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Zusammenfassung

Die Erforschung der Barrierefunktion des menschlichen Stratum Corneums (SC) ist
von hoher Relevanz fir die Entwicklung topischer Arzneimittel sowie Kosmetika. In
diesem Bereich der Forschung wurde sich in den letzten Jahren vermehrt auf die Ce-
ramide als Bestandteile der interzellularen Lipidmatrix des SC fokussiert, da die Rolle
dieser vielfaltigen Lipidfamilie fur die Aufrechterhaltung der Hautbarriere bisher nur un-
vollstdndig bekannt ist. Diese Arbeit ndhert sich dieser Thematik auf zwei Wegen: Zum
einen wurde im Rahmen dieses Projektes die Wechselwirkung von pharmazeutisch
verwendeten Emulgatoren auf die Ceramide des menschlichen SC in einer Humanstu-
die untersucht, welche durch Massenspektrometrie-gekoppelte Flissigchromatogra-
phie (LC-MS) im Detail analysiert wurden. Die erfolgte Detailanalyse der Ceramide
wurde als Basis einer Regressionsanalyse verwendet, welche in der Lage war, ein-
zelne Ceramidklassen, Kettenlangen sowie individuelle Ceramide mit ihren jeweils
spezifischen Effekten auf die Hautbarriere zu assoziieren. Die Analyse ergab, dass
einige Ceramidklassen mit einer geschadigten Hautbarriere assoziiert sind, was ins-
besondere fiir Sphingosin-basierte Ceramide galt. Umgekehrt waren einige Cera-
midklassen mit einer intakten Hautbarriere assoziiert, was wiederum insbesondere fur
Phytosphingosin-basierte Ceramidklassen der Fall war. Im zweiten Teil der Arbeit
wurde versucht, die gefundenen Zusammenhange zwischen Ceramidklasse und Haut-
permeabilitat in Molekulardynamik-Simulationen (MD-Simulationen) zu replizieren und
genauer zu untersuchen. In dieser Studie wurden SC-Lipidmembranen simuliert, wel-
che jeweils eine Sphingosin-basierte Ceramidklasse sowie eine Phytosphingosin-ba-
sierte Ceramidklasse enthielten, und ihre Wasserpermeabilitat sowie Struktur analy-
siert. Die Ergebnisse der Permeabilitdtsmessungen deckten sich mit den Ergebnissen
der Humanstudie und zeigten einen signifikanten Unterschied in der Wasserdurchlas-
sigkeit der Membranen. Diese Permeabilitdtsunterschiede konnten mit Unterschieden
in der Membranstruktur in Verbindung gebracht werden, welche insbesondere die Ge-
ometrie der Ceramidkopfgruppen als auch die Wasserstoffbriickenbindungen der
Membranen betreffen.



Summary

Research into the barrier function of the human stratum corneum (SC) is of high rele-
vance for the development of topical drugs and cosmetics. In recent years, research
in this area has increasingly focused on ceramides as vital components of the intercel-
lular lipid matrix of the SC, as the role of this diverse lipid family in maintaining the skin
barrier function is still not fully understood. This work approaches the topic in two ways:
In the first part of this project, the interaction of pharmaceutically used emulsifiers on
the ceramides of the human SC was investigated in a human study, the effects of which
were analyzed in detail using liquid chromatography coupled with mass spectrometry
(LC-MS). This detailed analysis of the ceramides in the SC was then used as the basis
for a regression analysis, which was able to associate individual ceramide classes,
chain lengths, and individual ceramides with specific effects on the skin barrier. The
analysis revealed that some ceramide classes, in particular sphingosine-based
ceramides, are associated with a damaged skin barrier. Conversely, some ceramide
classes, in particular phytosphingosine-based ceramide classes, were associated with
an intact skin barrier. In the second part of the project, the established correlations
between ceramide class and skin permeability were investigated using molecular dy-
namics simulations (MD simulations). In this study, SC lipid membranes containing a
sphingosine-based ceramide class and a phytosphingosine-based ceramide class
were simulated, and their water permeability and structure were analyzed. The results
of the permeability measurements were consistent with the results of the human study
and showed a significant difference in the water permeability of the membranes. These
permeability differences could be linked to differences in membrane structure, particu-
larly affecting the geometry of the ceramide head groups and the hydrogen bonds of

the membranes.
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1 Introduction

1.1 The Human Skin and the Stratum Corneum

The human skin is, as for every vertebrate animal, the outermost protective organ of
our body, serving not only as a physical and mechanical, but also as a chemical barrier
shielding the organism from the environment [1, 2]. Importantly, our skin barrier works
both ways: While protecting the body from being exposed to exogenous, potentially
noxious chemicals and microorganisms, the skin is also crucial for regulating the or-
ganism’s homeostasis and keeping it in equilibrium, as it serves as a barrier to the
uncontrolled loss of water and heat from the body to the environment [2-5]. The anat-
omy of the skin reflects these important duties in its three-layered structure: Starting
from the bottom, the hypodermis, or subcutaneous fat tissue, serves as the base for
the rest of the skin layers sitting on top of it [6, 7]. While not being considered part of
the so-called “true” skin, or cutis, the hypodermis nonetheless contains neurons de-
tecting pressure and touch and serves as a thermal insulation for the body [6]. Moving
closer to the skin surface, the subcutaneous tissue smoothly transitions to the dermis:
The dermis, being the central layer of the skin located between the hypodermis and
epidermis, consists of flexible, yet firm connective tissue of elastin and collagen fibers
and is highly vascularized [6, 8]. This vascularization also enables this skin layer to
house sebaceous glands as well as sweat glands and hair follicles, being able to sus-
tain the metabolism of these structures. Interestingly, the vascularization of the dermis
provides nutrients and oxygen not only to the dermis, but also to the epidermis on top
of it: As an avascular tissue, the part of the epidermis containing living cells is depend-
ent on the diffusion of nutrients and oxygen from the deeper skin layers [6, 8]. These
bottom layers of the epidermis, which contain living cells undergoing mitosis and dif-
ferentiating, are collectively called the viable epidermis, while the top layers, which are
mostly composed of dead, cornified cells, are collectively called the stratum corneum
(SC) [1-3]. Both parts of the epidermis are crucial for the tissue to sustain its main
purpose to serve as the main barrier of the body against xenobiotics, microorganisms,
UV radiation and water loss from within [9]: From the base of the viable epidermis, the
stratum basale, keratinocytes differentiate themselves from the epidermal stem cells
located there and rise towards the skin surface, all the while differentiating from the

base keratinocytes to the fully differentiated, fully cornified corneocytes found in the



SC. From there, the corneocytes are then renewed in regular intervals, shedding the
uppermost layers in a process called desquamation while continuously replenishing
the deeper layers of the SC with newly differentiated corneocytes [1, 2, 9-11]. As such,
the SC is in a permanent state of continuous renewal, while the underlying viable epi-
dermis serves as the replenishment layer for it, ensuring the integrity of the skin’s most

vital barrier.
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Figure 1: Schematic of the three main layers of the skin as well as the different layers of the

epidermis, with the SC as the uppermost layer of the skin. Figure taken from Brito et al. [11].

1.2 The SC as a Permealbility Barrier

The significance of the integrity of the SC for the barrier function of the skin can hardly
be overstated, as it represents the main obstacle against uncontrolled ingress of xe-
nobiotics and egress of water from the organism [1, 4, 8, 9, 12]. This is due to its
extraordinary barrier properties, which in turn are a function of its specialized morphol-
ogy: The SC is commonly referred to as exhibiting a so-called “brick-and-mortar” struc-
ture, being comprised of the keratin-filled corneocytes (“bricks”), which are embedded
in a lamellar, continuous lipid matrix (“mortar”) [1, 2]. The corneocytes and the lipid
matrix act synergistically to form an especially effective diffusion barrier: The spatial
arrangement of the solid corneocytes forms winding, so-called “tortuous” paths be-
tween them, blocking the straight diffusion path across the SC, and therefore forcing

intercellular diffusing molecules to “take a detour” around the corneocytes, resulting in



a much longer diffusion distance needed to cross the SC [13-16]. The degree of tortu-
osity T of the SC can be mathematically described as the ratio between the actual
distance traveled by the diffusing molecule along the tortuous path to cross the SC and
the theoretical shortest distance needed to cross the SC, which is simply the SC’s
thickness. The actual value for 1 differs in physiological SC depending on the skin con-
dition as well as the physicochemical properties of the permeant, with studies in the
literature spanning a range of tortuosity values from around 1.6 to 12 [14, 17-19].

By diffusing around the corneocytes, permeating substances are forced to travel
through the extracellular lipid matrix, which forms a continuous phase throughout the
entire SC [4, 20-22]. The lipids in this matrix are arranged in a highly ordered fashion,
forming repetitive lamellar structures which are described by their vertical repetition
distance, the so-called short periodicity phase (SPP) and the long periodicity phase
(LPP) [3, 12, 22-24]. From there, these periodic lamellar structures can be further cat-
egorized by the density of their lateral lipid packing, from the highly ordered, densest
orthorhombic packing to the intermediate hexagonal and least ordered fluid packing
orders [25, 26]. The high degree of order of these liquid crystalline domains is crucial
to hinder and therefore slow the diffusion of traversing molecules, while also acting as
a solubility barrier for hydrophilic molecules due to the lipophilic nature of these do-
mains [22, 25, 27]. Combining the aforementioned tortuosity of the available intercel-
lular diffusion pathways with the liquid crystalline intercellular lipid matrix results in an
exceptionally low permeability for chemicals trying to cross the skin barrier in either
direction [28-30]. Nonetheless, pathologies affecting the skin have the potential to
cause disruptions of this important barrier, especially when interfering with the physio-
logical balance of the SC lipids, which in turn may cause structural changes in the SC
[31-37].
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SC batrrier, as they hinder diffusion of any permeants through the intercellular path between

the corneocytes. Figure taken from Janssens et al. [31].



1.3 Lipid Classes in the SC Lipid Matrix

The lipid matrix of the SC is comprised of three main lipid classes, which are choles-
terol, free fatty acids, and the ceramides, found in equimolar amounts [10, 38]. Due to
their different molecular weight, this translates to a relative mass ratio in which the
ceramides are the most abundant fraction of the lipid matrix with more than 50 percent
by mass, while the free fatty acids and cholesterol contribute to 15-25 percent and 25-
35 percent by mass respectively. Despite the fact that our knowledge of the relative
ratios of these lipid classes of the SC matrix has not changed significantly for more
than 40 years [10, 39, 40], the intra-class varieties of these main lipids as well as their
respective function and role in the SC have only gradually been discovered since then
and are still not fully understood [38, 41-43].

Taking a closer look at these three main lipid classes, cholesterol is in more than one
way an outlier: Firstly, it offers the least degree of intra-class structural variety, as it is
predominantly found in its unmodified form in the SC, with only a small degree of cho-
lesteryl esters such as cholesterol sulphate present [40, 44]. More importantly, choles-
terol shows the most unusual phase behavior out of all the lipids present in the SC:
Cholesterol molecules are known to separate from the other SC lipids to form crystal-
line cholesterol-rich domains, which in turn show distinctively different physicochemical
properties from the rest of the SC lipid domains where the SC lipids can freely mix [45-
47]. In these structures of mixed lipid leaflets, cholesterol acts to fluidize the system,
lowering the phase transition temperature of the lipid mixture while increasing the per-
meability of the lipid matrix correspondingly, acting not dissimilar to a penetration en-
hancer as one would find in pharmaceutical or cosmetic formulations [47, 48].

On the other hand, the presence of free fatty acids serves to stabilize the SC lipid
leaflets in which they associate in with other lipids and lower the permeability of the
lipid matrix [45, 46, 49]. Yet, itis important to note that the extent of this effect is actually
strongly dependent on the structure of the fatty acids in the membrane, as the chain
length of the fatty acids significantly affects the properties of the lipid lamellae they are
found in: Elevated levels of fatty acids with longer carbon chains, of which the most
prevalent in the human SC are lignoceric acid (24 carbon atoms) and hexacosanoic
acid (26 carbon atoms), but which can go up to 30 or even 34 carbon atoms in the SC
[41], are associated with a lower permeability as well as a higher phase transition tem-

perature of the skin lipid matrix. Conversely, higher levels of shorter chain free fatty



acids, containing less than 20 carbon atoms, are associated with a higher permeability
of the lipid matrix, lower phase transition temperature and a correspondingly impaired
skin barrier function [33, 50, 51]. While these effects were studied and described in
detail in simulation and in vitro studies and thus may appear to be of a more theoretical
nature [45, 50], they are indeed observed in clinical studies: Shifts in the relative ratios
of short- and long-chained fatty acids are typical for patients suffering from inflamma-
tory skin diseases such as psoriasis or atopic dermatitis, which are, among other symp-
toms, associated with an impaired skin barrier as well as a shift towards shorter-chain
free fatty acids in the SC, highlighting the significance of changes in the SC lipid profile
[12, 33].

The structural variety of the SC lipids grows even larger when focusing on the
ceramides as the most abundant lipid class constituting the SC lipids. Ceramides, in
general, are classified as sphingolipids: This is due to their general structure, which is
based on a sphingosine-derived lipid molecule, which in the ceramide structure is
called the long-chained base (LCB). This LCB moiety is linked with an amide bond to
a fatty acid (FA), which in turn can be hydroxylated or even further esterified, forming
a single molecule with a polar headgroup and two lipid tails [52, 53]. Due to the modular
nature of the ceramide structure, the structural variety of individual, structurally discrete
ceramide species is staggering: Ceramides can vary by FA moiety chain length, LCB
chain length as well as by the hydroxylation and saturation pattern of their headgroups,
resulting in more than 3000 ceramide species having been found in the human SC [42,
43]. But ceramides are not unique to the skin: They are found in a host of other tissues
and organs, from the brain to the liver as well as in the blood [54]. Yet intriguingly, no
other tissue in the human body can match the SC in the variety of the ceramide spe-
cies, with many ceramide families found only in the SC [36].
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Ceramides are formed via an amide bond linkage between the carboxyl group of the FA and

the amine of the LCB, resulting in a wide variety of structures.

