs was used for all lipid compositions. The CER 
fraction contained CER EOS (40% of CER fraction), CER NS, CER NP and either CER AS, CER 
AP or CER NdS for the simple models (CERs structures presented in Figure S1). The 
composition of the models mimicking human CER model is indicated in Table 1 by Human. 
This is based on the human model investigated by Uche et al. (21), but the concentration 
of CER EOS was increased to 40 mol% of total CERs in this study, to avoid the simultaneous 
formation of the LPP and SPP. The FFA composition of the Human model is denoted by 
FFA5 and consists of FFAs with chain lengths of C16, C18, C20, C22 and C24 (at molar 
percentages of 1.8, 4.0, 7.6, 47.8, 38.8%). Deuterated models were prepared by replacing 
CER NS, CER NP and FFA C24 (or FFA5) with their deuterated counterparts (indicated in the 
model names and in bold). 

The details for the sample preparation used for each biophysical technique are 
provided in Table 2. The lipids were dissolved in the appropriate solvent at a 
concentration of 5 mg/ml, then a Camag Linomat IV device (Muttenz, Switzerland) was 
used to spray the lipids under a gentle stream of nitrogen (spraying rate 14 s/µl) around 1 
mm from the support. An automatic equilibrator was then used at a heating rate of 
4°C/min until a temperature of 95°C was reached (for the models with CER AS, CER AP or 
CER NdS). The sample was maintained at this temperature for 65 min, then slowly cooled 
to 25°C. For the Human models, the equilibration temperature was 85°C, maintained for 
30 min, which was high enough to ensure the melting of the lipids.  
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Table 1. Lipid models used in this study, with deuterated lipids indicated in bold  

 
Table 2. Sample preparation information for each analytical technique 

Technique Lipid 
amount 

Solvent Support Spraying 
area 

Hydration 

SAXD 1 mg hexane/ ethanol 
(2:1, v/v) 

nucleopore 
polycarbonate 
membrane 

2 x 3 mm2 24 h, 80% 
relative 
humidity, 25°C 

FTIR 1 mg chloroform/ 
methanol (2:1, v/v) 

silver bromide 
window 

1 x 1 cm2 ≥12 h, acetate 
buffer in D2O 
(pH 5), 37°C 

SANS 10 mg chloroform/ 
methanol (2:1, v/v) 

silicon 
substrate 

1.2 x 3.8 
cm2 

≥12 h, D2O/H2O 
buffer (100%, 
50%, 8%), 37°C 

TEWL 1 mg hexane/ ethanol 
(2:1, v/v) 

nucleopore 
polycarbonate 
membrane 

1 x 1 cm2 30 min, 25°C 

 

Sample name Composition Molar ratio 
LPP NS:NP:AS EOS C30: NS C24: NP C24: AS C24: 

CHOL: FFA C24 
0.4: 0.15:0.15:0.3: 1: 1 

LPP NS:NP:AP EOS C30: NS C24: NP C24: AP C24: 
CHOL: FFA C24 

0.4: 0.15:0.15:0.3: 1: 1 

LPP NS:NP:NdS EOS C30: NS C24: NP C24: NdS C24: 
CHOL: FFA C24 

0.4: 0.15:0.15:0.3: 1: 1 

LPP NSd47:NP:AS EOS C30: NS C24-d47: NP C24: AS C24: 
CHOL: FFA C24 

0.4: 0.15:0.15:0.3: 1: 1 

LPP NS:NPd47:AS EOS C30: NS C24: NP C24-d47: AS C24: 
CHOL: FFA C24 

0.4: 0.15:0.15:0.3: 1: 1 

LPP NSd47:NP:AP EOS C30: NS C24-d47: NP C24: AP C24: 
CHOL: FFA C24 

0.4: 0.15:0.15:0.3: 1: 1 

LPP NS:NPd47:AP EOS C30: NS C24: NP C24-d47: AP C24: 
CHOL: FFA C24 

0.4: 0.15:0.15:0.3: 1: 1 

LPP NSd47:NP:NdS EOS C30: NS C24-d47: NP C24: NdS 
C24: CHOL: FFA C24 

0.4: 0.15:0.15:0.3: 1: 1 

LPP NS:NPd47:NdS EOS C30: NS C24: NP C24-d47: NdS 
C24: CHOL: FFA C24 

0.4: 0.15:0.15:0.3: 1: 1 

LPP 
NSd47:NPd47:AS:DFFA 

EOS C30: NS C24-d47: NP C24-d47: AS 
C24: CHOL: DFFA C24 

0.4: 0.15:0.15:0.3: 1: 1 

LPP 
NSd47:NPd47:AP:DFFA 

EOS C30: NS C24-d47: NP C24-d47: AP 
C24: CHOL: DFFA C24 

0.4: 0.15:0.15:0.3: 1: 1 

LPP 
NSd47:NPd47:NdS:DFFA 

EOS C30: NS C24-d47: NP C24-d47: 
NdS C24: CHOL: DFFA C24 

0.4: 0.15:0.15:0.3: 1: 1 

Human EOS C30: NS C24: NP C24: AS C24: NdS 
C24: AP C24: CHOL: FFA5 

0.4: 0.09: 0.22: 0.09: 0.09: 
0.11 : 1: 1 

Human-NSd47 EOS C30: NS C24-d47: NP C24: AS C24: 
NdS C24: AP C24: CHOL: FFA5 

0.4: 0.09: 0.22: 0.09: 0.09: 
0.11 : 1: 1 

Human-NPd47 EOS C30: NS C24: NP C24-d47: AS C24: 
NdS C24: AP C24: CHOL: FFA5 

0.4: 0.09: 0.22: 0.09: 0.09: 
0.11 : 1: 1 
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The samples were hydrated before the measurements. The different techniques 
required individual hydration methods; however, the phase behavior was not affected by 
the difference in hydration method.  
 

Small-angle X-ray diffraction (SAXD) 

SAXD measurements were performed at the ALBA Synchrotron (Barcelona, Spain), using 
the NCD-SWEET beamline, with a Pilatus 1M detector with a pixel array 981 × 1043 (pixel 
size 172 × 172 μm2). The wavelength of the X-ray beam was 0.999 Å and the sample to 
detector distance was 2.148 m. Silver behenate was used as a calibration of the set-up. 
Two samples were measured for each composition, with each sample scanned for 20 s, at 
23°C. The one-dimensional SAXD profiles of the scattering intensity as a function of the 
scattering vector (q) were obtained after the integration of the two-dimensional scattering 
plot, over a 90° segment from the beam center. The scattering vector (q) was calculated 
using the formula: 𝑞𝑞 = (4𝜋𝜋 sin 𝜃𝜃)/𝜆𝜆, where q represents the scattering angle and λ is the 
wavelength. The peak positions (qn) were determined by peak fitting in Fityk (Pearson VII 
function) (39). Least square fitting was used to calculate the repeat distance of the 
lamellar phase (d), as follows: 𝑑𝑑 = 2𝑛𝑛𝑛𝑛/𝑞𝑞', where n is the diffraction peak order number. 

 

FTIR 

A PerkinElmer Frontier FTIR (PerkinElmer, Waltham, USA), with a nitrogen cooled mercury 
cadmium telluride detector, was used for FTIR data collection. The sample compartment 
was continuously purged with a dry air flow to remove moisture from the environment. 
Each spectrum represents 77 interferograms collected with a resolution of 1 cm-1, in the 
wavenumber range 500 - 4000 cm-1. The samples were measured between 10 and 90 °C, 
at a heating rate of 4 min/°C. The extraction of the spectra was performed in TimeBase 
(Perkin Elmer, Waltham, USA) and the processing in Spectrum (Perkin Elmer, Waltham, 
USA). Data processing included deconvolution (γ = 2.2) and smoothing of the spectra 
(factor 76.7%). Three measurements were performed for each lipid model. 

The CH2 symmetric stretching vibrations (νsCH2, ~2849 cm-1) provide information 
about the conformational ordering. The deuterated CD2 stretching vibration occurs at 
~2090 cm-1 (νsCD2). The νsCH2 and νsCD2 vibrations are measured in the temperature range 
10-90°C. The midpoint transition temperature represents the average temperature the 
lipids are transitioning from orthorhombic to hexagonal packing (TMO-H) or from 
hexagonal to liquid (TMH-L) packing, calculated as previously described (40). The CH2 and 
CD2 scissoring vibrations (δCH2, 1462-1473 cm-1; δCD2, 1085-1095 cm-1) provide 
information about the lipid chain packing. The peak positions of the δCH2 and δCD2 
vibrations at 10°C and the peak heights were determined using Python scripts. A peak 
height ratio (OR/MID) was calculated as the ratio of the average peak height of the two 
orthorhombic peaks and the height of the central peak. The exact positions of the amide I 
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vibration (~1650 cm-1) and amide II vibration (~1550 cm-1) were also determined by peak 
fitting. 
 

Neutron diffraction at ISIS Neutron and Muon Source 

Neutron diffraction measurements of the LPP NS:NP:AS, LPP NS:NP:AP and LPP NS:NP:NdS 
models were performed on the LARMOR instrument at ISIS Neutron and Muon Source 
(Rutherford Appleton Laboratory, UK). The neutron beam wavelength range was 1 – 12.5 
Å and the sample – detector distance was 4.4 m. The angle of the sample to the beam was 
2.5° and the detector was set at a 2θ angle of 5° to the direct beam (area covered 664 × 
600 mm; pixel size 4 × 8 mm). The sample environment was an aluminum chamber and an 
empty chamber was used for background measurement (subtracted from the scattering 
profile of each sample). The samples were measured at each hydration buffer (100%, 50% 
and 8% D2O/H2O) for 4 h (40 µA/h accelerator proton charge) at 25°C. A direct beam 
measurement was used for the normalization to the incident flux shape and the detector 
efficiency. 

The Mantid software was used for reducing the data and normalizing the intensity as 
a function of the scattering vector (q) (41). The resulting q-range was 0.032 – 0.991 nm-1. 
The Bragg equation was used to convert the scattering angle (2θ) to q: 𝑞𝑞 = 4𝜋𝜋𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖	/	𝜆𝜆. 
Based on the positions of the equidistant Bragg peaks, the repeat distance (d) of the 
lamellar phase was calculated: 𝑑𝑑 = 2𝜋𝜋𝜋𝜋/𝑞𝑞' ; with n representing the diffraction order 
number of the peak at the position qn. 

Next, the scattering length density profiles (SLD) were determined for each sample, 
using the data analysis procedure previously described (36, 37). The intensity of each 
diffraction order was obtained by fitting the Bragg peaks (Fityk software, with a Pearson 
VII function) (39). Next, the structure factor amplitude for each diffraction order (|Fn|) 

was determined using the formula: │𝐹𝐹'│ = 𝐴𝐴'2𝐿𝐿𝐼𝐼	'	 , where L represents the Lorentz 
correction factor, which can be assumed equal to q, due to the high degree of lipid 
lamellae orientation. An, the correction factor for the sample absorption, was calculated 
with the formula below, where l is the thickness of the lipid sample and µ is the linear 
attenuation coefficient (42): 

𝐴𝐴' =
5

678.9
:;< (5>?