Figure modified from Suzuki et al. [43].




1.4 Ceramides and the Skin Barrier

Ceramides are able to influence and modulate the skin lipid barrier in a variety of ways:
Analogous to the free fatty acids, the chain length of the ceramides’ fatty acid moieties
influences the permeability and structure of the lipid lamellae, with the same effect of
higher chain lengths being associated with a better skin barrier function and vice versa
[55-60]. But, in contrast to the free fatty acids, the headgroup of the ceramide species
is also significant for the structure and permeability of the lamellae: Higher abundances
of ceramide species with certain headgroups, such as sphingosine-based ceramide
species, are suspected to be associated with a higher permeability of the lipid matrix
and therefore an impaired skin barrier, while elevated levels of other ceramides, such
as those with phytosphingosine-based headgroups, are associated with a lower per-
meability and therefore better skin barrier function [61-63]. Similar to the effects of the
chain length of free fatty acids as well as the ceramide chain length, these particular
effects are also not only limited to experimental in silico and in vivo studies, but were
actually found in clinical studies on healthy subjects as well as patients with inflamma-
tory skin diseases: The skin of patients suffering from psoriasis [37, 52, 62, 64] and
atopic dermatitis [34, 65, 66] show characteristic changes in the ceramide profile, which
are even specific to the disease. As expected, these alterations to the ceramide ratios
are most prevalent in the lesional sites of the disease, where the skin is in its most
damaged state and the skin barrier is correspondingly the lowest [34, 66, 67]. Note that
for AD, the total level of ceramides present in the SC lipid matrix stays the same be-
tween the patients’ healthy, unaffected skin and the lesional skin areas [34]. This im-
plies that not the mere presence of ceramides in the physiological amounts is important
for maintaining the skin barrier function, but indeed the types of ceramides present in
the skin are. The etiology of the observed changes to the ceramide profile character-
istic for these diseases is linked to the effect of inflammatory cytokines such as IL-4,
IL-6 and TNF-a, which directly influence the skin’s ceramide synthesis [68, 69].

Focusing on the actual changes in the ceramide profile, the relative abundances of the
sphingosine-based ceramide class NS to other ceramide classes are of great interest,
as it is indeed found more abundantly in lesional skin of both psoriasis and atopic der-
matitis patients [34, 62, 66], which is thought to be a result of disturbed corneocyte
differentiation [36]. Comparing the amount of this ceramide with the abundance of

ceramides with decreasing prevalence in skin affected with AD or psoriasis, such as



the phytosphingosine-based ceramide class NP or the hydroxysphingosine-based
ceramide class NH, has with some success been investigated for the possible use as
a biomarker of these diseases, with the ratio of ceramide NP to ceramide NS in partic-
ular having been found to correlate well with changes in the skin barrier integrity
[62, 70].

But inflammatory skin diseases are not the only trigger of decreased barrier function of
the skin, as exposure to organic solvents or surfactants is also linked to an impaired
skin barrier: Skin treatment with certain solvents capable of solubilizing the skin lipids,
such as chloroform and methanol in combination, results in a marked decrease of bar-
rier function together with a significant decrease in the overall lipid levels [71, 72]. This
is in contrast to the typical skin damage caused by surfactants such as detergents used
for cleaning or emulsifiers as found in a multitude of pharmaceutical and cosmetic der-
mal products: These substances, especially of the anionic variety such as sodium lau-
ryl sulfate (SLS), are able to cause significant impairment to the skin barrier while the
lipid levels of the skin are not decreased across the board [39, 73, 74]. While it is
thought that solutions containing harsh surfactants in higher concentration can prefer-
entially solubilize certain lipid classes of the SC [75, 76], these results are not conclu-
sive and also dependent on the surfactant type, concentration and application time
[49]. Furthermore, the depletion of certain lipid classes by surfactants has only been
investigated for the main lipid classes of the SC as well as for a few ceramide classes
with low resolution, so detailed effects of pharmaceutically used emulsifiers on the

ceramide profile of the human skin are still unclear.

1.5 Skin Lipid Analysis with Coupled Liquid Chromatography—
Mass Spectrometry

To quantify and detect changes in the skin lipid profile, a variety of analytic methods
have been developed over time: Early studies into the structure and composition of the
SC obtained their results using thin layer chromatography (TLC) [39, 77] as well as
infrared spectroscopy [78, 79], allowing for insights into qualitative as well as quantita-
tive changes in the skin lipid composition and packing despite having only limited res-
olution. Thin layer chromatography, as well as its variation of high-performance thin
layer chromatography (HPTLC), are usually able to chromatographically separate the
main SC lipid classes as well as a few of the subclasses of the ceramides, but usually



are unable to resolve changes in the lipid chain length [38, 39]. As such, more sophis-
ticated and more sensitive analytical methods for the analysis of skin lipids have been
developed, the current gold standard of which can be considered to be ultra-high-per-
formance liquid chromatography coupled to mass spectrometry (UHPLC-MS, in this
work: LC-MS) [80]. The basic idea behind the LC-MS concept is the combination of a
column chromatography setup, which enables separation of chemically very similar
substances with high chromatographic resolution, with a mass spectrometer setup,
which enables very sensitive and specific detection of the analytes separated by the
LC step [81]. The specificity of the detection step can be further increased by the use
of tandem mass spectrometry, which is often abbreviated as MS/MS or MS" [82-84].
In tandem mass spectrometry, the instrument does not directly analyze the ionized
molecule species, but uses them as precursor ions to fragment in a collision cell: This
process of fragmentation results in characteristic product ions, which are specific to
certain functional groups and structural elements of the molecules.

The resulting high specificity and sensitivity of the LC-MS and LC-MS/MS methodolo-
gies not only enabled more detailed investigations into the composition of the skin li-
pids, especially in regards to the chain length distributions of free fatty acids and
ceramides [41-43, 85], but also made possible the discovery of previously undetected
ceramide classes in the human skin, adding to the knowledge base of the SC lipidome
[42, 86]. The more widespread adoption of these methods also made possible their
use to profile the lipidome of healthy and diseased skin with altered skin barrier char-
acteristics, enabling their use in the clinical and pharmaceutical context. Nonetheless,
it is important to note the limitations of the method: While the results of the LC-MS
methodology return very detailed information about the lipid composition of the skin
sites analyzed, they provide no information about the lateral packing of the lipids, their
order state or their repeat distance, which are of course all just as important as the
composition of the SC lipids to obtain an accurate picture of the skin state [12]. To
address this problem, other sophisticated analysis methods such as Raman spectros-
copy [87, 88], x-ray [89] or neutron scattering [90, 91] are available, which can close
the blind spots in the analysis of just the lipid composition, but demand specialized
instruments and know-how. Another limitation of the use of LC-MS methodology to
understand how the SC lipids affect the skin barrier function is the inherently phenom-

enological nature of the measurement: While changes in the lipid composition of the
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samples can be quantified and correlated with known changes in the skin barrier func-
tion, skin lipid analysis with LC-MS in itself does not provide insights into the underlying
mechanisms which describe how the skin barrier function is modulated by the pres-
ence of different kinds of lipid species in the skin. To actually be able to gain insight
into the fundamental, molecular workings of how, for example, different ceramide spe-
cies influence the permeability of the skin lipid matrix, molecular simulations of the

system in question are a valuable resource.

1.6 Molecular Dynamics Simulations of the Skin

The basic premise of molecular dynamics (MD) simulations is one of simplification:
While one aims to simulate and therefore reproduce real physicochemical phenomena
of real molecular systems, the representation of the molecules present in the systems
is achieved as a particle simulation of all the atoms in the system, in which the move-
ment and forces on each particular, spherical atom are derived using purely classical
dynamics instead of the more realistic, but also orders of magnitude more complex
combination of classical and quantum mechanics [92, 93]. In practice, this means that
all the forces commonly associated and relevant to the movement and behavior of
individual atoms, forces stemming from covalent bonds as well as intermolecular
forces, are calculated using classical, optimized approximations for bond geometries
as harmonic potentials between spheres as well as using, among others, Lennard-
Jones potentials and Coulomb interactions for the calculation of nhonbonded forces
[94, 95]. While the resulting models of the system are in this sense simplified and lim-
ited in scope, e.g. forming and breaking of covalent bonds cannot be represented ac-
curately, this “universe as balls and springs” [96] of MD simulation has proven to be of
great use and surprising accuracy in the description and modeling of the real molecular
world. In particular, MD simulations are able to offer access to the physicochemical
and biophysical processes which happen on molecular scales in biological systems,
and which are experimentally almost unavailable to researchers [97]. As an added bo-
nus, due to the flexibility and versatility of the in silico methods, the results of changes
or modifications to known systems can be calculated and predicted, which in turn can
enhance and multiply the insights gained from experiments. As such, this methodology
has also found use in the modeling and investigation of phenomena related to the SC

lipid matrix, as the pharmaceutically and physiologically relevant processes of the
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permeation of drugs, other xenobiotics or even just water through the skin can be un-
derstood as a dynamic process on a molecular scale [98-101]. But even though MD
simulations are based on simplified calculations to speed up the simulation process,
the simulation of even just a small area of the entire stratum depth would lead to un-
feasibly big computational loads to simulate over a timeframe of just a few nanosec-
onds. Thus, the simulated models of the SC lipid matrix often span over just a few lipid
layers, which can be bilayers (as depicted in Figure 4) or multilayers, and which can
further be immersed in simulated water or in a more realistic, water-sparse environ-
ment [102-104]. Using these models, studies on the permeability of organic solvents,
drug molecules and water have been conducted, which found in general good agree-
ment to experimental results and in turn serve as comparison to future studies [105-
107]. But while the permeation of various chemicals has been studied intensely, factors
influencing the permeability of the skin lipids, the skin lipid barrier, have been studied
to a lesser extent: These kinds of studies often focus on the modes of action of chem-
ical permeation enhancers such as propylene glycol which are able to modulate the
skin barrier, yielding valuable information on how the skin barrier can be altered and
which parameters influence its integrity [108-110]. Nonetheless, these investigations
study the effect of extrinsic substances on the human skin barrier, not how intrinsic
changes in the composition of the skin lipids may affect the barrier. On this topic, re-
search using MD models has mostly been focused on the impact of lipid chain length
on the barrier properties, the simulations of which were able to link longer chain lengths
to thicker, less permeable lipid membranes, which explained the experimental and clin-
ical findings [58, 107, 111, 112]. On the other hand, investigations into the influence of
different ceramide classes on the structure and permeability of skin lipid membranes
are scarce: A few studies relating to this topic investigate the influence of the ultra-long
chain ceramide EOS in its role in the formation of the LPP from the SPP [107, 113].
While this effect is indeed very relevant for the overall permeability of the SC lipid ma-
trix, as the LPP and the SPP show distinctly different permeabilities, these studies do
not address the effect of different ceramide species on the lipid leaflets themselves.
Studies into the effects of different ceramide species on structural parameters are
available, but these studies often do not report permeabilities of the models [114-116].
Regarding the permeabilities, there exist studies reporting those of SC lipid model lay-
ers containing either ceramide NS [99, 102, 105] or Ceramide NP [104], but the studies
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in question used slightly different force fields describing the behavior of the molecules
in their simulations and also used different methods to obtain the permeabilities, com-
plicating a direct comparison. Thus, the question whether the skin barrier impairment
associated with shifts in the ceramide classes, as seen in experimental investigations
and clinical studies of inflammatory skin diseases, can be mechanistically explained

by MD simulations is still open.
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Figure 4: Snapshot of a membrane MD simulation depicting an SC lipid bilayer membrane
surrounded by water. As depicted in this shot, atoms are represented by uniform spheres,
whose interactions with each other, be they non-bonded or bonded, dispersive or ionic, are
approximated and calculated using classical mechanics.

Color Legend: Cholesterols in orange, ceramides in lime, fatty acids in ice blue, bulk water in
red, hydrogens in white for clarity. Figure modified from the supplementary material of [101].
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2 Objectives

The overall goal of the research project was to gain deeper insight into the nature of
the interplay between the ceramides of the human SC and its barrier function, with a
special focus on skin damage suffered from surfactant treatment. The first aim of the
project was to develop, validate and implement an LC-MS method to be able to analyze
the ceramides of the SC sampled by tape stripping. The desired capabilities of this
method included the quantification of the most common ceramide species found in the
human SC combined with a limited runtime, as to enable rapid, yet accurate analysis
of a large number of samples.

Using this method, the effect of pharmaceutically used emulsifiers on the ceramide
content and profile of the SC of human volunteers were to be investigated, focusing on
multiple aims: Firstly, this included a general assessment of the skin tolerability of the
emulsifiers, for which measurements of various skin condition parameters such as the
barrier function were included in the study design. In addition, the total ceramide con-
tent as well as the abundances of the individual ceramides were to be determined from
tape strips taken from the treatment sites and connected to the skin condition param-
eters, as to be able to derive connections between a specific emulsifier, its effect on
the skin condition parameters and the associated changes to the ceramide content and
profile.

The next goal of the project was to investigate a mechanistic explanation for the in vivo
connections found between the presence of certain ceramide species in the SC and
the skin barrier, for which MD simulations of SC lipid bilayers were employed. The
objective of the simulations was therefore to compare the lipid bilayers containing dif-
ferent ceramides in regards to their structure and permeability, as to be able to draw

conclusions regarding possible connections of these membrane features.
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3 Results & Discussion

3.1 Development of an LC-MS Method for Ceramides in Human
Skin

To be able to accurately measure and track changes in the ceramide profile of the SC,
a comprehensive LC-MS method was developed to analyze the most common
ceramide species in human skin from extracted SC tape stripping samples. The
ceramide species included in the method (see Table 1) were chosen based on their
relative abundance in the SC lipid matrix, and comprise the 10 most abundant
ceramide families in the human SC [41, 42]. The range of ceramide chain lengths to
be analyzed was also based on the chain lengths distribution of the ceramides in the
human SC: For non-EO ceramide classes, ceramide species with a fatty acid chain
length between 20 and 28 carbon atoms were included in the method, the range in
which around 95 percent of chain length distribution of these classes can be found,
while for EO ceramide classes, to account for the longer chain lengths, the measure-
ment range was shifted to molecules with 28 to 35 carbon atoms in the esterified fatty
acid chain. An exception to this rule was made for the ceramide species AS16, which,
due to its exceptionally high abundance in comparison with other ceramide species of
its class, was also included in the method.