@:;<
78.9)

  

The D2O/H2O contrast variation method was used for the determination of the water 
profile phase signs. These phase signs are obtained from the positive or negative signs of 
the slope of the difference between the absolute structure factors |Fn| of the sample 
hydrated at 100% and 8% D2O/H2O, as previously described (38). Assuming that the lipid 
head groups are located at the unit cell boundary, the water molecules are located close 
to the hydrophilic lipid head groups at the cell boundary as well. This assumption results in 
the phase signs for the water profile of the LPP NS:NP:AS, LPP NS:NP:AP and LPP 
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NS:NP:NdS protiated samples - + - + - +. Then, the Fn with the corresponding phase signs 
are plotted as a function of the D2O/H2O buffer ratio (Figure S3). The centrosymmetric 
structure of the LPP is indicated by the linear fitting obtained from plotting the Fn values 
as a function of D2O/H2O buffer for all samples (36, 37). 

The phase signs of the protiated and deuterated lipid samples were individually 
determined based on the positive or negative sign of the Fn at 8% D2O/H2O buffer (Figure 
S3). We chose to use the data obtained using 8% D2O/H2O as at this composition the total 
scattering contribution of the water molecules is zero. As can be observed in Figure S3, for 
all protiated and deuterated samples the resulting phase signs combination was - + - + - +. 

The scattering length density profile (SLD) of the LPP unit cell was obtained by Fourier 
reconstruction using the structure factor values and the phase signs with the following 
equation (x is the distance in the unit cell, x=0 represents the center of the unit cell): 

𝜌𝜌(𝑥𝑥) = 𝐹𝐹D + 2∑ 𝐹𝐹H	𝑐𝑐𝑐𝑐𝑐𝑐 L
,$'M
N
O'PQR

'S5   

The scattering density per unit volume (F0) was determined using the density of the 
lipid sample and its chemical composition and it included one water molecule per lipid 
(43). By subtracting the SLD profile of the protiated sample from the SLD profile of the 
deuterated sample (both hydrated at 8% D2O/H2O, as the contribution of the buffer to the 
SLD is 0 at this ratio), the SLD profile of the deuterated moiety is obtain. This resulting SLD 
profile indicates the location of the deuterated lipid chain in the LPP unit cell.  

The “relative absolute” SLD data were calculated following the steps previously 
described (36, 37, 44). Based on previous measurements using the same LARMOR 
instrument settings and composition with CER NS with a sphingosine deuterated (CER 
NSd7), a scaling factor (Sf) was introduced, calculated as the ratio between the peak areas 
of the NSd7 and NPd47 chains of the CER EOS/CER NS/CER NP model (38). The peak area 
of the SLD profile of NPd47 chain (fitted for the LPP NS:NPd47:NdS model from this study) 
was then multiplied by Sf to obtain the corrected NPd47 peak area, scaled to previous 
measurements (SLDarea). The factor for calculating the “relative absolute” SLD values 
(SLDcorrect) is the ratio between the scattering of the deuterium atoms in the NPd47 chain 
(SLDdif) and the corrected peak area of the NPd47 SLD (SLDarea). SLDdif is the difference 
between the scattering of a deuterated CER acyl chain (C23D47) and the protiated CER acyl 
chain (C23H47). The SLDcorrect factor was applied to the scattering factor Fn values, 
transforming the data to the “relative absolute” scale. 
 

Neutron diffraction at the Institut Laue-Langevin 

The molecular arrangement in a lipid model with a composition mimicking the human SC 
was examined as well. Neutron diffraction measurements were performed on the 
protiated model and the models with either the deuterated acyl chain of CER NS or CER 
NP, to examine the location of these two chains in the LPP unit cell. These membrane 
diffraction measurements were performed at the D16 small-angle neutron diffractometer, 
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at Institut Laue-Langevin (ILL, Grenoble, France), as previously described (30, 36, 37, 45). 
In short, the incoming slit-collimated beam, with a wavelength of 4.45 Å, was set at 30 mm 
vertically and 3 mm horizontally, to ensure the proper illumination of the sample during 
data collection of all the diffraction orders. The diffraction patterns were measured in 
reflection mode, using MILAND, a 3He detector (320 x 320 mm; special resolution of 1 x 1 
mm), with a sample to detector distance of 0.95 m. 

Each sample was mounted in an aluminum humidity chamber (46), maintained at 
25°C and 99% RH and measured for 4 h (for the 100% and 50% D2O/H2O hydration buffers) 
and 9 h (for the 8% D2O/H2O buffer), depending on the signal to noise ratio. The samples 
were rotated (Ω axis) between 0.05 and 10.2° (in steps of 0.05°) at a detector angle (γ) of 
11.2° (in the Ω range 0.05 - 2.25°), to separate the first and second order from the direct 
beam, and 12° (Ω range 1.8 - 10.2°), to cover the second to ninth diffraction orders of the 
LPP. For each diffraction order, the scans were measured at the specular angle ± 0.1° 
(total of 5 scans), which were then averaged and fitted. The scattering data were reduced, 
the background (empty aluminum chamber) was subtracted and the peaks were fitted 
using the processing software LAMP (47). The data were converted from the scattering 
angle 2θ to q-values using the Bragg equation: 𝑞𝑞 = 4𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋	/	𝜆𝜆. The SLD calculation was 
further performed as described above. The linear fitting of the structure factor Fn values as 
a function of the D2O/H2O ratio is illustrated in Figure S4. 
 

Trans-epidermal water loss (TEWL) 

To measure TEWL values, the lipid samples were mounted in Permegear in-line diffusion 
cells (Bethlehem, USA), with a diffusion area of 0.28 cm2. The acceptor compartment was 
filled with MiliQ water and the donor compartment was empty. TEWL was monitored 
using the AquaFlux AF200 device (Biox Systems Ltd., London, UK), which was connected to 
the diffusion cells using a measurement cap. The TEWL flux was measured each 10 s for 30 
mins. The steady-state TEWL was calculated as an average of the values obtained during 
the last 10 min of the 30 mins measurement period. At least six samples were measured 
for each composition. GraphPad Prism 8 was used for statistical analysis (one-way ANOVA 
test with Bonferroni correction; P < 0.05 and t test for comparisons of two groups; P < 
0.05).  
 

RESULTS AND DISCUSSION 

Lamellar and lateral organization  

The lamellar organization of the LPP simple models was investigated with SAXD. The X-ray 
diffraction profiles of the LPP NS:NP:NdS, LPP NS:NP:AS and LPP NS:NP:AP models display 
seven equidistant peaks corresponding to a lamellar phase with the repeat distance of 
12.6, 12.7 and 12.9 nm, respectively (Figure 1). The diffraction peak intensity distribution 
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(second order with the highest intensity, followed by the first and then the third order) is 
characteristic for the LPP (31). The increase in repeat distance is in agreement with the 
findings of Uche et al. (48). They reported repeat distances of models with CER EOS 
(40m/m%) and either CER NS, CER NP, CER AS or CER AP (60m/m%) mixed with CHOL and 
FFAs; an increase in the LPP repeat distance was observed when comparing the EOS/AS 
(12.6 nm) and EOS/AP (13.4 nm) models. A peak at q= 1.8 nm-1 is detected in all samples 
and it corresponds to phase-separated crystalline CHOL. The peaks of the LPP NS:NP:NdS 
and LPP NS:NP:AS models are generally sharp, however, for the LPP NS:NP:AP model the 
peaks corresponding to the third, fourth and sixth diffraction orders are slightly 
asymmetric, indicating that an additional phase might be present. 

 

 
Figure 1. The SAXD profiles of the three lipid models (LPP NS:NP:NdS in purple, LPP NS:NP:AP in blue 
and LPP NS:NP:AS in green). The insert displays the zoomed in q-range 1.6 – 3.6 nm-1. The LPP 
diffraction orders are depicted with Arabic numbers and phase separated (crystalline) CHOL is 
denoted with the asterisk (*). 
 

Next, the lateral organization was examined using FTIR. Figure 2A displays the δCH2 
vibrations of the LPP NS:NP:NdS, LPP NS:NP:AS and LPP NS:NP:AP models and Figure 2B 
the thermotropic behavior of the νsCH2 vibrations. The peak splitting indicates the 
presence of an orthorhombic packing in all three compositions. The position of the δCH2 
vibration peaks was determined by peak fitting. From the positions the δCH2 peaks, the 
splitting distance (distance between the two δCH2 peaks) was determined and this 
distance was around 10.6 cm-1. In comparison, pure FFA C24 has maximum δCH2 peak 
splitting of 10.7 cm-1 (unpublished), thus this denotes that the size of the orthorhombic 
domains in the three models is close to maximum splitting indicating large domain sizes of 
at least 100 lipid molecules (49, 50). In addition, a δCH2 peak height ratio was calculated 
(OR/MID) as the ratio of the two orthorhombic peaks heights and the central (middle) 
peak height (Table 4). This is of interest as a higher fraction of hexagonal packing (peak 
position at around 1467 cm-1 thus attributing to the MID peak) will result in a shallower 
dip and thus a lower height ratio of OR/MID peaks. The OR/MID height ratio of the LPP 
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NS:NP:AP model is 2.5, smaller than the other models (2.9 and 3.3), suggesting that a 
larger fraction of the lipids in this AP model is hexagonally packed in comparison to the 
other two models, but the size of the orthorhombic domains is very similar in the three 
models. Uche et al. reported an increased hexagonal phase in a model with CER EOS/CER 
AP (40/60 mol%) in comparison with a similar model with either CER AS, CER NS or CER NP 
(48). This showed a similar tendency as the models examined in this study. 

The thermotropic curves of the νsCH2 vibrations of the LPP NS:NP:NdS, LPP NS:NP:AS 
and LPP NS:NP:AP models are plotted in Figure 2B. At 10°C, the νsCH2 wavenumbers of all 
models are <2849 cm-1, which demonstrates a high conformational ordering of the lipids 
corresponding to an orthorhombic lipid packing, as shown by the δCH2 vibrations shown in 
Figure 2A at 10°C. This remains stable up to ~32°C when a transition is indicated by the 
increase of the νsCH2 wavenumber to ~2850 cm-1. This represents the phase transition 
from orthorhombic to a less ordered phase, probably a hexagonal packing.  

 

 
Figure 2. (A) δCH2 vibrations of the LPP NS:NP:NdS, LPP NS:NP:AP and LPP NS:NP:AS, measured by 
FTIR at 10°C. (B) Thermotropic plots of the three samples with the wavenumbers of the νsCH2 
frequencies displayed in the temperature range 10-90°C. (C) FTIR spectrum of the region 1500 – 
1680 cm-1, displaying the two amide vibrations at 10°C. The data for each lipid model represents an 
average of three separate measurements. 
 

Figure S5 shows the δCH2 vibrations at 25°C (temperature used for the other 
methods: SANS, TEWL) and at 40°C. At 25°C the two δCH2 peaks are still fairly well 
separated, with the distance between the peaks of 10.2 cm-1 for the LPP NS:NP:NdS 
model, while for the LPP NS:NP:AS and LPP NS:NP:AP models, it was 9.9 and 9.7 cm-1 
respectively. The peak splitting distance at 25°C is lower in comparison with the 10°C 
measurements (Table 3), and the same trend is observed for the OR/MID peak height ratio 
at 25°C (OR/MID ratio values are 1.6 ± 0.1, 1.9 ± 0.1 and 2.9 ± 0.1 for the LPP NS:NP:AS, 
LPP NS:NP:AP and LPP NS:NP:NdS respectively). As it can be seen from Figure S5B, at 40°C 
the δCH2 vibrations show a broader peak with a shoulder, indicating the ongoing transition 
to the hexagonal packing of the lipids.  
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The mid-phase transition temperatures (Table 3) reveal small differences between 
the three models, especially for the orthorhombic to hexagonal phase transition (TMO-H). 
This transition in the LPP NS:NP:NdS model occurs at a higher temperature (40.8 ± 0.3 °C) 
compared to the other two models, which have similar mid-transition temperatures (36.2 
± 1.4 °C and 38.7 ± 0.6 °C for LPP NS:NP:AS and LPP NS:NP:AP models respectively). The 
differences in the mid-phase transition temperatures explain the OR/MID δCH2 peak 
height ratios observed at 25°C. The LPP NS:NP:NdS model shows the least differences in 
comparison to the values obtained at 10°C, due to the higher phase transition 
temperature to a hexagonal phase in this model. 

The hexagonal to liquid phase transitions occur in comparable temperature ranges 
and the TMH-L shows no significant differences between the three models (Table 3). The 
lipid mixing is followed using partially deuterated samples and this is described below. 

 
Table 3. Midpoint transition temperatures for the three models, the δCH2 scissoring peak distances 
and the peak positions of the amide I and II vibrations. Data are shown as averages with standard 
deviations for 3 repeat measurements. 

Lipid sample δCH2 peak 
distance 

(cm-1) 

δCH2 OR/MID 
peak height 

ratio 

TMO-H (°C) TMH-L (°C) Amide peak 
position (cm-1) 

LPP NS:NP:AS 10.7 ± 0.1 2.9 ± 0.1 36.2 ± 1.4 67.3 ± 0.7 1547.0 ± 0.9 
1635.8 ± 0.1 

LPP NS:NP:AP 10.6 ± 0.1 2.5 ± 0.3 38.7 ± 0.6 69.1 ± 0.9 1548.1 ± 0.3 
1627.5 ± 0.1 

LPP NS:NP:NdS 10.8 ± 0.1 3.3 ± 0.1 40.8 ± 0.3 68.6 ± 0.3 1547.3 ± 0.2 
1632.6 ± 0.4 

 

Hydrogen bonding network in the models 

The head group structure of the various CER subclasses investigated is different among 
the models, as CER NdS, CER AS and CER AP have a different number of hydroxyl groups. 
These CERs can act as both hydrogen bond donor and/or acceptor, thus FTIR studies 
focusing on amide vibrations can provide information about hydrogen bonding network in 
the systems. The amide I vibration (~1650 cm-1) results from the C=O stretching vibration 
and the amide II (~1550 cm-1) vibration is determined by both the N-H bending and C-N 
stretching vibrations. If the position of the two amide vibrations is closer (when the amide 
I has a lower frequency and amide II a higher frequency), this indicates a stronger 
hydrogen bonding (51, 52). In the simple LPP models the amide I and II vibrations are 
characterized by broad peaks (Figure 2C). The exact peak positions have been determined 
by peak fitting (Table 3). The LPP NS:NP:NdS and LPP NS:NP:AS models have a similar 
distance between the amide I and II vibrations, indicating a similar hydrogen bonding 
network (Figure 2C). However, the LPP NS:NP:AP model shows a higher frequency for the 
amide II peak and lower amide I frequency, resulting in a smaller distance between the 
two peaks. This indicates that the inclusion of CER AP in the lipid model results in a 
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stronger hydrogen bonding, in comparison with the other two models, but this is not 
surprising as the head group of CER AP contains four hydroxyl groups.  

The difference in hydrogen bonding is in agreement with previous studies, which 
reported stronger hydrogen bonding for phytosphingosine-based CERs than for the 
sphingosine-based CERs, in single component systems, in three components systems, as 
well as in model systems forming the LPP (48, 52, 53). It is likely that both the 
concentration of CER AS, CER AP or CER NdS in this study (30 mol% of total CERs) and the 
composition of the models, leads to a weaker hydrogen bond network than in single 
component CER systems. 

 

Lipid barrier measured by trans-epidermal water loss (TEWL) 

TEWL measurements were performed to examine the lipid barrier changes after adding an 
extra CER subclass to the mixture, with the TEWL of the three models with either CER AS, 
CER NdS or CER AP being compared with the model with the composition CER EOS, CER 
NS, CER NP, CHOL, FFA C24 (LPP NS:NP 1:1). (Figure 3). The lipid organization of this LPP 
NS:NP 1:1 model was reported in a previous study and it can be considered a control 
sample (38). The TEWL of the LPP NS:NP:AS and LPP NS:NP:AP models is significantly 
increased compared to the LPP NS:NP 1:1 model, while there is no significant difference 
for the TEWL flux of LPP NS:NP:NdS model compared to the control model (one-way 
ANOVA test). The LPP NS:NP:AS model showed a poorer barrier function compared to the 
LPP NS:NP:AP model as well, as shown by the significant differences in the TEWL (t test of 
the two groups). 

 
Figure 3. Trans-epidermal water loss of the models, calculated as an average of the steady flux in the 
last 10 min of the measurements. Data are shown as averages with standard deviations of n≥6 
measurements of different lipid membranes per group (* P<0.05; *** P<0.005) 

 
There are at least two factors that play a role in the permeability of the lipid barrier in 

comparing these systems: hydrogen bonding and the fraction of lipids organized in 
hexagonal packing. The hydrogen bond network might have an important role for the 
barrier function, as a dense hydrogen network might reduce the permeation of water 
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molecules through the lipid layers and this would lead to a lower TEWL. However, the 
presence of a larger fraction of lipids adopting a hexagonal packing might enhance the 
permeation of molecules though the lipid layer, causing a reduced lipid barrier (54). As 
shown in Figure S5A (Supplemental Material), at 25°C the LPP NS:NP:NdS model has a 
higher fraction of orthorhombically packed lipids compared to the LPP NS:NP:AS and LPP 
NS:NP:AP models. Thus, this small packing difference between the models, as well as the 
stronger hydrogen bond network of CER AP in comparison with the other two models, 
explains the trend observed for the TEWL, with the highest permeability to water 
measured for the LPP NS:NP:AS model. 

Differences in the permeability of LPP models with different CER head group 
structure were also observed by Uche et al. in a previous study, where phytosphingosine-
based CER models (with CER AP or CER NP) showed a lower permeability than the 
sphingosine-based CER models (CER AS or CER NS) (48). In models forming only the SPP, a 
study by Kováčik et al. indicates a higher water loss of the CER NP model compared to the 
CER NS model, with no differences between the models involving CER AP, CER AS or CER 
NdS (55). The different results compared to our finding are probably due to extensive 
phase separation in these models that also affect the packing of the lipids.  
 

Molecular arrangement of the LPP unit cell 

Neutron diffraction measurements were carried out for the protiated models (LPP 
NS:NP:AS, LPP NS:NP:AP and LPP NS:NP:NdS) and the models that included either the 
deuterated acyl chain of CER NS (NSd47) or CER NP (NPd47) to identify the effect of the 
CER AS, AP and NdS on the position of the deuterated acyl chains in the LPP unit cell. The 
one-dimensional scattering intensity plots (Figure S6, Supplemental information) showed 
a sequence of six equidistant peaks identified as the LPP diffraction orders. Apart from 
there, there is a peak at 1.8 nm-1, corresponding to crystalline CHOL (phase separated) but 
there was no overlap with the peak corresponding to the fourth LPP diffraction order. As 
noted in the SAXD plots, the diffraction peaks of the LPP NS:NP:AP model are broader, but 
no co-existing phases were detected. 
 After the structure factors and corresponding phase signs were determined for each 
sample, the SLD profiles were obtained. The SLD profiles of the water were determined by 
subtraction of the SLD intensity of the protiated sample equilibrated and measured at 
100% D2O/H2O and at 8% D2O/H2O hydration. Figure 4A, D, G display the water SLD 
profiles of the three models. Two regions of high intensity are present at the border of the 
LPP unit cell (at approximately 6.3 nm from the center of the unit cell). Besides these, 
there are also two inner water regions located at 2.2 ± 0.1 nm from the unit cell center. 
The position of the water molecules is near the lipid head group regions (and not next to 
the hydrophobic lipid tails), therefore the water SLD profile demonstrates that the trilayer 
structure of the LPP is centrosymmetric, as previously reported (36, 37). 
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 Next, we determined the acyl chain locations of CER NS and CER NP in the unit cell. 
The SLD profiles of the deuterated NSd47 and NPd47 chains were calculated by 
subtracting the SLD profile of the protiated sample from the deuterated samples, 
hydrated with the 8% D2O/H2O buffer. The resulting SLD profiles represent the localization 
of the acyl chains of CER NS or CER NP in the LPP unit cell (Figure 4 B,C,E,F,H and I). The 
LPP NS:NPd47:NdS model is characterized by an increased intensity of the SLD in the 
middle of the unit cell, as well as an elevation at the outer layers (Figure 4B). Thus, the 
deuterated acyl chains of CER NP are positioned mainly in the central layer of the LPP, 
while a small part of the lipid chains are located at the unit cell boundaries. The LPP 
NSd47:NP:NdS model shows the same intensity distribution in the SLD profile, suggesting 
the same position for the acyl chains of CER NS and CER NP in the unit cell of the LPP 
(Figure 4C). 

Examining the SLD profiles of the LPP NS:NPd47:AP and LPP NSd47:NP:AP lipid 
models (Figure 4E,F), as well as LPP NS:NPd47:AS and LPP NSd47:NP:AS systems (Figure 
4H,I), the same SLD distribution is present as for the LPP NS:NP:AP samples, indicating the 
same location of the deuterated acyl chains of CER NP and CER NS in these unit cells 
(primarily in the inner layer of the unit cell of the LPP, with a small part of the chains at 
boundary of the unit cell). The percentage of deuterated CERs in each model is the same 
(15 mol% of CER content, which represents ~5 mol% of total lipids) and the relative 
absolute intensities of the six SLD profiles are similar between the lipid models, suggesting 
the same distribution of the deuterated chains is present in all the systems. 

 These results indicate that the addition of another CER in a simpler LPP NS:NP model 
does not influence the arrangement of CER NS and CER NP in the unit cell of the LPP. The 
location of these two CERs is the same as reported in previous studies of lipid models that 
form the LPP (30, 36, 38, 56). These studies used both simple lipid models comprising of 
only two or three CERs (CER EOS, CER NS and CER NP) and a more complex model with a 
CER composition mimicking the pig SC composition.  