To chromatographically separate the ceramides for analysis, an existing UHPLC
method provided by the instrument supplier was adapted to obtain optimal separation
of the ceramides by slight modifications of the gradient curve as well as to minimize
sample carryover of the analytes by increasing the duration of the rinsing step. The
resulting LC method utilized a flow rate of 0.4 ml/min with a binary gradient of an am-
monium formate solution with a concentration of 10 micromole per liter of water as the
aqueous eluent as well as an organic eluent of an equivolume mixture of isopropyl
alcohol and acetonitrile, containing formic acid with a concentration of 0.1% by volume.
The total method duration was 20 minutes and separation of the analytes was per-
formed on reversed-phase C8 column with a particle size of 3 um.

Detection of the individual ceramide species after the chromatographic separation was
achieved using Multiple Reaction Monitoring mass spectrometry (MRM-MS). MS de-
tection using MRM was chosen for its high specificity, as the individual ceramide
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species are not quantified as whole ionized molecules, but instead from the obtained
product ions after a fragmentation step, in which the precursor ceramide ions are frag-
mented in a collision cell at a specified energy. Previous works on the mass spectro-
metric characterization of ceramides showed the resulting product ions of the frag-
mented ceramide species to be characteristic of the LCB found in the ceramide
species, allowing a very specific and precise measurement of each individual ceramide
species in the sample [42, 82, 83]. To accurately determine the concentrations of the
ceramides in the extracted tape stripping samples, a quantitative measurement was
achieved using a combination of internal standards (IS) to neutralize possible matrix
effects as well as calibration curves of standard solutions of the different ceramide
classes for the final quantification. Deuterated ceramide species NS16, NS24 as well
as EOS26 were added to each sample as internal standard substances to detect and
neutralize effects which might have distorted the accurate quantification of the ana-
lytes. After normalization to the known internal standard concentrations, the concen-
tration of each ceramide species in the sample was calculated using calibration curves
of a standard solution corresponding to its ceramide class. This method was chosen
to accommodate the differing ionization efficiency and the following change in the sig-
nal response ratio of the different ceramide headgroup varieties. An exception to this
is the ceramide class EOH, for which, as a suitable analytical standard substance was
unavailable at the time of measurement, the calibration curve of the related ceramide
class AH was used for quantification. In Table 1, the values for the limit of quantification
(LOQ) as well as the goodness-of-fit parameter for the calibration curve R2 as obtained
from the method validation can be found. The LC-MS method as described here was
subsequently used for ceramide quantification from tape stripping samples in the in-

vestigation described in the following chapter.
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Table 1: Overview of the ceramide classes included in the LC-MS method, their limits of quan-
tification as well as the goodness-of-fit parameter R? of the standard curves.

Ceramide Class | LOQ (ng/mL) | Rz of Calibration Curve
NS 0.030 >0.999
AS 0.119 >0.999
NP 0.119 0.998
AP 0.298 0.997
NH 0.119 >0.999
AH 0.238 0.992
NDS 0.298 0.999
EOS 0.001 0.996
EOP 0.030 0.998
EOH 0.238* 0.992*

3.2 Investigation into Effects of Emulsifiers on Human Skin
Ceramides and Molecular Characterization of Surfactant-In-
duced Skin Damage

This chapter summarizes the findings of the article “Emulsifier-induced Changes to the
Human Skin Barrier: Connection to Ceramide Profiles and Assessment as a Skin Le-
sion Model” by Reuter, Schoenfelder, Gaiser, Volc and Lunter, published in Skin Phar-
macol Physiol (2025) 38 (3): 79-91 [117]. The entire article can be found in Annex 1
of this work.

This work details the findings of a systematic study into the macroscopic and molecular

impacts of pharmaceutically used emulsifiers on the human skin, and involved two

main threads of investigation: Firstly, this work investigated and compared changes to
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the skin condition caused by the dermal application of a range of pharmaceutically
used emulsifiers (See Table 2), comprising a harsh anionic emulsifier, sodium lauryl
sulfate, as well as multiple non-ionic emulsifiers. The non-ionic emulsifiers used in the
study constituted mostly polyoxyethylene fatty alcohol ethers with HLB values ranging
from lipophilic (S2 with an HLB value of 4.9) to very hydrophilic (S100 with a value of
18.8), with the addition of the polymeric emulsifier hydroxypropyl methylcellulose
(HPMC). The emulsifiers were then either dissolved or dispersed in ultrapure water
and the resulting treatments applied on the forearms of 12 human volunteers. The
treatment sites were then incubated for 4 hours, as to simulate the application of a
pharmaceutical or cosmetic leave-on formulation with these emulsifiers present. To act
as a reference treatment to the emulsifiers, pure water was applied and incubated in
the same way on the same forearm as the other treatments. After the incubation time
and cleaning of the application sites, the pertaining sites on the volunteers’ forearms
were then measured in regards to four parameters, namely the pH value, the erythema
index, the skin hydration and the TEWL value to assess the skin condition after treat-
ment. Following the skin condition measurements, the SC of all treatment sites was
sampled by tape stripping, the obtained tapes extracted and the extracted ceramides
in the obtained lipid solutions measured using the LC-MS method described in the
previous chapter.

Table 2: Overview of the emulsifiers used for skin treatment in this study. The asterisk de-
notes the lack of an HLB value given by the supplier.

Emulsifier Abbreviation | HLB Value | Classification

Sodium lauryl sulfate SLS 40 Anionic
PEG-20 cetyl ether C20 15.7 Nonionic
PEG-2 stearyl ether S2 4.9 Nonionic
PEG-20 stearyl ether S20 15.3 Nonionic
PEG-100 stearyl ether S100 18.8 Nonionic
Hydroxypropyl methylcellulose HPMC * Nonionic
(Polymer)

Graphs of the data obtained from the skin condition measurements after treatment can
be found in Figure 5. As can be seen in this figure, no statistically significant effect of
the non-ionic emulsifiers on any of the measured parameters was detected, implying

that their prolonged contact with the skin affected it no different than just ultrapure

18



water. The solution of the anionic sodium lauryl sulfate was the only treatment found
to significantly affect the skin condition, namely the skin hydration and TEWL.: In both
measurements, clear signs of surfactant-induced skin damage could be identified,
characterized by a lowered ability of the skin to hold onto water, which is quantified by
the capacitance measurement determining the skin hydration, as well as an impaired

skin barrier function, identified by an increased loss of water throughout the epidermis.
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Figure 5: Skin parameters obtained from the treatment sites: (a) TEWL change before/after
treatment (b) Skin hydration measured by capacitance change before/after treatment (c) Ery-
thema change before/after treatment (d) skin pH change before/after treatment. The boxed
line represents the median, the box the interquartile range. Whiskers are drawn from the 10™
to the 90™ percentile, n=12. Significant differences are further indicated by the number of as-
terisks as such: *p < 0.05; **p < 0.01.
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Yet curiously, this impairment to the skin condition caused by the SLS treatment did
not translate into a significantly different total ceramide content of the skin: For SLS,
as for all emulsifiers assessed in the investigation, the total ceramide content of the
treatment sites, as quantified by tape stripping and the subsequent LC-MS analysis,
did not significantly change when compared to the skin sites treated with ultrapure
water, as can be seen in Figure 6. These results suggested that for emulsifier-treated
skin, an impaired skin condition might not be connected to a change in the total abun-
dance of ceramides in the skin, which concluded the first part of the investigation and
naturally lead to the main question of the second part of the study: The objective of
which was to analyze the nature by which, if not the total ceramide content, then indi-
vidual ceramide species may potentially influence the skin barrier function when chal-

lenged by surfactant treatment.
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Figure 6: Total ceramide content of the treatment sites relative to water. No statistically sig-
nificant difference is observed. Mean + SEM, n=12.

To connect the fluctuations of each individual ceramide species with the measured
change of the TEWL as the macroscopic parameter for the skin barrier function, re-
gression modeling was employed: The goal of the modeling approach was to build a
statistical model describing how a collection of predictor variables (changes in the con-

centration of each ceramide species measured in the SC of the treatment sites) may
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influence a single dependent variable (the skin barrier function, TEWL). Such a regres-
sion model, given an acceptable fit of the model to the data, would make it possible to
draw conclusions about the influence of each individual ceramide species in the SC on
the skin barrier function by examining the corresponding regression coefficient as-
signed to it by the model. The regression modeling was performed using a Partial Least
Squares (PLS) algorithm [118, 119], which based its model on the differences in con-
centration of the individual ceramide species between the SLS- and water-treated skin
sites as the predictor variable matrix and the difference between the TEWL values for
each volunteer obtained after treatment as the response vector. Validation of the model
was performed using Leave-One-Out (LOO) cross-validation to detect possible over-
fitting of the model to the data and to ensure accurate results from the analysis of the
model parameters. In the course of the study, a similar regression analysis using the
differences between the ceramide concentrations in skin sites treated with the nonionic
emulsifier C20 and water was explored, but the resulting model suffered from very
noticeable overfitting and a lack of predictive properties, therefore being discarded
from further analysis. On the other hand, the SLS-based model showed a good fit to
the data (R2 of 0.67) as well as good predictive properties (Q2? from cross-validation of
0.44), implying a successful model fit. For better interpretation of the relationships be-
tween the concentration of individual ceramide species and the skin barrier function of
the treated skin sites, the regression coefficients obtained from the model were

graphed as seen in Figure 7.
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Figure 7: Heatmap of the individual correlation coefficients between the measured ceramide
species and the TEWL values.

Closer analysis of the relationships revealed distinct patterns in the association of cer-
tain ceramides with an altered skin barrier function: In regards to the ceramide classes,
higher abundances of ceramides containing sphingosine as their LCB moiety, such as
ceramides NS or AS, were more prominently found in skin with a lower barrier function,
possibly implying an association between an impaired skin barrier and the presence of
these ceramides. On the other hand, presence of ceramides with certain other LCB
varieties, such as phytosphingosine as found in ceramide families NP and AP, were in

turn associated with an intact skin barrier, showing negative correlations between their
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concentration in the skin and the TEWL. Further, the analysis demonstrated that not
only the type of ceramide headgroup affected the impact of the ceramide species on
the skin barrier function, but also the ceramide chain length: For ceramides without
esterified omega-hydroxylated fatty acid moieties, the chain length of the fatty acid
moiety directly correlated with the skin barrier function of the treatment site, with longer
chain lengths therefore being associated with a lower TEWL value. However, the
ceramides with esterified omega-hydroxylated fatty acid moieties showed the opposite
effect: Despite the presence of all ceramide classes belonging to this group (EOS, EOP
and EOH) in general being associated with an intact skin barrier, this effect noticeably
waned with longer chain lengths toward a more negative effect.

In general, the results of the regression modeling and overall investigation into the
effects of changes in the ceramide profile of the SC yielded new insights on the effect
of surfactants on the skin: Importantly, the assumption that surfactant treatment influ-
ences skin ceramides uniformly proved to be inaccurate. On the contrary, different
ceramide species, with their different headgroup structure and chain length, seemed
to play different roles in maintaining the integrity of the skin barrier, with the elevated
presence of some ceramides even seeming to have a negative effect on the skin bar-
rier function. This finding is crucial to note in the context of research on the effects of
emulsifier treatment on the skin health in general: As demonstrated, just a casual
glance at the effect of a treatment on the total ceramide content of the skin is insuffi-
cient to accurately assess the full scope of possible emulsifier-induced changes in its
ceramide profile. Yet importantly, these insights regarding the link between changes in
the ceramide profile of the SC and the barrier function of the skin are not limited to
surfactant-induced skin damage: Indeed, very similar relationships and correlations
between certain ceramide classes and impaired skin health have been observed in
clinical studies investigating the skin of patients with inflammatory skin diseases [31,
34, 62, 66]. Comparing the results of this analysis with literature descriptions of the
changes to the ceramide profile in the skin of patients with these conditions, it becomes
apparent that the shifts in the ceramide profile induced by harsh surfactant treatment
are very similar to those found in the lesional skin of atopic dermatitis patients when
compared to non-lesional skin. Hence, certain shifts in the ceramide profile may be
common to a variety of different causes to the impairment of the skin barrier, be it

psoriasis, atopic dermatitis or surfactant treatment of healthy skin. This in turn could
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be utilized in future studies developing possible treatments for the disease-related skin
conditions, as the skin of healthy volunteers treated with an appropriately harsh sur-
factant may serve as a disease model for lesional atopic dermatitis skin, reducing the

need for patient enrollment in clinical studies.

3.3 Molecular Dynamics Investigation on the Role and Influence
of Different Ceramide Classes on the Permeability of SC Lipid
Membranes

This chapter summarizes the findings of the article “Presence of Different Ceramide
Species Modulates Barrier Function and Structure of Stratum Corneum Lipid Mem-
branes: Insights from Molecular Dynamics Simulations” by Reuter, Joseph, Lian and
Lunter, published in Molecular Pharmaceutics (2025) 22 (7): 4280—-4292 [101]. The full

article can be found in Annex 2 of this work.