The CER AS, CER NdS and CER AP that were included in this study have the same 
chain length as CER NS and CER NP (24 carbon atoms). As the molecular arrangement of 
CER NS or CER NP is not affected by including one of these three CERs, this demonstrates 
that the LPP arrangement is insensitive to changes in CER subclass. Previous studies 
showed that replacing 75 mol% of long chain CER NS (C24) with short chain CER NS (C16) 
in a LPP model influences the lipid organization (57). Thus, it is likely that this would 
influence the molecular arrangement in the LPP as well. Furthermore, Beddoes et al. 
concluded that the CER headgroup structure has an important role for the molecular lipid 
arrangement in the LPP unit: when a proportion of the CERs is replaced with FFAs (with 
the same chain length as the CER), a redistribution of the CERs can occur (45). Therefore, 
the presence of the CER head group is important but changing the nature of the CER head 
group has no effect on the lipid molecular arrangement in the LPP unit cell. 
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The position of CER AS, CER AP or CER NdS could not be identified in this study due to 
the unavailability of these deuterated acyl chains of the CER subclasses commercially. 
However, important information about their location can be obtained when examining the 
lipid chain interactions, by performing FTIR studies as described in the next section. 

 

 
Figure 4. The neutron SLD profiles of the water (A, D, G), acyl chain of CER NP and acyl chain of CER 
NS in the LPP NS:NP:NdS (B,C), LPP NS:NP:AP (E,F) and LPP NS:NP:AS (H,I) models. The SLD water 
profiles are determined from the subtraction of the SLD profiles of the protiated sample measured 
at 8% D2O/H2O buffer hydration from the 100% D2O/H2O buffer. The vertical black lines (A, D, G) 
denote the localization of the water molecules in the LPP unit, thus also the lipid head groups 
position. 
 

Lipid chain interactions 

The lipid chain interactions were examined using the peak splitting of the δCD2 and δCH2 
vibrations from the FTIR spectra (Figure 5). When the lipids form an orthorhombic 
packing, the CH2 chains are densely packed, resulting in CH2-CH2 (or CD2-CD2) short-range 
coupling due to the proximity of the CH2 (CD2) groups. As a consequence, the scissoring 
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vibrations split into two peaks. The distance between two scissoring peaks is dependent 
on the size of the orthorhombic domains. 

The δCH2 and δCD2 frequencies have a considerable vibrational energy variation 
(δCH2 vibrations are between 1460 – 1480 cm-1 and the δCD2 vibrations between 1080 – 
1095 cm-1). When the lipid domain size is around 100 chains, the maximum peak splitting 
is achieved (50, 51). If deuterated and protiated chains are in close proximity, CD2-CH2 
interactions occur and because of the vibrational energy difference the CD2-CD2 chain 
interactions are lost. Such interactions result in a single peak at 1088 cm-1. In combination 
with CD2-CD2 peak splitting, a larger peak at 1088 cm-1 leads to poorer peak separation of 
the two orthorhombic peaks and a smaller depth between the peaks. 

In the LPP NS:NP 1:1 model previously investigated (CER EOS, CER NP, CER NS, CHOL 
and FFA C24), it was concluded that the acyl chains of CER NS and CER NP together with 
FFA C24 are all primarily located in the inner layer of the LPP trilayer unit (38). This is 
based on the localization of the CER NP and CER NS acyl chains from neutron diffraction 
measurements and FTIR (δCD2 peak splitting distance of 6.4 ± 0.1 cm-1 for the lipid model 
with NSd47, NPd47 and DFFA – Table 4). Moreover, CER NS and CER NP adopted the linear 
conformation (with the acyl and sphingosine chain oriented on both sides of the CER 
headgroup). The neutron diffraction results presented above for the three models 
investigated in this study indicate a primary location of the acyl chains of CER NP and CER 
NS in the inner layer of the LPP unit cell as well. No information is available about the 
position of the acyl chains belonging to CER AP, CER AS or CER NdS as these deuterated 
CERs are not commercially available.  

However, if CER AS, CER AP or CER NdS chains are partly located in the inner layer of 
the LPP, the δCD2 peak splitting should be reduced, as protiated chains (sphingosine 
chains, acyl chains or both) will interfere with the CD2-CD2 chain interactions and 
consequently will reduce the deuterated domain size. The δCD2 vibrations of the three 
models with deuterated NS and deuterated NP show a δCD2 peak splitting distance 
between 5.3 – 5.5 cm-1 (Table 4). As a significant reduction in the δCD2 peak splitting is 
observed compared to the LPP NS:NP 1:1 model (6.4 ± 0.1 cm-1), these results suggest that 
there are more protiated lipid chains neighboring the deuterated chains of CER NP, CER NS 
and FFA in the LPP NSd47:NPd47:AS:DFFA, LPP NSd47:NPd47:AP:DFFA and LPP 
NSd47:NPd47:NdS:DFFA models compared to the LPP-NSd47-NPd47-DFFA model. As 
previous studies reported that CER NP and CER NS are arranged in a linear conformation in 
LPP lipid models, with the acyl chains and sphingoid bases placed on either side of the CER 
head group (in lipid models with different compositions, both simple and complex models) 
(29, 30, 38, 56), it is likely that this is the case for the models used in this study. Therefore, 
it is expected that the reduction in splitting is caused by the acyl or sphingosine chains of 
CER AS, CER AP and CER NdS located in the central layer. A clear conclusion cannot be 
drawn only based on these FTIR results, as other complementary techniques are needed 
to confirm which lipid chains are neighboring the CER NS and CER NP acyl chains and FFAs. 
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δCH2 vibrations show a broad peak at ~1467 cm-1 for all three models, while in the 
LPP NSd47:NPd47:NdS:DFFA system there is also a small shoulder on the left side of the 
peak (Figure 5B). This suggests that a portion of the protiated lipid chains might be 
hexagonally packed. The chains forming the hexagonal packing are located in the 
boundary layers of the LPP. 

 
Figure 5. The δCD2 vibrations (A) and δCH2 vibrations (B) of the three partially deuterated models 
(10°C measurements). Deuterated FFA C24 and CER NS and CER NP with the deuterated acyl chain 
are included in these samples. 
 

From the thermotropic curves of these three partially deuterated models (Figure S7) 
it can be observed that the protiated lipid chains undergo an orthorhombic – hexagonal 
phase transition, with the mid-transition temperatures shown in Table 5. The temperature 
ranges at which the transition takes place for the NdS and AS samples are smaller and 
sharper transitions can be observed, in contrast to the AP sample. The mid-transition 
temperatures are similar for the three models, both for the orthorhombic - hexagonal and 
hexagonal – liquid transitions (Table 4) and no significant differences were noted between 
the models. When comparing the thermotropic curve of the deuterated and protiated 
lipid chains, Figure S7 shows that the phase transitions occur in the same temperature 
ranges, for each model. This suggests that all lipids are well-mixed in the systems, part of 
the same lattice, as they are able to undergo phase transitions simultaneously. 
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Table 4. The splitting distance of the δCD2 peak calculated at 10°C and the midpoint phase transition 
temperatures for the deuterated models. Data are presented as mean ± standard deviation of three 
measurements for each lipid composition. 

Lipid sample δCD2 peak splitting 
distance (cm-1) 

TMO-H (°C) TMH-L (°C) 

LPP NSd47:NPd47:AS:DFFA 5.4 ± 0.04 36.1 ± 0.8 63.9 ± 1.2 

LPP NSd47:NPd47:AP:DFFA 5.5 ± 0.01 37.9 ± 1.5 66.7 ± 1.4 

LPP NSd47:NPd47:NdS:DFFA 5.3 ± 0.01 39.8 ± 0.8 67.1 ± 1.2 

LPP NS:NP 1:1 * 6.4 ± 0.1 - - 

* obtained from a previous study (38) 
 

Lipid arrangement in a human ceramide model  

The molecular arrangement in a lipid model with a composition mimicking the human SC 
was investigated as well. This model contains seven CER subclasses and a mix of FFAs with 
different chain lengths (Table 1) and it has the same lipid composition as used by Uche et 
al. (27). The SLD profiles corresponding to CER NP and CER NS with a deuterated acyl chain 
of were calculated as described above for the other lipid models. The two SLD profiles 
show high intensities in the inner part of the unit cell of the LPP (Figure S8 A,B). These 
results indicate that the acyl chains of CER NP and CER NS are predominantly located in 
the inner layer of the LPP, as was identified for the simple LPP models discussed above, as 
well as in previous studies (29, 30, 36, 38). The similar location of CER NS and CER NP in 
lipid models with various CER subclass composition complexity demonstrates the 
adaptability of the LPP structure to different CER head group compositions, indicating that 
the LPP lipid arrangement is insensitive to the CER composition. 
 

Different models for the lipid arrangement in the LPP unit cell 

Using neutron, X-ray diffraction and FTIR data, a model of the arrangement of the lipids in 
the LPP has been previously proposed, in which the acyl chains of the CERs and FFAs are 
predominantly located in the central layer, except the acyl chain of CER EOS, which is 
positioned in the two outer layers of the trilayer model together with the sphingoid chains 
and cholesterol, as represented in Figure S2 (29, 30, 36, 37, 58). As shown in this study and 
in previous papers, this model is consistent irrespective of whether a simpler lipid model 
(only containing CER EOS and CER NS subclasses) or a more complex lipid model (porcine 
CER and human CER model) is used (30, 37, 38). Using ruthenium tetroxide staining the SC 
lamellar organization was for the first time reported by Madison et al. (59). These studies 
showed broad-narrow-broad sequence of lucent bands in one repeating unit. Ruthenium 
tetroxide is a strong oxidizer that reacts with the double bonds of the lipid chains and the 
hydroxyl groups of the CERs (60). Thus, both the head groups and the linoleate position 
will turn into dark regions in the electron micrographs. Our proposed molecular 
arrangement is in agreement with the broad-narrow-broad lucent bands pattern reported. 
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The group of Norlen has studied the SC lamellar organization using cryo-electron 
microscopy. In their most recent paper two lamellar phases were reported, one with a 
repeat distance of 11-12 nm and a second one with a repeat distance of ~6 nm, which 
might represent the LPP and SPP (61). However, for the 11-12 nm phase, a two-layer 
asymmetric pattern was reported, which is not in agreement with the trilayer symmetric 
arrangement obtained using SAXD and Neutron diffraction (9, 30, 36, 37, 62). 