This work describes the findings of an investigation into the effect of the presence of
different ceramide species on model SC lipid bilayers using MD simulations, analyzing
the structural properties of the membranes and their permeability for water molecules.
The permeabilities of the systems were a focus of this study, as the calculated water
permeation coefficients of the simulated, microscopic SC lipid bilayers correspond to
the macroscopic skin property of TEWL and therefore the skin barrier function in gen-
eral. Hence, it was of great interest to connect the experimental findings from in vitro
as well as in vivo studies on the role of ceramides on the skin barrier function with more
theoretical insights into the molecular mechanisms behind these phenomena, provided
by the MD simulations. Thus, the main aim of this study was to replicate the findings
of experimental as well as clinical studies such as described in the previous chapter:
Namely, that a high abundance of ceramide NP in the skin lipid matrix is associated
with a lower skin barrier permeability and, correspondingly, that a high abundance of
ceramide NS in the same lipid matrix would be linked to a higher degree of permeabil-
ity, as one would find in an impaired skin barrier. To investigate the influence of either
ceramide NP or NS on the properties of a skin lipid mixture, two lipid bilayer systems
were prepared: The center of the systems constituted the lipid membrane, which con-

sisted of equal parts cholesterol, lignoceric acid and one of the two ceramide species,
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either ceramide NP24 or ceramide NS24. These lipids were then arranged in a typical
lipid bilayer structure and placed in a bulk water box surrounding the membrane. Fol-
lowing the assembly step, the systems underwent initial equilibration: Starting with an
energy minimization, subsequent equilibration simulation runs were conducted, which
initially kept the number of atoms, temperature and volume constant (NVT simulation)
to stabilize the system, with the following runs only keeping the number of atoms, pres-
sure and temperature constant (NPT simulation). These NPT conditions model the
physical conditions in the real SC the closest and were also used during all production
simulations. These simulation runs, spanning a time frame of 200 ns and using the
equilibrated model systems as the starting point, were then used to derive and deter-
mine basic membrane properties of the systems in question, such as the membrane
thickness, the area-per-lipid values and the density and hydrogen bonding of the lipid
molecules in the membrane. Based on these results, the membranes containing either
ceramide NP or ceramide NS were then compared in terms of their structural parame-
ters. Beside the unmodified production simulations, a second set of systems was set
up to compare the water permeability of the systems, which could not be derived from
the native production simulations. To determine this measurement, simulations with
constrained water molecules were employed: To this end, 60 subsystems for each
model membrane containing either ceramide NS or NP were modeled, each based on
the respective original system containing the lipid membrane as well as the water box
surrounding it. Yet, in addition to the original systems, a water molecule was inserted
at a fixed position every 1.5 nanometers along the transmembrane axis z, with a ran-
dom displacement on the systems X,y plane parallel to the membrane at this position
(See Figure 8).
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Figure 8: Visualization of a simulated skin lipid bilayer system surrounded by a water box
(Top) with and without the inserted water molecules along the transmembrane

z-axis used for the permeability measurements (Bottom). Color Legend: Cholesterol: Orange;
Ceramide: Lime; Fatty acid: Ice blue, Bulk water: Red, Inserted water molecules: Blue, Hy-

drogen atoms in white.

The positions of the water molecules along the transmembrane axis were shifted by
0.1 nm between each of the 60 subsystems, which, combined with the total sampling
length of the transmembrane axis being 9 nm, resulted in sampling the entire trans-
membrane axis four times. By applying fixed constraints to the water molecules, they
then kept their position along the z-axis and, in the following simulation runs,
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experienced forces acting on them depending on their position and local solubility in
the membrane, which was in turn used to determine the membrane permeability: As
the constraint force has to directly counteract these external forces from the system
acting on the water molecules, it is possible to determine a force curve over the trans-
membrane axis by averaging the constraint force acting on each molecule over the
time of the simulation, the integration of which yields the free energy curve of a water
molecule in the membrane depending on its position on the transmembrane axis [102].
The permeability of the membrane was then calculated using the inhomogeneous sol-
ubility diffusion model, using the calculated free energy as well as the local diffusion
coefficient of the molecules, which was also derived from the simulations [120-122].
Using this methodology, the water permeabilities of the membranes containing
ceramide NP as well as ceramide NS were then calculated and compared (See Figure
9).
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Figure 9: Permeation coefficients of the bilayers containing different ceramide species. Mean

+ SEM, n=4. The asterisk denotes a significance level of p < 0.05.
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The results revealed membranes containing ceramide NP to exhibit a significantly
lower water permeability than the membranes containing ceramide NS, with the values
for the systems containing ceramide NP measuring less than half of the permeabilities
obtained for the systems containing ceramide NS. But while these results agreed well
with the previous observations of the experimental and clinical studies [61, 62], the
nature of the MD simulations also allowed for the investigation of structural changes to
the bilayer membranes introduced by the different ceramide species: Hence, it was
found that in systems containing ceramide NP, two notable structural parameters of
the lipid membranes changed from the systems containing ceramide NS: Firstly, the
positioning of the two other types of membrane lipids, cholesterol as well as lignoceric
acid, tended towards an average position closer to the membrane center than found in
the corresponding NS-based systems. Secondly, the degree of overall hydrogen bond-
ing as well as the lipid-water and lipid-lipid hydrogen bonding was notably different
between the membranes: The ceramide NS-containing system showed a higher de-
gree of lipid-lipid hydrogen bonding, while on the other hand, the study found the
ceramide NP-containing system to show a markedly higher degree of lipid-water hy-
drogen bonding. It was consequently found that these seemingly unrelated phenom-
ena could be traced back towards a common cause: The headgroup conformation
probability distribution of the different ceramide species. As the ceramides’ headgroup
linking the two hydrophobic lipid chains together can arrange in different confor-
mations, these conformations also influence the geometry of the whole ceramide mol-
ecule. The effect of the different conformations, which are commonly denoted as either
the “hunched” or “posturing”“ conformations [116], is especially noticeable in the rota-
tion of the headgroup as well as the distance between the lipid chains (see figure 10).
The relative propensity of the ceramide NP and NS to arrange in one of those confor-
mations was determined by the probability distribution of the distance between the lipid
chains, with a closer interchain distance hinting towards the hunched conformation,
and a wider gap between the chains being characteristic of the posturing conformation.
The ceramides showed different propensity to position themselves in one of the con-
formations, with ceramide NS in particular staying overwhelmingly in the hunched con-
formation, while ceramide NP exhibited a higher tendency to arrange in the posturing

conformation.
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Figure 10: Comparison between the “hunched” conformation (left) and the “posturing” con-
formation (right) of a ceramide NP molecule. Note the wider gap between lipid tails as well as
the different headgroup orientation in the posturing conformation.

Interestingly, this higher tendency of ceramide NP compared to ceramide NS to ar-
range in the posturing conformation could be linked back to the differences in lipid
density as well as hydrogen bonding: In the posturing conformation, the carbon chains
of the lipid tails open up, exposing the amide nitrogen of the headgroup from below,
which can act as a hydrogen bonding site for other lipids in the membrane. This is the
case for cholesterol in particular, which can then intercalate between the lipid tails and
position itself slightly below the ceramide as opposed to taking position beside it, which
would then result in the observed shift of the density curve to the membrane center. In
addition, the headgroup of the ceramides in the lipid membrane orients itself towards
the water phase when in the posturing conformation, facilitating hydrogen bonding be-
tween the functional groups of the polar ceramide head and the bulk water phase. On
the other hand, the headgroup of the hunched conformation is turned more towards
the other lipids in the membrane rather than the water phase, leading in turn to more
lipid-lipid hydrogen bonds. This “re-orientation” from the hunched conformation facing
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towards the other lipids of the membrane, to the posturing conformation facing towards
the bulk water phase is depicted in Figure 11, which could be related to the findings of
a previous study that similarly found a connection between lower membrane permea-

bilities and an increased lipid-water hydrogen bonding [110].

Figure 11: Visualizations of ceramide NP molecules in the lipid membrane arranging in dif-
ferent conformations, from the hunched conformation on the left to the posturing confor-
mation on the right, with an additional intermediate conformation in the middle. The shift to-
wards the posturing conformation is accompanied by an orientation of the headgroup

towards the bulk water phase, facilitating lipid-water hydrogen bonding.

These insights into the changes in the membrane structure may offer a venue towards
possible mechanistic explanations for the associated changes in the membrane barrier
function caused by the presence of different ceramides in the bilayer. Elucidation of
the microscopic interrelations between structure and permeability could then further
help to explain the phenomena of the macroscopic scale in experimental and clinical
studies on this topic, which will be discussed in depth in the next chapter.
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3.4 Discussion

The role and importance of ceramides for the integrity of the skin barrier function as
well as the skin health in general have gradually moved more and more in the focus of
skin research: While early studies investigating a possible link between the general
abundance of the ceramides in the SC and skin health were successful in generating
fundamental insights into this topic [32, 52, 73, 74, 77], a wider picture of the relation-
ships between the different ceramide classes and species with various skin conditions
has emerged with the advent of more advanced analysis methods such as LC-MS,
allowing for a much finer-grained analysis of the ceramidome [86]. With these methods
being able to track the changes in concentration of individual ceramide species identi-
fied by ceramide class and chain length, studies using these high-resolution analysis
methods were the first to be able to relate changes in the relative composition of the
skins ceramidome to altered states of skin health [31, 34, 56]. In particular, clinical
studies investigating the ceramidome of patients with atopic dermatitis or psoriasis
found anomalies in the concentration of individual ceramide species, as opposed to
just a shift in total ceramide abundance, which were found to be characteristic for the
skin of patients suffering from these conditions [31, 34, 62, 64]. These anomalies gen-
erally translated into a higher abundance of ceramides with shorter chain lengths in
their fatty acid moiety at the lesional skin sites as well as a higher prevalence of
ceramides containing sphingosine as their LCB. While this characteristic pattern in the
changes of the ceramide profile from healthy to impaired skin is now well known in the
context of inflammatory skin diseases in particular, it was not clear if this pattern would
also emerge from other causes of impaired skin health, such as surfactant-induced
skin damage: This type of skin impairment is especially relevant in the context of de-
veloping new cosmetic as well as pharmaceutical dermal formulations, a large share
of which contain emulsifiers to at least some degree, of which the overwhelming ma-
jority are considered surfactants. Hence, as to predict and evaluate the potential of
topically applied emulsifiers to damage the skin or at least impair the skin barrier, a
deeper understanding of their effects on the SC is needed. Consulting the literature
detailing the impact of surfactants on the skin lipids, most investigations did not inves-
tigate the impact of surfactant treatment on the ceramide profile in detail, instead fo-

cusing only on the impact of the treatment on the total amount of ceramides in the
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skin [74, 75]. In contrast, the investigations of Fulmer & Kramer and di Nardo et al. [39,
73] indeed differentiated the impact of the treatment by examining the changes of
abundance of different ceramide classes, but had to rely on comparatively low-resolu-
tion analysis methods such as thin layer chromatography, which hindered further
ceramide profiling. Thus, the lack of previous studies investigating the changes in the
ceramide composition following surfactant treatment using high-resolution analysis
methods formed the aim of the study summarized in chapter 3.2: Namely, to investi-
gate the impact of a range of commonly used pharmaceutical emulsifiers on the skin
health of human volunteers as well as to gain insight into the detailed influence of the
surfactant treatment on the skin ceramides on a molecular level. The results of this
investigation are worth a closer look: Assessing the skin tolerability of the emulsifiers,
all investigated substances exhibited a surprisingly low impact on the total ceramide
content of the skin, which, especially in the case of SLS, seemingly contrasts previous
findings from the literature on the effects of surfactant treatment of skin. Many of these
studies describe a significant lowering in the SC lipid concentration or even specifically
the ceramide concentration in the skin after surfactant treatment, and in particular after
treatment with a harsh surfactant such as SLS [75, 76, 87, 123]. One likely explanation
for this seeming disagreement of results lies in the resistance to surfactant treatment
of live human skin as used in the present study and animal, especially porcine cadaver
skin as was often used in literature: Owing to the significantly stronger skin barrier of
human in vivo skin compared to ex vivo skin of pigs [124], the surfactant treatment may
have a weaker effect on the living tissue than expected. In addition, ceramides are
significantly less prone to extraction from the skin than free fatty acids [74], which may
have weakened the observed effect even more and highlights the importance of differ-
entiating between measurements of the total skin lipid abundance and of the ceramide
content in particular. These considerations are also supported by previous studies on
human volunteers, which, at least in similar strengths of the surfactant solution as used
here, also found no significant drop in total ceramide abundance after surfactant treat-
ment [39, 74].