Very recently another lipid arrangement has been proposed by Fandrei et al. for the 
simple LPP model with CER EOS and CER NS subclasses, based on NMR and neutron 
diffraction data (63). In that study, the assumption that the head groups of the lipids are 
located at the LPP unit cell boundary was disregarded and other phase signs were chosen 
for the structure factors during neutron data analysis. The newly proposed arrangement 
was mainly suggested based on the NMR findings of the isotropic linoleate tails of CER 
EOS. One of the essential differences between the model proposed previously in our 
papers and this new model by Fandrei et al. is the location of the acyl chain of CER EOS, 
which is positioned in the same layer as the acyl chains of CER NS and FFAs, with its 
isotropic linoleate forming the layer in the central part of the unit cell (63). Although this 
model is in accordance with respect to the NMR data, it raises the question whether such 
an isotropic fluid layer is in agreement with the high order displayed by X-ray diffraction 
patterns reported in their publication, but also in other studies, in which the various 
diffraction orders are very sharp indicating very ordered lamellar phases (9, 31, 63). It is 
important to mention that in the lipid models described by Fandrei et al. both the LPP and 
SPP are formed. However, the fraction of lipid classes in each of these phases cannot be 
quantified. As a result, the actual molar ratio between the lipids forming the LPP is not 
known. Another point of discussion is the permeability of the lipid model. In the model 
proposed by Fandrei et al. at a percentage of 30 m/m% CER EOS, the isotropic linoleate 
chains of CER EOS form a separate layer in the LPP. This would be expected to increase 
substantially the permeability of the lipid model compared to a model with a much lower 
concentration of CER EOS. However, it has been reported that a percentage of 10 mol% 
CER EOS (formation of both LPP and SPP) and 30% mol% CER EOS (formation of LPP 
exclusively) results in similar flux of ethyl-PABA across the membrane (10).  It is important 
to note that in our lipid models the width of the δCD2 splitting distance varies between 6.4 
and 6.6 cm-1 and although the splitting distance is large, it is less than the maximum 
splitting distance of 7.4 cm-1 (29, 57). Whether this slight difference is due to a limited 
intercalation of protiated chains in the deuterated domains or the presence of disordered 
linoleate domains needs to be studied in future. 

Further investigations are required to fully establish which model describes most 
accurately the lipid molecular arrangement in the LPP. Both models have in common the 
isotropic linoleate domains and the linear arrangement of the CERs. Calculating the 
neutron diffraction data obtained in this study with the phase signs used by Fandrei et al. 
(63) shows that in that model the acyl chains of both CER NS and CER NP still have the 

6
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same position in the LPP unit cell (Figure S9). This indicates that the conclusions of the 
present study regarding the adaptability of the lamellar structure to variations in the CER 
head groups are also translatable to this recently proposed lipid arrangement.  
 

CONCLUSION 

This study demonstrates that the lipid molecular arrangement in the unit cell of the LPP is 
insensitive to differences in the head group structure of the CERs and the complexity of 
the lipid model. Addition of either CER AS, CER NdS or CER AS in an LPP model along CER 
EOS, CER NP, CER NS, CHOL and FFA C24 did not change the acyl chain position of CER NP 
and CER NS or the lipid organization, however, it affected the TEWL, the hydrogen bond 
network of the models and the lateral packing, due to the different CER head group 
architecture. The lipid chain interactions investigated with FTIR suggest that CER AS, CER 
AP and CER NdS are located in the central layer of the LPP. The position of the acyl chains 
of CER NP and CER NS in the LPP unit cell is also similar in a complex lipid model that 
mimics the CER subclass composition of human SC and it is in agreement with previous 
reports.  
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SUPPLEMENTAL INFORMATION 
 
 

 
Figure S1. The CERs included in the lipid compositions and their structures. 
 
 

 
Figure S2. The molecular arrangement of lipids in the LPP unit cell trilayer, in a model with the 
composition CER EOS C30: CER NS C24: CER NP C24: CHOL: FFA C24 (molar ratio 0.4:0.3:0.3:1:1). 
Reprinted from Nădăban et al. (1). CER NS is highlighted in red and CER NP in blue, whereas CER 
EOS, FFA C24 and CHOL are in black.  
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Figure S3. Linear correlation of the structure factors with the D2O percentage (in the D2O/H2O 
buffer) of the six diffraction orders of the LPP models LPP NS:NP:NdS, LPP NS:NP:AP and LPP 
NS:NP:AS. Each diffraction order is indicated by different colors and symbols: first (square, dark 
blue), second (triangle, red), third (diamond, green), fourth (dot, orange), fifth (triangle, light blue), 
sixth (cross, grey). 
 

 
Figure S4. Linear correlation of the structure factors with the D2O/H2O hydration level for the 
protiated Human model, Human-NSd47 (with the deuterated CER NS acyl chain) and Human-NPd47 
model (with the deuterated CER NP acyl chain). Each diffraction order is indicated by different colors 
and symbols: first (square, dark blue), second (triangle, red), third (diamond, green), fourth (dot, 
orange), fifth (triangle, light blue), sixth (cross, grey), seventh (plus, light green), eighth (cross, black) 
and ninth (circle, magenta). 
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Figure S5. The CH2 scissoring vibrations of the LPP NS:NP:NdS, LPP NS:NP:AP and LPP NS:NP:AS, 
measured by FTIR at 25°C and 40°C. The lipid model name is indicated on each curve.  
 

 
Figure S6. One-dimensional neutron scattering plots for the three models (LPP NS:NP:AS, LPP 
NS:NP:AP and LPP NS:NP:NdS), protiated and deuterated, at 100% D2O/H2O buffer ratio. The 
inserted cassette displays a zoom-in of the scattering vector (q) region 1.7 - 3.5 nm-1. The six 
diffraction orders corresponding to the LPP are denoted with numbers and the phase-separated 
CHOL diffraction peak is marked with an asterisk.  
 

 
Figure S7. The νsCH2 and νsCD2 thermotropic curves of the three lipid systems that include the 
deuterated CER NS and CER NP acyl chains and DFFA (LPP NSd47:NPd47:AS:DFFA, LPP 
NSd47:NPd47:AP:DFFA and LPP NSd47:NPd47:NdS:DFFA). The wavenumbers of the νsCH2 and νsCD2 
peak positions (left and right y-axis) are plotted in the 10-90°C temperature range. An average of 
three separate measurements per lipid sample is plotted in the graphs.  
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Figure S8. The net neutron SLD profile of the of the deuterated CER NS47 acyl chain (A) and CER 
NPd47 acyl chain (B) in the human complex model and the water profile of the human model (C). 
The net SLD profiles of the NSd47 and NPd47 chains display high intensities in the inner part of the 
LPP unit cell (B,C). The profiles also show other elevations in intensity at ~4.1 nm from the unit cell 
center, however these can be attributed to the truncation of the data due to data processing.  

 
Figure S9. The neutron SLD profiles of the water (A, D, G), acyl chain of CER NP and acyl chain of CER 
NS in the LPP NS:NP:AP (B,C), LPP NS:NP:NdS (E,F) and LPP NS:NP:AS (H,I) models. These SLD profiles 
are calculated according to the method suggested by Fandrei et al. (2), with the most suitable phase 
sign combination for the six diffraction orders (- - + - + -). The SLD profile of the water shows the 
peak position at ~4.4 nm from unit cell center, indicating the lipid headgroup location. The position 
of the headgroup region in each sample is indicated by the black dotted line. 
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CHAPTER 7 
 
 
 

Summary and perspectives 
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SUMMARY 

The barrier function of the skin is attributed to the outer-most layer, the stratum corneum 
(SC), that protects the body from pathogens from the external environment and prevents 
water loss from the body (1, 2). The SC comprises of corneocytes (keratin-rich dead cells), 
embedded in a lipid matrix. The latter represents an important pathway for compounds 
permeating through the skin. The main SC lipid classes are ceramides (CERs), cholesterol 
(CHOL) and free fatty acids (FFAs), present in the SC in an approximately equimolar ratio 
(3). 

X-ray diffraction investigations revealed that the SC lipids form two distinct crystalline 
lamellar phases, identified as the short periodicity phase (SPP) and long periodicity phase 
(LPP), each characterized by a repeat distance of approximately 6 and 13 nm, respectively 
(4, 5). The LPP has a trilayer structure (one central layer and two outer layers), is 
exclusively found in SC and is reported as crucial for maintaining the skin barrier function 
(6). Within the lamellar structure, most of the SC lipids are organized in a dense 
orthorhombic lateral packing (at skin temperature, ~32°C), while a fraction of the lipids 
adopts a less dense hexagonal organization (7, 8). 

In inflammatory skin diseases, such as atopic dermatitis, psoriasis or Netherton 
syndrome, the SC lipid composition is different compared to healthy SC and the barrier 
function of the skin is impaired (9-18). Some of the lipid changes commonly reported for 
these three skin diseases are: an increased fraction of unsaturated CERs and FFAs, shorter 
carbon chain length of the CERs and FFAs and altered CER subclass ratios. In clinical 
studies these alterations were previously correlated with the barrier function, measured 
by trans-epidermal water loss (TEWL). However, as these lipid compositional changes 
occur simultaneously in diseased SC, the primary factor responsible for the increased 
TEWL cannot be identified in clinical studies. Lipid models represent an excellent 
alternative for studying systematically the role of lipid characteristics on the skin barrier 
function. This is explained in Chapter 1 of this thesis. 

The studies described in this thesis focused on understanding the effect of the CER 
subclass composition on the lipid organization and barrier function. Firstly, the CER 
composition of the inflammatory skin disease seborrheic dermatitis (SD) was examined in 
a clinical study. Subsequent studies using lipid model systems aimed to investigate the 
influence of changes in the CER subclass composition as observed in SD on the lipid 
organization, the lipid barrier function and the conformation of CER NS and CER NP. 

In Chapter 2, skin barrier impairment, changes in the microbiome, and CER 
compositional changes in the skin of seborrheic dermatitis (SD) patients are described. The 
main characteristics for this inflammatory skin disease are an imbalanced immune system 
resulting in inflammation, cutaneous microbial dysbiosis and an impaired skin barrier 
function. The aim of the study was to characterize the CER composition of lesional and 
non-lesional SC of 37 patients and relate that to the impaired barrier function. The results 
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showed a significantly impacted barrier in lesional SC as measured by TEWL and a 
significant correlation between TEWL values and several CER compositional changes: i) 
increased molar ratio of CER NS:CER NP, ii) elevated fraction of CER NS with a short chain 
length (C34), iii) increased degree of unsaturated CER NS and iv) decreased average total 
chain length of CERs (acyl chain + sphingosine base) in lesional SC. This indicates the 
interdependence of the impaired barrier function and the CER compositional changes in 
SD. The influence of the CER chain length, degree of unsaturation and increased level of 
CER NS with a short chain length have already been studied and these factors affect the 
lipid barrier in model systems. However, no information was reported so far about the 
effect of an altered CER NS:CER NP molar ratio.  

Chapter 3 aimed to examine the location of CER N-(tetracosanoyl)-phytosphingosine 
(CER NP C24) in the unit cell of the LPP using neutron diffraction and compare its location 
with CER N-(tetracosanoyl)-sphingosine (CER NS C24). CER NP was selected as this CER 
subclass is the most abundant in the human SC and its location in the LPP unit cell was not 
determined yet. As deuterated lipids are required and interpretations in simple systems 
can be very detailed, the lipid model consists of only CER EOS, CER NS, CER NP, CHOL and 
FFA C24 (CER NS: CER NP ratio 1:1). The detailed analysis was performed by using Fourier 
transform infrared (FTIR) spectroscopy and neutron diffraction. The study showed that 
this lipid composition formed the LPP trilayer structure, with the repeating unit cell 
consisting of an inner layer and two outer layers. Within the LPP unit cell, CER NP adopts a 
similar location as CER NS, with the acyl chains of CER NP being localized predominantly in 
the inner layer of the LPP unit. FTIR studies showed that the acyl chains of CER NP and CER 
NS and the FFA C24 chains are neighboring and are all located primarily in the inner layer 
of the LPP unit cell. This also suggests that CER NP adopts a linear conformation, similar to 
that of CER NS. The results of this study were a starting point for understanding the 
importance of the CER NS:CER NP lipid ratio, which is further described in the next 
chapter. 

The effect of an altered CER NS:CER NP ratio on lipid organization and lipid barrier 
was the focus of the research described in Chapter 4. This ratio is changed not only in SD, 
but also in other inflammatory skin diseases such as atopic dermatitis and psoriasis. The 
lipid models were prepared with the CER NS:CER NP ratio of 1:2 (mimicking the ratio in 
healthy SC) and 2:1 (mimicking the ratio in SC of inflammatory skin). Subsequently, the 
lipid organization and barrier function were examined. The lipids in both compositions 
formed the LPP. A combined approach using neutron diffraction and FTIR showed that 
within the LPP unit cell the position of CER NS and CER NP is very similar to that of the CER 
NS:CER NP 1:1 ratio. Both of these acyl chains were mainly positioned in the inner layer, 
but with a minor part located in the outer layers of the LPP. TEWL, a measure of barrier 
functionality, was significantly elevated in the CER NS:CER NP 2:1 model (mimicking the 
ratio in inflammatory skin diseases) compared to the CER NS:CER NP 1:2 ratio 
(representing healthy skin), while the flux of the model drug ethyl-p-aminobenzoic acid (E-
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PABA) was not different in the two models. These findings offer a more in-depth 
understanding of lipid organization in both healthy and diseased skin, implying that in 
clinical studies, the molar ratio between CER NS:CER NP entailing the same chain length, 
contributes to barrier impairment, but it might not be the primary factor. 

In the studies described in Chapter 5 a lipid model forming exclusively the SPP was 
prepared to examine whether the change in CER NS: CER NP molar ratio has a similar 
effect on the lipid organization as that observed in the LPP. Simple lipid models were 
prepared with CER NS and CER NP (ratio 1:2 mimicking healthy SC ratio and 2:1 mimicking 
inflammatory skin diseases), mixed with CHOL and FFA C24. The results suggest that the 
acyl chains of CER NS, CER NP and FFAs are neighboring in the SPP unit cell and that the 
CER NS and CER NP adopt an extended CER conformation in the SPP unit, similar to the 
arrangement in the inner layer of the LPP models described in the previous chapter. The 
SPP NS:NP 1:2 model is characterized by the presence of a lipid domain containing phase-
separated CER NP. Unlike the SPP model, phase separation is not observed in the LPP 
models and this suggests that the addition of CER EOS improves the miscibility of the lipids 
in the model. The two SPP compositions displayed a different hydrogen bonding network, 
as the CER NS:CER NP 1:2 model showed a stronger hydrogen bonding than the CER 
NS:CER NP 2:1 model, which might be determined by the intermolecular hydrogen 
bonding between the CER NP head groups.  

In the previous chapters simple systems were used with only two or three CER 
subclasses. In Chapter 6 studies are described in which the number of CER subclasses is 
expanded, to examine whether more complex mixtures affect the lipid organization, 
barrier function and the location of the acyl chains of CER NS and CER NP in the unit cell. 
First, CER compositions were examined with four CER subclasses, where either N-(2R-
hydroxy-tetracosanoyl)-sphingosine (CER AS C24), D-(2R-hydroxy-tetracosanoyl)-
phytosphingosine (CER AP C24) or CER N-(tetracosanoyl)-dihydrosphingosine (CER NdS 
C24) were used as an additional CER subclass. The lipid organization, lipid molecular 
arrangement and permeability of the LPP models were examined. The results show that 
the inclusion of an additional CER subclass did not impact the locations of the acyl chains 
of CER NS and CER NP in the LPP trilayer unit cell. Then finally, a complex lipid model 
mimicking the composition of the human SC CER subclass was examined. Again, the two 
acyl chains of CER NS and CER NP maintained their positions in the inner layer of the unit 
cell. This suggests a remarkable insensitivity of the location of the acyl chains of CER NS 
and CER NP in the LPP unit cell with respect to variations in CER subclass composition. 
However, the different head group structures of CER AS, CER AP and CER NdS had an 
effect on the hydrogen bonding network in the lipid models, as the addition of CER AP 
(with the most hydroxyl groups in the structure) resulted in a stronger hydrogen bonding 
in comparison with the other two models. 

In summary, seborrheic dermatitis lesions are characterized by skin barrier 
dysfunction and an altered lipid composition and organization of the SC. The observed 
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changes in lipid composition and barrier perturbation are similar to other inflammatory 
skin diseases including atopic dermatitis, psoriasis and Netherton syndrome. Previously, 
the effect of some lipid compositional changes, such as the reduction of the level of CER 
EO subclass, lower chain length of the FFAs and CERs and the degree of unsaturation of 
the FFAs, were investigated using lipid models.  

Reducing the concentration of the CER EO subclass (either CER EOS alone or a 
combination of CER EOS, CER EOH, CER EOP, and CER EOdS) in lipid models corresponds to 
a lower lipid fraction forming the LPP (6, 19, 20). This had an effect on the flux of model 
drugs such as indomethacin and E-PABA, which was increased by ~2-fold when the CER EO 
concentration was reduced. Another CER compositional change, the increased fraction of 
short chain CERs, also affected the barrier function, as the addition of CER NS C34 and CER 
AS C34 resulted in a higher E-PABA flux in a model mimicking the human CER composition 
(~2-fold increase compared to control) (20). 

Changes in the FFA composition have a considerable impact on the barrier function. 
When FFA C24 was replaced by a mix of FFA with different chain lengths (FFAmix, including 
the short chains of FFA C16 and C18), the fluxes of the model drugs indomethacin, 
theophylline and E-PABA were increased 3, 4 and 7-fold, respectively (21, 22). Increasing 
the fraction of short chain FFAs in the FFAmix, determined a 3-fold higher flux of E-PABA in 
a model mimicking the human CER composition (20). An elevation of the level of mono-
unsaturated free fatty acids (muFFAs) in the lipid composition, affected the lateral lipid 
organization by increasing the disordering in lipid chain conformations and it influenced 
the barrier function, as the flux of hydrocortisone was 5-fold higher, while the TEWL had 
approximately a 3-fold increase (23). However, these models contained a larger degree of 
unsaturation than detected in skin diseases, like atopic dermatitis.  

In this thesis, translational studies are described focusing on the importance of the 
CER subclass composition on the barrier function. As presented in Chapter 4 in the LPP 
models, there was a 1.5-fold increase of the TEWL values for the CER NS:CER NP 2:1 ratio 
(diseased SC) compared to the CER NS:CER NP 1:2 ratio (healthy SC), while no significant 
differences were observed for the diffusion of the model drug E-PABA. The studies 
described in Chapter 4 and 5, the effect of the CER NS:CER NP ratio in LPP and SPP 
models, and in Chapter 6, focusing on the CER subclass composition, result in a better 
understanding of the influence of this CER ratio on the lipid organization and barrier 
function. These studies show that the lamellar organization does not change when the 
CER head group composition is different (with the exception of CER EOS) and only minor 
changes are detected in the lateral packing.  

Concluding, the results of this thesis show that a change in CER subclass composition 
contributes to the skin barrier disfunction and that the lamellar organization is very 
flexible when the CER subclass composition is altered. The results also suggest that CER 
NS:CER NP ratio might not be a major factor in the barrier impairment. Previous studies 

7
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show that the chain length reduction (primarily of FFA, but also of CERs) has more impact 
on the barrier function, compared to the CER subclass compositional changes.  

The studies outlined in this thesis additionally demonstrate that simplified lipid 
model systems, when prepared with selected CER subclasses, can resemble key aspects of 
the human SC lipid organization. Simple models prove to be effective for conducting a 
more thorough investigation and gaining a deeper understanding of the lipid-related 
alterations observed in inflammatory skin diseases. 

 
 

PERSPECTIVES 

Perspectives for repairing the skin barrier 

Restoring the skin barrier function through the application of topical formulations 
including emollients designed to enhance the compromised barrier has been a focal point 
in the treatment of patients with atopic dermatitis (24, 25). Future studies should aim to 
develop formulations including lipid subclasses that can restore the barrier in diseased SC. 
Regarding the CERs, these formulations should contain especially phytosphingosine-based 
CERs (CER NP and CER AP with a total chain length of at least 42 carbon atoms) and CER 
EO-subclasses (CER EOS, CER EOP), the latter having a total chain length of at least 66 
carbon atoms. These total CER chain lengths of at least 42 and 66 carbon atoms are close 
to the most abundant chain lengths in normal SC. However, applying a topical cream with 
these long-chain CERs will not immediately repair the lipid compositional disbalance in the 
SC of inflammatory skin. First, the CERs need to partition in the SC lipid matrix and 
secondly, if successful, the short chain lengths of CERs (especially CER NS C34), high levels 
of CER NS subclass and the disbalance between in CER/FFA ratio are not yet corrected. 
However, during long-term topical treatment, the inflammation might be reduced, 
thereby maybe normalizing lipid synthesis in the viable epidermis. Therefore, in the long-
term, topical treatment might improve lipid composition, lipid organization and the skin 
barrier function. 

It is vital to comprehend the mechanism of the topical application, its interaction with 
SC lipids, and its impact on permeability when developing an effective topical formulation. 
In literature there are hardly any reports on the interactions of the formulations with the 
skin. A recent study showed that a topical cream, containing CER NP, CER AP, CER EOP and 
CHOL improved the lipid organization (measured using FTIR) after a 4-week application on 
eczema-prone skin, in comparison with a ceramide-free reference cream (26). Although 
the authors reported an improved lipid organization after the treatment, the conclusions 
were only based on the stretching vibrations. Moreover, there is no information on the 
partitioning of the lipids into the lipid matrix and no information about the altered lipid 
profile (CERs or FFAs) that might be caused by the treatment. Therefore, future studies 
should also include a thorough lipidomic analysis to elucidate the uptake of the topically 
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applied lipids into the lipid matrix of the SC. This can be investigated by including 
deuterated CERs in the formulation, which would allow a more detailed lipid analysis and 
lipid organization.  

Previous studies mainly focused on the CER composition in the SC of inflammatory 
skin diseases, whereas there are only limited reports on the FFAs composition in 
(diseased) SC (16, 18). In future, more focus should be put on both the ratio between the 
CER:FFA and the FFA chain length distribution in diseased skin compared to controls. FFAs 
are crucial for the formation of the orthorhombic packing of the lipids (21, 27), while CERs 
usually have a less important effect on this packing. In atopic dermatitis, the hexagonal 
packing is increased at the expense of an orthorhombic packing, and the FFA/CER ratio 
seems to be lower (16). Especially longer chain length of FFAs (typically FFA C24) will be 
more effective in enhancing an orthorhombic packing compared to shorter-chain FFAs. 
Furthermore, it was previously shown that FFAs topically applied on skin can be 
intercalated in the lipid lamellae in the lipid matrix in SC (28). Therefore, including the 
FFAs with long chain lengths in a formulation could enhance barrier repair. 