Nonetheless, the study found significant impairment of the skin barrier at the sites
treated with SLS, which, importantly, could be linked to changes in the ceramide profile
of the skin sites using regression modeling. The resulting patterns, describing how

changes to the relative ratios of the ceramides to each other are linked to the measured
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changes in the skin barrier, allowed a deeper insight into the nature of surfactant-in-
duced damage to the skin on a molecular level: Notably, equivalent patterns to the
ones found in disease-impaired skin such as in atopic dermatitis or psoriasis patients
could also be found in the surfactant-treated skin of healthy volunteers, potentially sug-
gesting a common, or at least similar, underlying mechanism associated with an im-
paired skin barrier function. Of particular relevance to this hypothesis is the fact that
while the observed changes in the ceramide profile, in particular the shift of the NP/NS
ratio towards NS as well as the higher prevalence of shorter-chain ceramides, have
been previously found in the context of patients and untreated healthy volunteers with
an impaired skin barrier [34, 62, 66, 70], this study was able to induce these changes
with a one-time surfactant treatment. Yet, when hypothesizing about a link between
the ceramides found in the SC and the skin barrier function, the question of the nature
of this connection emerges: Specifically, one could ask if the observation of certain
ceramide species found more prominently in skin with a lower barrier function signifies
that the ceramides in question may cause the decrease in skin barrier function at least
in part by themselves, or whether if the elevated levels of these ceramides are to be
viewed rather as another symptom of the same underlying condition causing the skin
barrier impairment. A promising path to resolve this question lies in the investigation of
the effects of the presence of individual ceramide species on models simulating the
skin lipid matrix of the SC. If it could be demonstrated that there is indeed a mechanistic
explanation describing how certain ceramides could actually cause an impairment of
the skin barrier, the hypothesis of the ceramidome as a controlling factor of the skin
barrier would significantly gain in strength. Thus, a number of in vitro as well as in silico
studies started to explore this topic: The in vitro investigation of Nadaban et al. [61]
investigated synthetic skin lipid membranes containing, aside from the identical com-
ponents of a long-chained FFA and cholesterol, either a higher abundance of ceramide
NP or ceramide NS in the ceramide component of the lipids. They notably found a
significantly lower TEWL in the model membrane containing more ceramide NP, in
agreement with the clinical observations and strengthening the hypothesis of at least
a partial dependence of the membrane permeabilities on the type of ceramide class
present. These findings are also corroborated by the results from an investigation by
Uche et al., which also found skin lipid membranes containing sphingosine-based

ceramides to exhibit a higher permeability than those containing phytosphingosine-
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based ceramides [63]. Another study by Skolova et al. [125] similarly found differences
in the permeabilities of skin lipid membranes containing different ceramide classes, yet
with an important caveat: In their work, ceramide NP, containing phytosphingosine,
actually showed the highest permeability of the investigated ceramide classes, exhib-
iting a greater flux of the permeants than those containing ceramides NS and NDS.
Yet, to properly put these results into context, it is important to note that the permea-
bility results of all mentioned investigations were obtained using different model per-
meants: Skolova et al. investigated the permeability of indomethacin and theophylline
through the membranes, Uche et al. studied the organic molecule ethyl-p-aminoben-
zoate, while Nadaban et al. explicitly studied the TEWL, describing the skin permea-
bility for water, thereby significantly affecting the measured barrier function. The results
of all studies strongly hint towards there being in fact a dependence of the skin barrier
function on the presence of different ceramide species, yet, the studies are at least to
some degree in disagreement about the nature of this dependence. Adding to the in-
sights from the in vitro results, studies using in silico methodology, in particular MD
simulations, also assessed the impact of different ceramide class on virtual SC lipid
membranes: Nadaban et al., in another comparative study, examined the results of
MD simulations of the SPP combined with neutron diffraction measurements and found
only slight differences in the structure of the membranes, with the main difference be-
ing a higher degree of hydrogen bonding in the NP-abundant membranes due to the
additional hydroxyl group of the lipids [115]. Yet, without the inclusion of permeability
measurements from the simulations, the potential impact of these differences on the
barrier function of the membranes could not be properly assessed. Permeability data
for virtual skin lipid membranes in the literature in general is limited to a small number
of ceramide classes, with ceramide NS-containing membranes being the most com-
monly described [99, 102, 112, 126]. In contrast, permeability data for skin lipid bilayers
containing ceramide NP is rare [104]. Also, a direct comparison between the permea-
bility values found by different studies for skin lipid membranes containing different
ceramides turns out to be challenging, as the basic force field parameters as well as
the methodologies for determining the permeability of a model membranes are not
uniform across the literature, complicating comparisons. To mend the bridge between
different force fields and methodologies between the various studies in the literature,

the simulation study described in chapter 3.3 was devised, with the fundamental goal
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of a thorough, systematic comparison between simulated membranes containing either
ceramide NP or ceramide NS in terms of measured permeability as well as potential
underlying changes in the membrane structure. The findings of this investigation are
important in two different aspects: Firstly, comparison of the results concerning the
permeability of the skin lipid bilayers from this study with the literature data strongly
affirms the findings of the previous in vitro and in silico studies: Not only do the results
in Figure 9 qualitatively agree with the experimental values found by Nadaban et al. for
the synthetic lipid membranes [61], but the obtained permeability coefficients also
agree very well with those described in the simulation studies from Piasentin et al. for
ceramide NS [102] as well as Lundborg et al. for ceramide NP [104], which actually
differed from this investigation in the combination of the force field parameters and
permeability measurement methods. Yet, the purpose of the study was not limited to
simply confirming previous findings, but also to offer new insights into changes of the
membrane structure and its properties, potentially offering explanations for the perme-
ability differences observed. The most prominent finding in this regard was the ob-
served difference in propensity of ceramide NP and NS to arrange in the different head-
group conformations, which in turn lead to changes in the ability of other lipids to
intercalate between the ceramide tails and the hydrogen bonding pattern of the
ceramides. Both of these phenomena can be linked to the resulting permeability of the
membranes: While the difference in “openings” between the ceramide tails for other
lipids might influence the permeability due to a correspondingly higher lipid density at
this space in the membrane, evidence for this intercalation is strongest for cholesterol
molecules and relies on the higher degree of hydrogen bonding between its hydroxyl
group and the amide of ceramide NP over ceramide NS. For lignoceric acid, the hy-
drogen bonding of the carboxyl headgroup is actually more pronounced with the amide
of ceramide NS over ceramide NP, seemingly proving the opposite. Yet, this observa-
tion has to be put into the context of the lipid positioning in the membrane: Both the
polar headgroups of ceramides as well as fatty acids localize at the membrane surface,
with the amide group of the ceramide therefore being able to hydrogen bond with
neighboring fatty acid molecules even without intercalation of the fatty acid between
the ceramide tails. This is exacerbated by the higher tendency of ceramide NS to ar-

range into the hunched conformation, which then orients the functional groups of the
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ceramide headgroup towards the membrane, increasing lipid-lipid hydrogen bonding
as was observed in the study and can be seen in Table 3.

Table 3: Overview of the Lipid-Water and Lipid-Lipid as well as the ceramide hydrogen
bonds found in the simulated systems.

Hydrogen Bond Type Average number of hydrogen bonds
per time frame per lipid (NP | NS)
All Lipids — Water 2.637 + 0.006 2.407 + 0.005
All Lipids — All Lipids 0.478 £ 0.003 0.555 + 0.002
CER — Water 4.322 +0.002 3.607 + 0.002
CER — Other Lipids 1.393 + 0.001 1.620 + 0.001

Yet, this hydrogen bonding pattern seems to contrast with the findings of Nadaban et
al. [115], who found a higher degree of lipid-lipid hydrogen bonding of skin lipid mem-
branes containing a higher abundance of ceramide NP over NS, and hypothesized a
connection to an increased barrier function. While this hypothesis is plausible, the find-
ings of Mistry & Notman [110] also lend credence to another idea: In their study on the
permeability enhancing effect of propylene glycol on skin lipid bilayers, they found
higher concentrations of propylene glycol to not only proportionately increase the per-
meability of the membrane for water, but to also decrease the degree of lipid-water
hydrogen bonding in the systems. Surprisingly, this effect only held for the lipid-water
hydrogen bonds, with the degree of lipid-lipid hydrogen bonding of the systems being
unaffected even at very high concentrations of propylene glycol and correspondingly
low barrier function of the membrane. Their findings, in the light of the results from our
study, may hint towards the lipid-water hydrogen bonding degree of the simulated sys-
tems having a higher relevance for the permeability of the membrane than previously
thought, at least in bilayer systems surrounded by a bulk water phase. This may also
be a suitable explanation for the discrepancy between the similar findings of Mistry &
Notman and us as opposed to those of Nadaban et al: While in both the systems of
Mistry & Notman as well as in our systems fully hydrated bilayers were simulated,
Nadaban et al. studied membranes in a state of reduced hydration, which would con-

sequently significantly affect the hydrogen bonding patterns of the systems in question
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and again complicates a direct comparison, which in itself would be an interesting sub-
ject of future research.

To date, a conclusive mechanistic explanation for the influence of ceramides on the
skin barrier function remains yet to be found and will continue to be subject and goal
of future research. Nonetheless, the insights gained in the course of this research pro-
ject, summarized and published in the presented articles, may offer new approaches
and serve as stepping stones to future drives to reveal the true nature of the interplay

between the lipids of the SC and its barrier function.
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Abstract

Introduction: Emulsifiers are common excipients in dermal
products stabilizing formulations such as creams and emul-
sions. But due to their potential for skin irritation, emulsifiers for
pharmaceutical use should be tested regarding their tolera-
bility before introducing them to the skin of patients. In this
study, a systematic investigation with six oil in water-
emulsifiers was performed on the forearms of 12 healthy
human volunteers, six female, and six male. Methods: We
analyzed the effects of pharmaceutical emulsifiers on the
macroscopic skin health parameters measured as trans-
epidermal water loss (TEWL) and skin hydration and mea-
sured the ceramide profile of the treated skin sites using liquid
chromatography coupled to mass spectrometry in order to
assess the skin tolerability of the investigated emulsifiers. In a
second step, a Partial Least Squares Regression was employed
to investigate relationships between changes in the ceramide
profile to changes in the TEWL of skin treated with a nonionic
as well as an anionic emulsifier. Results: Skin health mea-
surements showed that the applied emulsifiers inflicted no
significant changes compared to the water-treated sample,

demonstrating a remarkable skin tolerability. The employed
regression model showed a good fit as well as adequate
prediction and identified ceramide species associated with
impaired skin barrier function. Furthermore, it was found that
the relationship between the ceramide profile and the skin
barrier function in emulsifier-induced skin damage shows
distinct similarities to the interplay of ceramides and skin
barrier function in lesional skin linked to atopic dermatitis,
hinting toward a common underlying mechanism and
opening up possibilities to simulate disease-related changes to
the skin for the development of skin damage models.
Conclusion: In conclusion, these detailed investigations yield
insight into possible mechanisms of emulsifier-induced skin
damage and show its versatility in the investigation of phar-
maceutical emulsifiers for formulation development as well as
basic research. © 2025 S. Karger AG, Basel

Introduction

The stratum corneum (SC), being the uppermost layer
of the epidermis, plays a crucial role in the integrity and
upkeep of the physiological skin barrier [1]. Essential to
the barrier function of the SC is its typical brick-and-
mortar structure, describing the typical arrangement of
the corneocytes (bricks) being embedded in a lamellar
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Table 1. Nomenclature for ceramides used

Long chained base/fatty acid moiety

Non-hydroxylated FA Hydroxylated FA w-esterified FA

Sphingosine NS AS EOS
Phytosphingosine NP AP EOP
Hydroxysphingosine NH AH EOH
Dihydrosphingosine DS (ADS) (EODS)

Chain lengths are given by number after the letters. Abbreviations in brackets indicate ceramides not
investigated in this study. Nomenclature according to Motta et al. [21].

lipid matrix (mortar) [2]. This structure ensures pro-
tection against mechanical force and UV radiation
provided by the corneocytes, while the continuous lipid
matrix serves as a diffusion barrier for exogenous per-
meants as well as water from within the body. Impair-
ment of this barrier results in increased permeability of
the skin for environmental chemical substances as well as
an increased trans-epidermal water loss (TEWL) of the
body, which is a typical result of a disrupted intercellular
SC lipid matrix [3-5]. The lipid matrix itself is comprised
of cholesterol, free fatty acids and ceramides, of which
ceramides are the largest component by weight and are
increasingly becoming a focus of skin research [4]. In-
vestigations have been published investigating their
structural variety, abundance in the SC and their im-
plication in various skin conditions, such as inflammatory
skin diseases or impaired skin barrier in general [3, 6-17]
as well as their potential in formulations aiming to al-
leviate these conditions [18-20]. The main goal of these
studies was to investigate characteristic patterns of
changes in the ceramide abundance or profile, which then
can be linked to skin conditions. Characteristic changes in
the ceramide profile of psoriatic skin [12, 21-23],
ichthyosis-affected skin [24, 25] as well as skin affected
with atopic dermatitis (AD) [22, 23, 26-30] have been
documented in detail. These studies yield valuable insight
into the mechanisms and implications of disease-related
shifts in the ceramide profile, with some of them also
investigating links and correlations between ceramide
profile fluctuations and skin barrier function [22, 28, 30].
In particular, ceramide profile changes in clinical man-
ifestations of AD and its accompanying effects on the skin
barrier show quite distinct patterns. Lesional as well as
non-lesional skin of patients with AD shows a signifi-
cantly lower total ceramide content than the skin of
healthy control subjects, while also exhibiting significant
changes in the ceramide profile. [22, 27, 28, 31, 32].
Interestingly, lesional and non-lesional skin of the same
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AD patient cannot be differentiated by the total ceramide
content of the skin, but only by the changes in the ce-
ramide profile. Thus, the ratios of the different ceramide
species and chain lengths found in the SC are the most
significant ceramidomic discriminator between lesional
and non-lesional AD skin. Typical for the changes ob-
served in impaired, lesional skin is a shift toward shorter
chain length ceramides, an increased ratio of ceramide NS
to ceramide NP as well as a reduction in the ultra-long
chain ceramide classes such as EOS, EOH, and EOP (see
Table 1 for an overview of the ceramides investigated in
this work) [22, 26, 28, 30]. The importance of seemingly
tiny changes in the ceramide profile is demonstrated by
the stark differences in the skin barrier properties of non-
lesional and lesional skin, such as the TEWL and the skin
hydration level. Interestingly, while AD patients’ skin
total ceramide content is lower than that of healthy
control subjects, differences in skin properties are not
observable in non-lesional skin [28, 32]. This implies that
the relative composition of the ceramide species, and not
the total ceramide content in the SC, plays a crucial role in
skin health and properties of AD skin. This may be an
important consideration in the development of novel
model systems of AD improving on previous models [33]
as well as in the pharmaceutical design of formulations
for the treatment of lesional skin in AD [20, 31, 34, 35].

Yet, it is important to note that skin barrier impair-
ment is not limited to diseased skin. Damage to the skin
barrier can also be induced by contact with surfactants
such as pharmaceutically or cosmetically used emulsifiers,
especially with repeated exposure [36-40]. The mecha-
nisms of the effect on the skin barrier are still not
completely understood. Studies focusing on the SC lipid
matrix found a disordering of the lipids following sur-
factant treatment [41], with multiple studies finding
evidence for SC lipid extraction by surfactants and hence
a disruption of the lipids of the skin barrier [41-44].
Other investigations postulated mechanisms based on
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increased hydration of the space between the SC lipid
leaflets [45] or denaturation of the keratin found in the
corneocytes [46, 47], which may go hand in hand with
changes in the composition of the lipid matrix, like the
ceramide profile, in altering the skin barrier. While some
basic research on the role of ceramides in emulsifier-
induced skin damage has been performed [36, 38, 40, 43,
44], with some studies decades old, the effects of the
various ceramide species and their influence on skin
barrier function as well as skin health in general in this
context still are not fully understood. Today, highly so-
phisticated methods like liquid chromatography coupled
to mass spectrometry (LC-MS) have become widely
available and offer the opportunity to investigate ce-
ramide profiles in much more detail and may thus
contribute to leveraging the knowledge on emulsifiers
impact on SC ceramides to the next level.

The aim of this study was to gain deeper insight into
the impact of emulsifiers on the SC via multiple analytical
approaches. The first part comprises a general investi-
gation and comparison of the effects of pharmaceutically
and cosmetically utilized emulsifiers using a multimodal
approach. This includes the biophysical skin health pa-
rameters such as TEWL to determine skin barrier in-
tegrity as well as capacitance measurements for skin
hydration levels of 12 healthy volunteers. Afterward, the
ceramide content and profile of the emulsifier treated
sites were taken and the emulsifiers’ impact on the ce-
ramides analyzed to gain a better understanding on the
impact of emulsifiers on the ceramides. To further in-
vestigate the mechanisms and possible links behind
changes in the ceramide profile and impairment of skin
barrier function caused by emulsifier treatment, a partial
least squares (PLSs) regression analysis of changes in the
ceramide profiles and skin health parameters was carried
out in the second part of the study. The analysis com-
pared the effects of an anionic surfactant to a nonionic
emulsifier, with the goal to better understand their re-
spective impact on the SC as well as to assess their re-
spective suitability for the development of a skin damage
model of lesional skin as found in AD, potentially
eliminating the need for patient screening in development
of new formulations for treatments of AD.

Materials and Methods

Materials

An overview of the investigated emulsifiers and in-
formation regarding their classification, suppliers, and
hydrophilic-lipophilic balance (HLB) values can be found

Emulsifier-Induced Changes to the Human
Skin Barrier

in Table 2. An overview of the ceramide standards used for
this study can be found in Table 3. LC-MS grade 2-
Propanol, methanol, acetonitrile, formic acid, and ethyl
acetate were obtained from Carl Roth GmbH & Co. KG
(Karlsruhe, Germany). LC-MS-Grade ammonium formate
was obtained by Sigma-Aldrich Co. (St. Louis, MO, USA).
All aqueous solutions were prepared using ultra-pure
water from Elga Maxima (High Wycombe, Great Brit-
ain). Nitrogen was obtained from an in-house tank and
argon 5.0 was obtained from Westfalen AG (Muenster,
Germany). Here, 2 mL reaction vessels were obtained from
Greiner Bio-One GmbH (Frickenhausen, Germany).
Needles from Sterican 20 G x 11", and 2 mL syringes were
obtained from B. Braun Melsungen AG (Melsungen,
Germany). Chromafil® Filters Xtra H-PTFE-20/25 and
HPLC vials N8 flat, screw neck 8-425, screw caps N8,
center hole, red rubber, FEP 1.3 mm were obtained from
Macherey Nagel GmbH & Co. KG (Dueren, Germany).

Preparation of Emulsifier Solutions

Testing solutions of C20, S2, S20, S100, HPMC, and SLS
were prepared as a 1% solution by stirring the substances
in ultra-pure water, sonicating the resulting solutions
(Bandelin Sonorex; Bandelin electronic GmbH & Co. KG,
D-Berlin, Germany) for 15 min and then vortexing them
for 1 min (IKA Vortex 2; IKA-Werke GmbH & Co. KG,
Staufen, Germany) as described previously [39]. The plain
ultra-pure water was used as a control.

Study Design

The study was carried out in accordance with the
Declaration of Helsinki and the study protocol approved
by the Ethics Committee at the Medical Faculty of the
University of Tiibingen (Approval No.: 221/2022BO2).
All participants gave their informed written consent to
their inclusion in the study. The participating 12 vol-
unteers were of Caucasian ethnicity and in the age range
of 25-52, with 6 male volunteers and 6 female. A
questionnaire was given to every person asking about
chronic skin diseases like eczema, AD, etc., even in
childhood, as well as skin lesions, wounds, tattoos, scars,
or excessive hair growth on the forearms. The volunteers
were asked to refrain from showering or using any dermal
skin products 12 h before the study and were requested
not to conduct excessive exercise activities during the
study.

The nondominant forearms were used for the inves-
tigation. The test areas were marked by a template to
ensure appropriate space between the wrist, elbow, and
the different samples. The test areas were randomized for
every volunteer to avoid bias. Volunteers had to acclimate
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Table 2. Overview of the investigated emulsifiers

Emulsifier used Abbreviation HLB value Commercial name Classification Supplier
Sodium lauryl sulfate SLS 40 - Anionic Caelo?
PEG-20 cetyl ether C20 15.7 Brij™ C20 Nonionic Croda®
PEG-2 stearyl ether S2 49 Brij™ S2 Nonionic Croda®
PEG-20 stearyl ether S20 15.3 Brij™ S20 Nonionic Croda®
PEG-100 stearyl ether S100 18.8 Brij™ S100 Nonionic Croda®
Hydroxypropyl methylcellulose HPMC * Methocel E4M® Nonionic (Polymer) Caelo®

*No HLB value given by the supplier, apparent viscosity 4,000. *Caesar & Loretz GmbH (Hilden, Germany). PCroda GmbH

(Nettetal, Germany).

Table 3. Overview of the ceramide standards used

Systematic name Abbreviation Commercial name
N-[26-oleoyloxy(d9) hexacosanoyl]-D-erythro-sphingosine EOS26d9 CER1 (d18:1/26:0/18:1(d9))
N-palmitoyl(d9) D-ribo-phytosphingosine NP16d9 CER3(d9)
N-(2'-(R)-hydroxypalmitoyl(d9)) D-erythro-sphingosine AS16d9 CER5-2'R(d9)
N-(2'-(R)-hydroxypalmitoyl(d9)) D-ribo-phytosphingosine AP16d9 CER6-2'R(d9)
N-(2'-(R)-hydroxypalmitoyl(d9)) 6R-hydroxysphingosine AH16d9 CER7-2'R, 6R(d9)

N-palmitoyl(d9) 6R-hydroxysphingosine NH16d9 CER8(d9)

N-[26-oleoyloxy(d9) hexacosanoyl]-D-ribo-phytosphingosine EOP26d9 CER9(d9) (t18:0/26:0/18:1(d9))
N-palmitoyl(d9) dihydrosphingosine DS16d9 CER10(d9)
N-palmitoyl(d7)-D-erythro-sphingosine NS16d7 Deuterated Ceramide Lipidomix®
N-lignoceroyl(d7)-D-erythro-sphingosine NS24d7 Deuterated Ceramide Lipidomix®

All ceramide standard substances were obtained from Avanti Polar Lipids Incorporation (Birmingham, AL, USA).

before the measurements for 30 min in the testing room
at 25 + 1°C and 32 + 2% relative humidity. Temperature
and relative humidity were recorded by a Klima logg pro
TFA 30.3039 IT (Dostmann GmbH & Co. KG, Wertheim,
Germany). After the acclimatization, 50 uL of the
aqueous solutions were pipetted on filter paper discs
(12 mm in diameter; SmartPractice®, Phoenix, AZ, USA).
The filters were put onto the skin and then occluded with
Finn Chambers® on Scanpor® (SmartPractice®). The
volunteers were allowed to resume normal activities, and
instructed to be careful with the Finn Chambers® on their
forearms. After 4 h of incubation, the Finn Chambers®
were peeled off and aqueous residues were dabbed off
with tissues. The volunteers had to wait 15 min for
equilibration in the testing room before proceeding.
Then, second measurements were performed and the tape
stripping procedure was initiated as specified in 2.8.
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Measurement of TEWL

The TEWL was measured by the basic device Multi
Probe Adapter MPA 6 and probe Tewameter® TM Hex
(Courage & Khazaka electronic GmbH, Koéln, Ger-
many) and calculated by the software MPA CTplus
(Courage & Khazaka electronic GmbH). Measurements
were performed before and after treatment on all eight
test areas. Every measurement lasted 90 s, with 30 s as
equilibration and 60 s of measurement to collect stable
values.

Measurement of Skin Hydration

The skin hydration was measured by the basic device
Multi Probe Adapter MPA 6 and probe Corneometer®
CM 825 (Courage & Khazaka electronic GmbH) and
calculated by the proprietary software. Measurements
were performed in triplicate.
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Measurement of Skin Erythema

The erythema was measured by basic device Multi
Probe Adapter MPA 6 and probe Mexameter® MX 18
(Courage & Khazaka electronic GmbH) and final
values calculated by the proprietary software. Mea-
surements were performed in triplicate with respect to
changing the position as recommended by the
manufacturer.

Measurement of Skin-pH

The skin-pH was measured by the basic device Multi
Probe Adapter MPA 6 and probe Skin-pH-Meter® PH
905 (Courage & Khazaka electronic GmbH) and final
values calculated by the proprietary software.

Tape Stripping

Tape stripping was used to obtain in vivo SC samples
for the analysis of the ceramide profiles. After the
incubation time of 4 h and the afore-described mea-
surements, six consecutive strips (12 mm diameter;
D-Squame® Stripping Discs Clinical and Derm, Dallas,
TX, USA) were taken from every test area. A pressure
control stick (D-Squame® Pressure Instrument Clinical
and Derm, Dallas, TX, USA) was used to ensure
constant pressure and the tape stripping direction was
rotated by 90° for every tape to ensure uniform sam-
pling. The tapes were weighed (AX26 DeltaRange®
Mettler Toledo, Greifensee, Switzerland) before and
after stripping to calculate the removed SC mass. Af-
terward, the tapes were extracted for LC-MS analysis,
which is described in 2.9.

LC-MS Sample Preparation

The tapes from Tape Stripping were extracted with
2 mL methanol/ethyl acetate (80/20, V/V) in reaction
vessels. The internal standards of Ceramide NS16d7,
NS24d7, and EOS26d9 were added and the samples
shaken (by IKA Vibrax VXR basic; IKA-Werke GmbH &
Co. KG, Staufen, Germany) for 3 h. After shaking, the
samples were sonicated for 15 min (Bandelin Sonorex;
Bandelin electronic GmbH & Co. KG, Berlin, Germany)
and vortexed for 1 min (IKA-Werke GmbH & Co. KG).
In the next step, the samples were centrifuged for 10 min
at 13,400 rpm (MiniSpin® Eppendorf SE, Hamburg,
Germany). The supernatant was removed with a 20 G x
11" needle and 2 mL syringe and filtered (Chromafil®
Xtra H-PTFE-20/25; Macherey Nagel GmbH & Co. KG,
Dueren, Germany) into HPLC vials (Vial N8 flat, screw
neck 8-425, screw caps N8, center hole, red rubber, FEP
1.3 mm; Macherey-Nagel GmbH & Co. KG, Dueren,
Germany).

Emulsifier-Induced Changes to the Human
Skin Barrier

LC-MS Analysis

All samples were analyzed using reverse-phase ultra-
high-performance liquid chromatography (UHPLC)
(Nexera LC-40; Shimadzu Corporation, Kyoto, Japan)
with mass spectrometry (LCMS-8045; Shimadzu Cor-
poration, Kyoto, Japan). The UHPLC separation step was
performed with a RP C8 column (HPLC Nucleodur C8
Gravity 3 um Macherey-Nagel GmbH & Co. KG with
Column-Protection-System Guard Column Holder
Macherey-Nagel GmbH & Co. KG, Dueren, Germany)
using a binary gradient, with the total method duration
being 20 min. The UHPLC used a flow rate of 0.4 mL/min
and the following gradient: Eluent A: 10 uM ammonium
formate in water; Eluent B: 0.1% (v/v) formic acid in
isopropanol/acetonitrile 50/50. Concentration of eluent B
over time: 0 min: 10%; 0.5 min: 20%; 1 min: 40%; 12.5
min: 92.5% (nonlinear curve); 12.6 min: 100%; 17 min:
100%; 18 min: 20%; 20 min: 20%. After chromatographic
separation, the ceramide content was determined in the
MS using the following settings: electrospray ionization
(ESI) positive ionization mode; interface voltage: 3 kV;
interface temperature: 220°C; desolvation temperature:
355°C. Ceramides were quantified using a multiple re-
action monitoring (MRM) method. Precursor ions in the
Quadrupole 1 were either the [M + H]" ion for the ce-
ramide groups NP, AP, DS, EOS, EOP, and EOH, or [M —
H,O + H]" for ceramide groups NS, AS, NH, and AH.
After fragmentation, the fragments specific for the dif-
ferent long-chained base (LCB) segments of the ceram-
ides [11] were used for product ion quantification of the
ceramides. A full table of the precursor ions, collision
energies as well as the corresponding product ions can be
found in the online supplementary material (for all online
suppl. material, see https://doi.org/10.1159/000545234).
Ceramide species included in the method were chosen for
their high abundance in human skin. They comprise the
ten most abundant ceramide species in the human SC [48,
49] with a chain length range of C20 to C28 for non-EO
ceramides (with AS16 added due to its unusually high
abundance) as well as C28 to C35 for EO ceramides. The
obtained intensities were then normalized to the internal
standards of ceramide NS16d7, NS24d7 as well as ce-
ramide EOS26d9, matching closest to the retention time
as well as the ceramide species. Concentrations were then
calculated from the normalized intensities using cali-
bration curves of AH16d9, NH16d9, AP16d9, NP16d9,
AS16d9, NS16d9, DS16d9 as well as EOS26d9 and
EOP26d9. For the EOH ceramides, the AH16d9 cali-
bration curve was used for the calculation, due to the
nonavailability of deuterated EOH standard substances.
The calculated concentrations were then normalized
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using the mass of the extracted SC to obtain the final
ceramide content. The value of all tapes for a specific test
area and volunteer was then averaged. Data processing
was performed using Shimadzu LabSolutions (Shimadzu
Deutschland GmbH, Duisburg, Germany), Microsoft
Excel (Microsoft, Redmond, WA, USA) as well as R (R
Foundation for Statistical Computing, Vienna, Austria).