Some recent approaches are shifting from symptom control to using biologics to 
target individual inflammatory pathways. It was reported that, among others, interleukin 
(IL)-4 and IL-13 are the major cytokines involved in atopic dermatitis, as they interfere 
with the lipid synthesis in the skin by inhibiting the expression of elongases (29). 
Dupilumab, an antibody to the IL-4 receptor, has been approved as a treatment of atopic 
dermatitis and showed significant improvement in the severity of the disease (30). The 
effect of dupilumab on the SC lipid composition has not been thoroughly investigated, but 
an important first step has been reported by Berdyshev et al. (31). They reported an 
increase in the amount of CER EOS and a decrease in the fraction of CER NS in lesional and 
non-lesional skin already after 2 weeks treatment. The change in the amount of CER NS 
correlated with an improved skin barrier function as monitored by TEWL. A more detailed 
lipid analysis should be performed to further examine the entire CERs subclass 
composition, as well as the CER chain length distribution, and the CER:CHOL:FFA molar 
ratio, in comparison with control SC. As FFAs play an important role in the lateral packing, 
in future studies it would also be of interest to examine the FFA chain length distribution 
in lesional and non-lesional skin. Apart from the lipid composition, the lipid organization 
should also be examined after the treatment, to investigate whether the lamellar 
organization and the lateral packing are improved in the SC. This will result in a better 
understanding of the barrier repair mechanism.  

 

Future studies using lipid model membranes 

The studies performed in this thesis showed that when selecting the proper CER 
subclasses, the complexity of the CER subclass composition of a lipid model does not 
influence the lamellar phases and only minor changes are noticed in the lateral packing of 
the lipids. This was shown when comparing the LPP NS:NP models (with different CER 
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NS:CER NP molar ratio) to a complex model resembling the human CER subclass 
composition (Chapters 4 and 6). In all these compositions, a certain level of CER NS is 
present. These results are also in agreement with a very simple LPP model composed of 
only CER EOS and CER NS (mixed with FFAs and CHOL) (32). This CER composition (CER 
EOS/CER NS) could be used to further study the impact of the CER chain length changes on 
the barrier function in diseased skin. As CER NS with a large variety of chain lengths is 
commercially available (Avanti Polar Lipids, U.S.A.), this allows a systematic study to 
examine the chain length reduction of CER NS.  

Previous studies revealed the important role of FFAs on the lipid organization and 
barrier function using lipid models. However, until now the molar ratio between CER:FFA 
was not the focus of lipid model studies. When performing clinical studies to determine 
the CER:FFA ratio in the different inflammatory skin diseases as suggested in the previous 
section, the effect of the altered CER:FFA molar ratio can be investigated using lipid 
models to examine its role in skin barrier impairment. 

Lipid model systems can also be used to understand the mechanism of action of 
topical formulations. As discussed above, lipids that are lacking in the diseased SC lipid 
composition (CERs, FFAs) can be incorporated in various formulations aimed at repairing 
the barrier. A further investigation of their efficacy and mechanism of action could be 
performed using lipid model systems. Deuterated lipids of interest should be included in 
the formulation, which can be applied on the surface of lipid model systems. The uptake 
of the lipids can be examined by investigating the lateral and lamellar lipid organization 
and molecular arrangement of the lipid models. This will provide information about the 
mechanism of action of these formulations. For example, when measuring the scissoring 
frequencies using FTIR it can be examined whether deuterated lipids (could also be 
moisturizers) form mixed crystalline lattices with the SC lipids, or that they form separate 
domains. The barrier improvement could also be examined using TEWL measurements 
and permeability studies of these lipid models. 

In addition to lipid compounds employed in topical formulations, the incorporation of 
moisturizers is a common practice to enhance the skin barrier. Lipid models can be used to 
examine the effect of lipophilic moisturizers on the skin barrier. X-ray diffraction and FTIR 
can offer insights into the influence of moisturizers on lamellar phases and lateral 
organization of lipid models after exposure to these compounds, while neutron diffraction 
can be employed to unravel the molecular interactions of the lipids with these molecules. 
The observations from these studies could potentially influence the development of 
methods aimed at repairing the skin barrier.   

Molecular simulations of lipid models represent a valuable tool for validating 
experimental hypothesis and exploring structural features that are inaccessible to 
experimental methods. These simulations provide atom-level information that can 
contribute to a better understanding of lipid organization and barrier function. Further 
research should first aim to solve some of the current issues associated with the long-time 
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scale required for the simulation of large lipid systems and high computational cost (33). 
Future studies should focus on developing methods for the simulation of diffusion and 
permeability of compounds through the lipid systems. To predict the flux of chemical 
compounds though the skin, it is essential to integrate multiscale simulations with 
multiphasic diffusion models resembling a brick-and-mortar structure (the structure of the 
native SC), which account for the microscopic heterogeneity within the lipid matrix. 
Combining both experimental and simulation techniques would offer a comprehensive 
description of the lipid membrane structure and behavior. 
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NEDERLANDSE SAMENVATTING 

Introductie 
De huid is het grootste orgaan van het lichaam en vormt de belangrijkste barrière tegen 
factoren van buitenaf. Andere essentiële biologische functies van de huid zijn 
thermoregulatie, het waarnemen van externe omgevingsprikkels zoals pijn en warmte, de 
synthese van vitamine D en de uitscheiding van ureum en zouten (1). De menselijke huid 
bestaat uit de epidermis (opperhuid), de dermis (lederhuid) en de hypodermis (het 
onderhuids bindweefsel) (2). De epidermis is de buitenste laag van de huid en vernieuwt 
zich continu. De epidermis bestaat uit vier verschillende lagen: het stratum basale, 
stratum spinosum, stratum granulosum en stratum corneum (SC). De barrièrefunctie van 
de huid wordt voornamelijk gevormd door het SC, de bovenste laag van de epidermis (3). 
De enige continue transportroute door de huid wordt gevormd door de lipidenmatrix in 
het SC. Hierdoor spelen de SC lipiden een belangrijke rol bij het voorkomen van overmatig 
vochtverlies vanuit het lichaam en het tegenhouden van ongewenste stoffen uit het 
externe milieu. 

De lipiden in de SC lipidenmatrix zijn onder te verdelen in drie groepen, namelijk 
ceramiden (CERs), cholesterol (CHOL) en vrije vetzuren (FFAs). Deze zijn ongeveer in een 
equimolaire verhouding aanwezig in het menselijk SC (4). CERs maken deel uit van de 
sfingolipidenfamilie en zijn naast hun belangrijke functie bij de vorming van de 
huidbarrière ook betrokken bij cellulaire processen, zoals apoptose, proliferatie en de 
differentiatie van huidcellen (5, 6). CERs bestaan uit een sfingoïde base die via een 
amidebinding gekoppeld is aan een acylketen. Tot nu toe zijn er 25 verschillende CER 
subklassen geïdentificeerd in menselijk SC (7). Een aantal CER subklassen belangrijk in het 
onderzoek beschreven in dit proefschrift bestaan uit een sfingoïde base (sfingosine, 
fytosfingosine) gekoppeld aan een non-hydroxy acylketen via een amidebinding, genoemd 
CER NS and CER NP. Een andere CER subklasse, CER EOS, heeft een ultralange ω-hydroxy-
acylketen, die via een ester groep verbonden aan een onverzadigd vetzuur en via een 
amide gekoppeld aan een sfingosine base. CER EOS is cruciaal voor de vorming van de LPP.  

De CERs variëren ook in de lengte van hun vetzuur en sfingoide keten. Elke subklasse 
heeft een grote verscheidenheid aan aantal koolstofatomen in zowel de acylketen als de 
keten van de sfingoïde base. De totale ketenlengte (acyl + sfingoïde base) ligt meestal 
tussen 32 en 72 koolstofatomen, waarbij de variatie in de lengte van de acylketen groter is 
dan de variatie in de lengte van de sfingoïde base (7-9).  

De SC lipiden vormen opeen gestapelde laagjes, de zogenaamde lamellaire fasen, 
waarbij de lamellen bij benadering parallel aan het oppervlak van de SC georiënteerd zijn 
(10). Uit röntgendiffractie studies van menselijk SC bleek dat er twee lamellaire fasen met 
repeterende eenheden van ongeveer 13 nm en 6 nm aanwezig zijn. Deze lamellaire fasen 
worden aangeduid als de lange periodiciteitsfase (LPP) en korte periodiciteitsfase (SPP) 
(11, 12). Binnen de lamellaire fasen in het SC kunnen de lipiden in verschillende 



636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban636387-L-sub01-bw-Nadaban
Processed on: 25-3-2024Processed on: 25-3-2024Processed on: 25-3-2024Processed on: 25-3-2024 PDF page: 197PDF page: 197PDF page: 197PDF page: 197

 197 
 

dichtheden gerangschikt worden, aangeduid als de laterale pakking: een orthorombische 
(een kristallijne fase met een zeer dichte pakking), hexagonale (een geordende fase, maar 
de lipidenketens bevinden zich verder van elkaar) of een vloeibare fase (een zeer 
ongeordende fase) (13-15). De lipiden in menselijk SC zijn voornamelijk georganiseerd in 
een dichte kristallijne orthorombische pakking, maar een klein deel van de lipiden vormt 
een hexagonale pakking of zelfs een vloeibare fase (16, 17).  

Bij inflammatoire huidziekten, zoals constitutioneel eczeem, psoriasis of Netherton-
syndroom, verschilt de SC lipidensamenstelling van die in gezond SC en is de 
barrièrefunctie van de huid aangetast (18-24). Veranderingen in de SC 
lipidensamenstelling zijn, onder andere, een verhoogd percentage onverzadigde CERs en 
FFAs, een kortere koolstofketenlengte van de CERs en FFAs, en een afwijkende 
samenstelling van CER subklassen. In klinische studies konden deze veranderingen worden 
gecorreleerd met een verminderde barrièrefunctie. Dit is bepaald door de verdamping van 
water door de huid te meten, het zogenaamde trans-epidermaal waterverlies (TEWL). 
Aangezien verschillende veranderingen in de lipidensamenstelling gelijktijdig optreden in 
inflammatoire huid, kan er geen causaal verband gelegd worden tussen de verhoogde 
TEWL en de lipidensamenstelling in klinische studies. Lipidenmodellen vormen een 
alternatief om systematisch de rol van specifieke lipiden op de barrièrefunctie van de huid 
te onderzoeken. Dit wordt beschreven in Hoofdstuk 1 van dit proefschrift. 
 
Het verband tussen lipidensamenstelling, lipidenorganisatie en barrièrefunctie  
De studies beschreven in dit proefschrift richten zich op het effect van de verandering in 
CER subklasse samenstelling op de lipidenorganisatie en de barrièrefunctie. Allereerst 
werd de CER samenstelling van een inflammatoire huidziekte, seborroïsch eczeem (SE), 
onderzocht in een klinische studie. In de vervolgonderzoeken werden 
lipidenmodelsystemen gebruikt om het effect van veranderingen in de samenstelling van 
de CER subklassen op de lipidenorganisatie en de barrièrefunctie (gevormd door de 
lipiden) te onderzoeken. 