Statistical Analysis

The data originated from 12 subjects (n = 12). Fisher’s
Least Significant Difference test was used in GraphPad
Prism 8.0 to detect statistical differences (GraphPad
Software Inc., La Jolla, CA, USA). To build a statistical
model linking changes in the ceramide content to changes
in the TEWL, PLSs regression analysis was applied to the
results. As SLS and C20 were determined in a previous
study [41] to have a particularly high potential for
damaging the skin, they were chosen to analyze the
suitability for building a regression model using either an
anionic surfactant (SLS) or a nonionic surfactant (C20).
For each volunteer, the differences in the content of each
ceramide species between the water-treated skin site as
well as the either the SLS- or the C20-treated skin site
were calculated and used as the predictor matrix. Col-
umns containing missing values were excluded. For the
response matrix, the differences in the TEWL values after
treatment of the respective skin sites were calculated, and
the obtained differences were used. Predictors and re-
sponse were standardized, and PLS models were built
[50]. The obtained models were validated using leave-
one-out cross-validation. Selection of the number of PLS
components was done by selecting the model with the
fewest components as well as within a minimum of the
root mean square error of prediction obtained from
cross-validation and a maximum number of components
of 5. R? as the goodness-of-fit parameter as well as Q* as
the predictive property parameter were calculated. All
regression-related computations were performed in R.

Results

Skin Health Parameters

For in vivo human skin studies the TEWL is a value for
the determination of skin health or disease, and, in
particular, a parameter of the intactness of the skin barrier
function [39]. Therefore, this measurement was taken to
assess the potential for skin barrier damage by treatment
with the different emulsifier solutions, while capacitance
measurements were used to investigate changes in the
skin hydration, indicating the skin tolerability of the
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emulsifiers in question. The $2/C20/S20/S100 line was
chosen to represent nonionic emulsifiers with varying
hydrophilicity, but the same underlying molecular
structure of pegylated fatty alcohol-ethers. SLS was
chosen to be representative of common anionic emul-
sifiers, while HPMC was chosen as a nonionic polymeric
emulsifier. All volunteers showed TEWL values below 20
g-m >h~!, suggesting their skin was healthy and intact
prior to the study. Figure 1a shows the TEWL changes
after emulsifier treatment. SLS-treated skin areas showed
the highest TEWL change value of the investigated
emulsifiers, with a significant increase when compared
with water-treated skin used as control (p = 0.0189). The
other emulsifiers behaved like the control treatment and
showed no significant increase in TEWL change.

Capacitance results in Figure 1b show that the skin
treated with SLS significantly (p = 0.0015) lost hydration.
The other emulsifiers behaved like the control and were
not significantly different. As increased TEWL and de-
creased hydration are often linked, the observed trends
correlate well. The results of the skin pH measurements as
well as the erythema index showed no difference between
the treatment sites.

Total Ceramide Content

A comparison of the total ceramide content of the skin
sites treated with the individual emulsifiers can be seen in
Figure 2a. There is no significant difference in total ce-
ramide content between the different treatments. This
was somewhat surprising as TEWL and hydration
measurements suggested changes of the skin barrier
properties for the SLS-treated sites, while there was no
difference in total ceramide content either. We thus chose
to more closely evaluate the different ceramide species.

Regression Analysis

A PLS regression linking the changes in the ceramide
profile to changes in the TEWL value between water and
SLS-treated skin as well as between water and C20-treated
skin was performed. The PLS regression methodology
was chosen as it is most appropriate in case of low sample
size compared to the number of predictor variables in the
model as well as the multicollinearity present in the data
set [51]. The SLS-based model yielded a 2-component
PLS model with an R? value of 0.67 and a Q? value of 0.44,
indicating good prediction properties with slight over-
fitting. The C20-based model yielded a 2-component PLS
model with an R? value of 0.27 and a Q? value of <0,
indicating no predictive value. The prediction plot of the
SLS-based regression model can be seen in Figure 2b.
Following these results, the model based on the SLS-

Reuter et al.

620z Jequiaidag 9| uo Jasn usbuign | Yauolqiasiensieaun Aq Jpd y€ZS7S000/9+6LSEY/6L/E/8E/HPd-ajone/dds/woo sebae//:dly woly papeojumod


https://doi.org/10.1159/000545234

TEWL Change [%)]
S
T

400 *

N
o
1

o
1

Capacity Change [%]
R
T

-40-
0- * . -60-
T T T T T 1 T T T T T 1
o Q NN X N O O
&P & %’1'9‘1«%\0 & . FORVID 6’”%'»6\0 Y
a
— 100~ . 60
X
, _ ® . = 40 :
Fig. 1. Skin health parameter measurement =2 R s o
results. a TEWL. b Skin capacitance (skin g 507 . g 204 . .
hydration). ¢ Skin pH. d Erythema mea- S £
surement. Each box encloses the values’ © < oL LT
interquartile range, the boxed line repre- qE, 0 ;:’
sents the median. Whiskers from 10th to £ . ¢ o -20 .
90th percentile. n = 12. Color index - deep IE'
blue: water, control treatment; light blue: no -50- -40-
significant difference from control treat- T T T T T 1 T T T T T 1
ment; red: significant difference from S DD VD O £ 9NNV OO
DYV N 2 L2 2
control treatment. Significant differences c @"} & =) ng“ d @'5\' Y @ %"Qg“\

are further indicated by the number of
asterisks as follows: *p < 0.05; **p < 0.01.

treated skin was chosen for further investigation into
model properties. The regression coefficients for each
ceramide, obtained from the model, are shown in a heat
map format in Figure 3. A table containing the numerical
values can be found in the online supplementary material.
A high correlation coefficient (red color) implies a cor-
relation with positive changes in TEWL value, which is
associated with an impaired skin barrier or damaged skin
in general. Studying the coefficients in relation to chain
length, one can see that for most non-EO subgroups, the
correlation coefficients of longer chain lengths tend to-
ward lower values, implying an association with a well-
functioning skin barrier. The results also show a high
dependency of the regression coefficients on the subgroup
type. While ceramides of the subgroups NP and AP
(especially with an emphasis on longer chain lengths)
show generally lower regression coefficients (associated
with intact barrier properties), sphingosine-based ce-
ramides such as NS and AS show higher regression co-
efficients (associated with barrier impairment). AH, NH,
and DS show a more balanced effect on the skin barrier
function, with the shorter chain lengths generally having

Emulsifier-Induced Changes to the Human
Skin Barrier

positive coefficients and the longer chain lengths having
negative coefficients. EO-type ceramides cannot be
classified the same way. While all the EO-type ceramide
classes show generally low regression coefficients, indi-
cating a beneficial effect on the skin barrier integrity, this
effect is more pronounced in classes EOH and EOP.
Furthermore, as seen in Figure 2d, there exists a positive
correlation between longer chain lengths and a higher
regression coefficient, reversing the trend seen in the non-
EO ceramide classes (Fig. 2c). This effect is mostly driven
by the ultra-long chained EOS ceramides and is quite
noteworthy, yet none of the EO-type ceramides show a
strong association with skin barrier impairment.

Discussion

In vivo studies investigating the impact of emulsifiers
on human skin are a valuable resource to examine the
suitability of emulsifiers as excipients in dermal formu-
lations as well as to gain insight into the possible effects on
the SC and mechanisms thereof. As these phenomena can
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be investigated directly in living, human skin, there are no
uncertainties as to the transferability of results, be it from
one species to another as when utilizing animal models or
from cadaver skin to living tissue, as in in vitro models
utilizing excised skin samples. Previous studies investi-
gating effects of emulsifier treatment on skin health found
different degrees of skin tolerability of the emulsifiers
studied To mention examples, Vater et al. [52] found
phospholipid-based emulsifiers to have a very high skin
tolerability, while our group previously investigated pe-
gylated nonionic emulsifiers and found there was a wide
spread in skin tolerability as well as influence on the SC
lipids [41, 53]. The current study employs similar
methods to determine the skin health parameters,
i.e, TEWL and hydration measurements to determine the
skin barrier function. Utilizing these parameters to de-
termine the skin tolerability, all investigated nonionic
emulsifiers showed neither a significant impairment of
the skin barrier nor a decreased hydration of the treated
sites, exhibiting an exceptionally high-skin tolerability.
Only the treatment sites where anionic SLS was applied
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on the y-axis. The dashed line represents perfect prediction. Re-
gression scatterplots graphing the ceramide fatty acid chain length
against the regression coefficients obtained from the model based
on the SLS-treated skin sites. ¢ Non-EO-type ceramides. d EO-type
ceramides.

showed a significant drop in skin hydration as well as a
notable impairment of the skin barrier function (increase
in TEWL). While this was expected and SLS was used as a
positive control for the general skin tolerability assess-
ment in previous studies [41, 53], the results on nonionic
emulsifiers contrasts quite clearly with our previous re-
sults as even C20, which was previously characterized to
have the highest skin-damaging potential [41] did not
show any adverse effects in this current in vivo study. The
measurements and comparison of the treatment sites’
total ceramide content continues the same trend. The
comparison showed no significant differences of the ef-
fects of the investigated emulsifiers to the water control,
with none of the studied nonionic emulsifiers altering the
total ceramide content of the SC to a significant degree.
Interestingly, SLS, despite its detrimental effects on the
skin health parameters, also showed no significant de-
crease in total ceramide content. These results are
seemingly in contrast to previous studies [37, 38, 41, 42,
54], which showed a significant effect of emulsifier
treatment as well as marked differences in the effect of
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different emulsifiers, but a few important points have to
be noted to contextualize these results. First, while the
mentioned studies showed a significant lipid removal
from the skin due to the emulsifiers, they did not dis-
criminate the lipid species, but investigated ceramides,
free fatty acids, and cholesterol as a whole. The reason for
this being the fact that the method used (confocal Raman
spectroscopy) cannot differentiate between the different
lipid species. Free fatty acids in particular are being
known to be easily removed from the SC with emulsifiers,
which might explain the discrepancy [55]. Second, many
of the studies investigated the emulsifier effects in ex vivo
skin, which is understood to have a lower barrier function
than living skin, which may make it more susceptible to
emulsifier effects in general. The notable exception to
both of these points is the study of Imokawa [42], which
showed ceramide removal from human in vivo skin, but
using a five-fold higher SLS concentration than used in
our current study. On the other hand, Froebe et al. [43]
and Fulmer et al. [44] showed in their respective studies

Emulsifier-Induced Changes to the Human
Skin Barrier

that total ceramide content following emulsifier treat-
ment undergoes only slight changes. Yet, this does not
mean that emulsifier treatment has no effect at all on the
ceramides in the SC. Changes in the ceramide profile
following emulsifier treatment are documented to occur
and relate to changes in skin health parameters [36, 40,
44]. This is being advanced and detailed in the ceramide
profiling and regression analysis done in our current
investigation. Correlations between emulsifier-induced
changes in the ceramide profile and the skin barrier
impairment, measured as TEWL, were established using a
PLS regression model linking the two measurements to
characterize the impact of nonionic emulsifiers such as
C20 as well as the harsh anionic surfactant SLS. In vivo
investigations into correlations between skin barrier
function and ceramide profile exist, yet focus mainly on
healthy skin or disease-related skin barrier impairment,
such as lesional AD skin [22, 27, 28, 30]. On the
other hand, correlation studies of emulsifier-induced
skin damage are scarce [36]. For the present work,
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comparisons to the known effects and changes on the
ceramide profile in AD are essential, as we aim to not only
gain insight into the changes in the ceramide profile
linked to the SC impact of emulsifier treatment, but to
also assess the feasibility of using surfactant damage to
healthy skin as a possible model of AD lesional skin by
analysis of the correlations drawn between skin health
and ceramides by our regression models. Looking at the
models built using the available data, only the SLS-based
analysis produced meaningful values regarding correla-
tion between ceramides and the skin barrier function,
eclipsing the model based on C20-treated skin sites in
goodness-of-fit as well as the closely associated prediction
potential. Furthermore, the ceramide-skin barrier cor-
relations as found in the studied SLS-based model are in
good agreement with the findings of studies on those of
lesional skin in AD The results from the SLS-based model
associate a high abundance of ceramide NP and low
abundance of ceramide NS with an intact skin barrier,
exhibiting the same effects as described in the literature
regarding AD [22, 28], with the ceramide species with an
alpha-hydroxylated fatty acid moiety, AP and AS, showing
similar behavior to NP and NS, respectively. In the present
model, the effects of EO ceramides present a strong as-
sociation between ceramides of the classes EOH as well as
EOP and an intact skin barrier, as was observed in atopic
lesions by Janssens et al. [30] as well as to a slightly lesser
extent by Ishikawa et al. [28], with class EOS having a more
attenuated effect in our study, matching closer with
Janssens’ et al. [30] model than Ishikawa’s et al. [28], and
inviting further investigation into the effects of the ultra-
long chain ceramide classes. Regarding the effect of ce-
ramide chain length, studies by Janssens et al. [30] as well
as Ishikawa et al. [28] linked a higher abundance of shorter
chain length-ceramides to an impaired barrier function,
which is the same correlation that our current study found
in SLS-induced skin damage, at least regarding the non-EO
ceramides. For the EO ceramides, this study found the
trend to reverse, although this effect should be seen as
having limited significance, with the EO ceramides es-
pecially with a chain length above 32 carbons occurring
only as traces and therefore having a higher chance of
falling below the limit of quantification, which results in
incomplete data for this range. Nonetheless, especially as
the existing studies analyzing the effects of ceramide chain
length tend to focus on non-EO ceramides [17, 28], this
finding warrants further investigation in future studies.
Overall, we have found clear analogies in the results re-
garding the connection between skin barrier properties
and changes in the ceramide profile for damage caused by
surfactant treatment of the skin and lesional AD skin. This
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is of particular relevancy, as the total ceramide content
does not undergo significant changes. Adding to that, we
found the reduction of the hydration and impairment of
the barrier function of the SLS-treated skin to mirror the
one found in lesional AD skin as reported in previous
studies [36, 43]. Furthermore, SLS has long been used as an
irritant marker in patch testing for type IV hypersensiti-
zation. Combined, these findings paint a convincing
picture of the suitability of healthy, SLS-treated skin to be
the basis for the development of future skin damage
models emulating AD lesions as found in patients, en-
hancing the possibilities for evaluation of topical treat-
ments for skin diseases to be tested in volunteers, thereby
reducing the need for patient screening in a clinical setting.