In Hoofdstuk 2 worden huidbarrière verstoring, veranderingen in het microbioom en 
de veranderingen in CER samenstelling in de huid van patiënten met SE beschreven. De 
belangrijkste kenmerken van deze inflammatoire huidaandoening zijn een ontregeld 
immuunsysteem resulterend in inflammatie, cutane microbiële dysbiose en een 
aangetaste huidbarrièrefunctie. Het doel van de studie was om de CER samenstelling van 
aangedaan en niet-aangedaan SC van 37 SE patiënten te karakteriseren en deze te 
relateren aan de barrièrefunctie. Uit de resultaten blijkt dat de aangedane huid een 
significant slechtere huidbarrière heeft. Dit was gebaseerd op TEWL metingen. Tevens was 
er een significante correlatie tussen de TEWL-waarden en veranderingen in de CER 
samenstelling. Er was een i) een positieve correlatie met de molaire verhouding tussen 
CER NS en CER NP, ii) een positieve correlatie met de mate van aanwezigheid van CER NS 
met een totale ketenlengte van 34 koolstofatomen (C34), iii) een positieve correlatie met 

A
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de mate van onverzadiging in CER NS en iv) een negatieve correlatie met de gemiddelde 
totale ketenlengte van CERs. Uit deze resultaten blijkt dat de aangetaste barrièrefunctie 
afhankelijk is van de CER samenstelling in SE. De invloed van de CER ketenlengte, de mate 
van onverzadiging en de grotere fractie CER NS C34 op de barrièrefunctie zijn al 
onderzocht met behulp van de lipidenmodelsystemen. Het bleek dat al deze 
veranderingen de lipidenbarrière verminderen. Echter, het effect van veranderingen in de 
molaire verhouding van CER NS:CER NP op de barrièrefunctie was nog niet onderzocht.  

Om de rol van CER NS en CER NP in de barrièrefunctie beter te begrijpen was het doel 
van het onderzoek beschreven in hoofdstuk 3 om de positie van CER N-(tetracosanoyl)-
phytosphingosine (CER NP C24) in de repeterende eenheid (de zogenaamde eenheidscel) 
van de LPP te onderzoeken. Deze positie werd vervolgens vergeleken met de positie van 
CER N-(tetracosanoyl)-sphingosine (CER NS C24). We kozen voor CER NP omdat deze CER 
subklasse het meest voorkomt in het menselijk SC en zijn locatie in de LPP-eenheidscel 
nog niet was bepaald. De gedetailleerde analyse werd uitgevoerd met Fourier-transform 
infraroodspectroscopie (FTIR) en neutronendiffractie. Voor dit onderzoek zijn 
gedeutereerde lipiden nodig, dus werd een eenvoudig lipidensysteem gebruikt met slechts 
3 CER, subklassen namelijk CER NS C24 en CER NP C24 en CER EOS. CER EOS zorgt er voor 
dat alleen de LPP gevormd wordt. Deze CER subklassen werden gecombineerd met CHOL 
en een FFA met ketenlengte van 24 koolstofatomen (FFA C24). De verhouding van CER NS: 
CER NP was 1:1. Uit de neutronendiffractie studies bleek dat deze lipidensamenstelling 
een repeterende eenheidscel vormt die uit drielagen bestaat: een centrale laag met aan 
weerzijden een buitenlaag. Uit het onderzoek blijkt dat de positie van CER NP C24 
vergelijkbaar is met de positie van CER NS in deze LPP eenheidscel, waarbij de acylketens 
van CER NP zich voornamelijk in de centrale laag bevinden. Uit de daarop volgende FTIR-
studies bleek dat de acylketens van CER NP en CER NS en de FFA C24 ketens naast elkaar 
liggen in de centrale laag van de eenheidscel. Dit kan alleen als CER NP een lineaire 
conformatie aanneemt, met de acylketen en sfingoïde basis aan weerszijden van de 
hydrofiele kopgroep, vergelijkbaar met conformatie van CER NS. De resultaten van deze 
studie vormden het uitgangspunt om het effect van een verandering in de verhouding 
tussen CER NS en CER NP in detail te onderzoeken, zoals beschreven in het volgende 
hoofdstuk. 

Het effect van een veranderde CER NS: CER NP ratio op de lipidenorganisatie en 
lipidenbarrière stond centraal in hoofdstuk 4. Deze verhouding verandert niet alleen in 
aangedane huid van SE, maar ook bij andere inflammatoire huidziekten zoals 
constitutioneel eczeem en psoriasis. De lipidenmodellen werden bereid met een CER 
NS:CER NP verhouding van 1:2 (vergelijkbaar met de verhouding in gezonde SC) en 2:1 
(vergelijkbaar met de verhouding in SC van inflammatoire huidziekten). De 
lipidenorganisatie en barrièrefunctie van de modellen werden onderzocht. De lipiden in 
beide samenstellingen vormden de LPP. Er werd gebruik gemaakt van neutronendiffractie 
en FTIR. Uit de metingen bleek dat binnen de eenheidscel van de LPP de positie van CER 
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NS en CER NP sterk overeenkomt met de posities gevonden wanneer de verhouding CER 
NS:CER NP 1:1 was gebruikt. Beide acylketens waren voornamelijk gelokaliseerd in de 
centrale laag van de eenheidscel. Ook nu werd weer TEWL gebruikt om de barrièrefunctie 
te onderzoeken, maar nu de barrière van de lipidenmodellen. De TEWL waarden waren 
significant hoger in het CER NS:CER NP 2:1 model dan in het CER NS:CER NP 1:2 model, 
maar de veranderingen waren beperkt. Deze bevindingen geven een gedetailleerder 
inzicht in de lipidenorganisatie in zowel gezonde als zieke huid. Hieruit kunnen we 
concluderen dat in klinische studies de molaire verhouding tussen CER NS:CER NP wel 
bijdraagt aan een barrièreverstoring, maar waarschijnlijk niet de primaire factor is. 

In hoofdstuk 5 werd een lipidenmodel gebruikt dat uitsluitend de SPP vormt om te 
onderzoeken of het effect van een gewijzigde molaire verhouding CER NS:CER NP op de 
lipidenorganisatie vergelijkbaar is met het effect dat in de eenheidscel van de LPP werd 
waargenomen. Er werd gebruik gemaakt van eenvoudige lipidenmodellen bestaande uit 
CHOL, FFA C24 en CER NS en CER NP (molaire verhouding 1:2 vergelijkbaar met gezond SC 
en 2:1 vergelijkbaar met inflammatoire huidziekten), maar nu zonder CER EOS. Uit de 
resultaten blijkt dat de acylketens van CER NS, CER NP en FFA C24 naast elkaar liggen in de 
SPP eenheidscel, waarbij CER NS en CER NP een lineaire conformatie aannemen, 
vergelijkbaar met de ordening in de binnenste laag van de LPP-modellen beschreven in het 
vorige hoofdstuk. Het SPP NS:NP 1:2 model wordt gekenmerkt door de aanwezigheid van 
een andere fase dat CER NP bevat. In tegenstelling tot het SPP-model wordt fasescheiding 
niet waargenomen in de LPP-modellen en dit suggereert dat de toevoeging van CER EOS 
de menging van de lipiden in het model verbetert. Uit FTIR metingen blijkt dat de twee 
SPP-samenstellingen verschillende waterstofbrug bindingen hebben: het CER NS:CER NP 
1:2-model vertoonde een sterkere waterstofbrug binding dichtheid dan het CER NS:CER 
NP 2:1-model. Dit wordt veroorzaakt door de intermoleculaire waterstofbruggen tussen 
de CER NP-kopgroepen. 

In de eerdere studies werden eenvoudige systemen gebruikt met slechts twee of drie 
CER-subklassen. In hoofdstuk 6 worden studies beschreven waarin het aantal CER-
subklassen is uitgebreid om te onderzoeken of complexe lipidenmodellen de 
lipidenorganisatie en barrièrefunctie beïnvloeden. Eerst werden lipidenmengsels 
onderzocht met vier CER-subklassen, waarbij ofwel N-(2R-hydroxy-tetracosanoyl)-
sfingosine (CER AS C24), D-(2R-hydroxy-tetracosanoyl)-fytosfingosine (CER AP C24) of CER 
N-(tetracosanoyl)-dihydrosfingosine (CER NdS C24) werden gebruikt als extra CER-
subklasse. Ook werd weer CER EOS toegevoegd om voornamelijk de LPP te vormen. De 
lipidenorganisatie, moleculaire rangschikking en permeabiliteit van de LPP-modellen 
werden onderzocht. Uit de resultaten blijkt dat het toevoegen van een extra CER-
subklasse de positie van de acylketens van CER NS en CER NP in de LPP drielagen 
eenheidscel niet verandert. Naast de eenvoudige modellen werd ook een complex 
lipidenmodel onderzocht met een CER samenstelling die lijkt op de samenstelling in 
menselijke SC. De twee acylketens van CER NS en CER NP behielden nog steeds hun positie 
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in de binnenste laag van de eenheidscel. Hieruit blijkt een opmerkelijke ongevoeligheid 
voor de positie van de acylketens van CER NS en CER NP in de LPP-eenheidscel wanneer 
de samenstelling van de CER subklassen verandert. De verschillende kopgroepstructuren 
van CER AS, CER AP en CER NdS hadden een effect op de waterstofbrug vorming in de 
lipidenmodellen: de toevoeging van CER AP (met de meeste hydroxy groepen in het 
molekuul) resulteerde in een sterkere waterstofbrug binding in vergelijking met de andere 
twee modellen. 

 
Conclusie 
Uit de in Hoofdstuk 2 beschreven studies blijkt dat SE worden gekenmerkt door een 
verminderde huidbarrière en een veranderde CER samenstelling in het SC. Deze 
veranderingen in lipidensamenstelling en barrièreverstoring zijn vergelijkbaar met 
veranderingen gevonden in andere inflammatoire huidziekten, waaronder constitutioneel 
eczeem, psoriasis en het Netherton syndroom. Eerder werd het effect van een aantal 
veranderingen in de lipidensamenstelling, zoals de kortere ketenlengte van de FFAs en 
CERs en de onverzadigingsgraad van FFAs, onderzocht met behulp van lipidenmodellen. 
Het effect van de verhouding CER NS:CER NP, een van de belangrijkste veranderingen in 
zieke huid, werd echter niet onderzocht. Zoals beschreven in hoofdstuk 4 werd er een 
significante toename van de TEWL-waarden waargenomen voor de CER NS:CER NP 2:1 
ratio (zieke SC) in vergelijking met de CER NS:CER NP 1:2 ratio (gezonde SC). Dit is een 
indicatie dat een hogere CER NS:CER NP ratio bijdraagt aan een verminderde 
barrièrefunctie. 

De onderzoeken beschreven in de hoofdstukken 4, 5 en 6 leiden tot een beter begrip 
van de invloed van de samenstelling van de CER subklassen op de lipidenorganisatie en de 
barrièrefunctie. Uit deze studies blijkt dat de lamellaire organisatie niet verandert 
wanneer de samenstelling van de CER kopgroep verandert (met uitzondering van CER 
EOS) en dat er alleen kleine veranderingen worden waargenomen in de laterale pakking.  

Uit de beschreven studies blijkt dat het onderzoeken van eenvoudige 
lipidenmodelsystemen bijdraagt tot een beter inzicht in de veranderingen in 
lipidensamenstelling zoals waargenomen in inflammatoire huidziekten. 
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