Conclusion

This study investigated the impact of pharmaceutically
used emulsifiers on the SC, taking into account biophysical
skin barrier parameters as well as changes in the ceramide
profile to assess skin tolerability of these emulsifiers as well
as to further elucidate the interplay between ceramides and
skin barrier function when exposed to emulsifiers. All of
the investigated nonionic emulsifiers showed no signifi-
cant effect on the skin barrier parameters as well as the
total ceramide content. This makes these emulsifiers
particularly suitable for use in pharmaceutical as well as
cosmetic applications. To further investigate how
surfactant-mediated impairment of skin barrier function
relates to changes in the ceramide profile, data from SLS-
treated skin were used to build a regression model, from
which the regression coefficients, and therefore the effects
of individual ceramide species on the skin barrier func-
tionality could be obtained. The analysis showed char-
acteristic relationships between shorter ceramide-linked
fatty acid chain lengths and an impaired skin barrier as
well as typical links between a higher abundance of ce-
ramide classes NP and AP and a lower abundance of
ceramide classes NS and AS with an intact skin barrier.
This is in close agreement with the results from literature
studies examining skin barrier impairment as is found in
AD lesions. The main finding of this study is therefore the
close similarity in the skin damage caused by SLS treat-
ment to the typical skin impairments of lesional AD skin.
This finding therefore enables and strengthens the validity
of SLS-induced skin barrier disruption models to simulate
disease-related skin barrier impairments as found in AD
and hint toward a common underlying mechanism linking
the ceramide profile to the skin barrier properties. This
indicates a promising direction of future basic research as
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well as its use in clinical research for development of
formulations for treatment of inflammatory skin diseases
and AD in particular.
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ABSTRACT: Ceramides, as major components of the human stratum corneum’s (SC) lipid matrix, are considered crucial for
regulating the skin’s barrier function against the ingress of exogenous substances as well as to prevent water loss through the skin.
Multiple clinical and experimental studies found different classes of ceramide species to affect the skin barrier nonuniformly, with
some ceramides being associated with an impaired skin barrier, such as ceramide NS, while others are associated with a healthy,
unimpaired skin, e.g., ceramide NP. This study investigates how the presence of these two ceramide classes in an SC lipid bilayer
membrane influences the water permeability as well as the structure of the bilayer using molecular dynamics (MD) simulations. To
this end, simulated membranes comprising free fatty acids, cholesterol, as well as either ceramide NS or ceramide NP were
systematically compared in regard to differences in the membrane structure and water permeability, as well as to results found in the
literature. The simulation found ceramide NP-containing membranes to have a significantly lower water permeability than ceramide
NS-containing systems, with the permeability values of NP-based systems being almost half of those of the NS-based systems.
Furthermore, the simulation also showed significant structural differences between the two systems in terms of headgroup
conformation and lipid positioning in the membrane, hinting toward the molecular mechanisms underpinning the differences in
permeability of the two systems. In conclusion, the MD simulation was able to reproduce effects of the presence of different
ceramide species in the membrane that are consistent with experimental as well as clinical studies on skin barrier function and drug
delivery and validate previous simulation-based investigations into SC lipid bilayer permeability.

KEYWORDS: Stratum Corneum, Molecular Dynamics Simulations, Ceramides, Skin Barrier Function, Skin Permeability,
Transepidermal Water Loss

B INTRODUCTION structure, with the keratin-rich corneocytes (bricks) being
Understanding the barrier function of the stratum corneum embedded in a lamellar, continuous lipid matrix (mortar)."”
(SC), the uppermost layer of the skin, carries high relevance While the corneocytes provide a vital role in the protection
for a variety of biomedical and skin care applications, from the against UV damage and mechanical stress, the lipid matrix
pathology of inflammatory skin diseases to the drug delivery of guards against the ingress of xenobiotics as well as water loss
dermally applied active pharmaceutical ingredients as well as

cosmetic care products.' ™ As such, there have been an Received: April 22, 2025

increasing number of investigations aiming to describe, model, Revised:  June 17, 2025

and predict the behavior, structure, and underlying mecha- Accepted: June 17, 2025

nisms of the skin’s most vital barrier as well as its interactions Published: June 25, 2025

with a wide range of topically applied compounds.4_11 Integral
to this barrier function of the SC is the brick-and-mortar
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from within, acting as the primary diffusion barrier of the
skin."” The SC lipid matrix is comprised of equimolar parts of
ceramides, free fatty acids (FFAs), and cholesterol,'” forming
characteristic periodic, lamellar structures, known as the short
periodicity phase (SPP), which closely resembles a traditional
bilayer structure, and the long periodicity phase (LPP), whose
structure, depending on the exact structural model proposed,
resembles a sandwiched multilayer structure.''> The for-
mation and structural characteristics of these lamellar
structures have been shown to be highly dependent on the
exact composition of the ceramide/FFA/cholesterol ratio,
wherein a change in the ratio of the lipid components as well as
the subtype of the lipid in question affect the properties of the
entire system.'®™>” Higher ratios of cholesterol in the lipid
composition have been associated with an increased fluid-
ization of the bilayer system,'® while for FFA and ceramides,
pure or near-pure systems show high crystallinity and very low
permeabilities in simulated systems.”*** Ceramides, in
particular, can be further classified into families, depending
on the headgroup type of the long chain base (LCB) moiety as
well as the hydroxylation pattern of the fatty acid linked to the
LCB.>"%" Based on the current state of skin research, more
than 16 different ceramide families have been found in human
SC, with more than 1300 individual ceramide species when
taking fatty acid as well as LCB chain length distribution into
account.”” Changes in the prevalence of certain lipid subtypes,
especially chain lengths, have been associated with changes in
the permeability in in silico studies investigating the effect of
varying chain lengths on the fatty acid moiety of ceramides.
The works by Gupta et al.”® as well as Wang and Klauda™®
found a decrease in permeability of ceramide-containing
bilayers with longer chain lengths, explained partly due to a
higher membrane thickness. Critically, chain length distribu-
tion of FFA and ceramides also affects the skin barrier
permeability in vitro and in vivo. Skolova et al.”” found the
permeability of SC lipid membranes to be decreasing with
increasing ceramide acyl chain length, while Janssens et al.’ as
well as Ishikawa®' and others associated shifts toward shorter
ceramide acyl chain lengths as well as shorter FFA lengths in
live human SC with higher skin barrier permeability,
completing the picture of the permeability-decreasing effect
of skin lipid chain lengths from in silico to in vivo studies.
Regarding the effects of the relative prevalence of different
ceramide families, this picture looks different. While in the
human SC there is a wide range of ceramide families being
found, with the 10 most abundant families representing over
99% of all detectable ceramides,* this diversity is often not
reflected in MD studies. The majority of publications use the
sphingosine-derived ceramide NS species in their simulated
skin lipid membranes,>******7** despite its actual abundance
in the extracellular matrix of the human SC being quite limited,
at around 5% of all ceramides in the SC lipid matrix.”>~*” On
the other hand, the phytosphingosine-derived ceramide NP
(depicted with ceramide NS in Figure 1) is the most abundant
ceramide subgroup in the human SC lipid matrix, being more
than five times as abundant as ceramide NS.>>~>” Nonetheless,
studies investigating NP-containing systems are scarce in
comparison to the ones involving NS-containing systems.é"q’5
From a clinical perspective, these ceramide subgroups are of
special interest, as the ratio of ceramide NS to NP seems to
play a vital role in the development of many skin conditions
involving skin barrier impairment.3’31’36’37 In particular, the
ratio of NS to NP is shifted toward NS in inflamed or damaged
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Figure 1. Comparison of the ceramide headgroup structure between
ceramide NP (top) and ceramide NS (bottom). The heteroatoms of
the ceramide NP structure are designated with their abbreviations
used throughout the text.

skin with an impaired skin barrier, as one would find in atopic
dermatitis or psoriasis patients as well as in surfactant-treated
skin. Conversely, the ratio is shifted toward NP in intact and
healthy skin.”*"*%** Thus, this begs the question of whether
there exists a mechanistic explanation for the different
permeabilities of the skin barrier containing different ratios
of ceramide species: Nadaban et al. published an in-depth
comparison of SPP models of skin lipid mixture with ceramide
ratios of 2:1 and 1:2 of NS:NP in which they found
pronounced differences in the hydrogen bonding network of
the two systems, while the models proved to be quite similar
otherwise.” The group did not publish permeability data for
the models, but there do exist permeability studies for SC lipid
membrane models of the SPP using ceramide NP as well as
NS. While most works investigated the permeability of SPP
models comprising ceramide NS,”>*****>** Lundborg et al.
reported a study on the permeability of water in an SPP model
comprising ceramide NP.® Regarding SPP models comprising
ceramide NS, Piasentin et al. assembled and compared the
assorted literature data regarding permeabilities of NS-
containing SPP models.”> Taking the data from Lundborg et
al. as well as from Piasentin et al., one finds a permeability
coefficient of 1.1 X 10~° cm/s for NP-containing and 2.10 X
1075 cm/s for NS-containing fully hydrated bilayers.”** These
data show a lower permeability of NP-containing membranes,
as one would expect when hypothesizing a possible
mechanistic background for the macroscopic effect of a
lower skin barrier function and a higher permeability of
ceramide NS-rich skin found in the clinical studies. However, a
direct comparison is difficult, as the reported simulations were
conducted using different methods (steered vs restrained
water) as well as different force fields. While both studies based
their simulations on the CHARMM36 force field, Lundborg et
al’ modified the force field to more closely match the
crystalline structure of ceramide NP, making the comparison to
the values reported for NS-containing membranes reported by
Piasentin et al.>> more difficult.

Therefore, this study aims to systematically compare the two
SC lipid bilayer systems containing either ceramide NS or
ceramide NP as the ceramide component of the lipid mixture,
using the same force field as well as the same method for
determining the permeability for both systems. As such, the
barrier properties are characterized as the permeability of water
through the membrane using the constrained water permeation
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method as published by Piasentin et al,’® while using the
modified force field by Lundborg et al.° for all simulations.

Furthermore, we aim to investigate the structural and
mechanistic differences between the two membrane models to
gain greater insight into the effects of the presence of different
ceramide species in the SC as well as to compare our findings
to the literature results for in silico as well as experimental
studies in order to further close the gap between clinical data
and theoretical calculation.

B MATERIALS AND METHODS

Generation of the Hydrated Bilayer Systems. To
model the SC lipid matrix, hydrated bilayers of the SC lipids
were constructed using a lipid ratio of FFA: Cholesterol:
Ceramide at 1:1:1, wherein the FFA component is represented
by lignoceric acid (C24) and the ceramide component either
by ceramide NS 24:0/18:1 or by ceramide NP 24:0/18:0. The
lipid bilayer membrane is surrounded on both sides with water
molecules, representing a hydration level of 30 water molecules
per lipid. Both constructed systems are similar to those
established and studied in the literature for investigations of
SC lipid membranes.**® The system configurations were
generated using the membrane builder'’ included in
CHARMM-GUL** comprising 75 lipids randomly distrib-
uted in each bilayer leaflet in a rectangular geometry, resulting
in a system of 50 cholesterol, 50 FFA, and 50 ceramide
molecules in the lipid bilayer and 4500 water molecules
surrounding it.

All simulations were run in GROMACS 2023.4.*** The
CHARMM36 force field was modified as described by
Lundborg et al.”***” and used for the main simulations. The
reason for the choice of this force field over the unmodified
CHARMM36**** force field lies in the inclusion of ceramide
NP into the simulated bilayer systems: As shown by Lundborg
et al, ceramide NP is not correctly described by the
unmodified CHARMMS36 force field, requiring modifications
to model the headgroup more accurately.® As such, we used
the modified CHARMM36 force field, which uses the
corrected headgroup geometry for ceramide NP and also
adopts the applicable changes to the headgroup geometry for
ceramide NS for the simulations of both systems containing
the different ceramide species.” Nonetheless, the results of the
permeability measurements using the unmodified
CHARMM36 force field can be found in Supplementary
Figure S2 in the Supporting Information. The water model
used was CHARMM36 TIP3P."

For each bilayer system containing a different ceramide
species, the starting configuration underwent energy mini-
mization and was equilibrated in two 2.5 ns simulation runs
under NVT conditions, followed by a 2.5 ns and three S ns
equilibration runs under NPT conditions, each with con-
tinuously weakening position restraints of the lipids, with the
last NPT equilibration run being unconstrained, all according
to the standard CHARMM-GUI protocol.”' = Afterward, an
unconstrained simulation run under NPT conditions with a
duration of 300 ns was carried out for the lipids to assume a
stable configuration, and the final configuration of this run was
used as a base for the permeability measurement simulations as
well as the production runs for the structure analysis.

All simulations use a time step of 2 fs and three-dimensional
periodic boundary conditions. Electrostatic interactions are
calculated using PME,>® while for the van der Waals
interactions a cutoff at 1.2 nm with a smooth force-switch

4282

from 1 to 1.2 nm was used for calculation. H-bonds are
constrained using the LINCS algorithm.”" For equilibration as
well as production simulations, temperature is set to 303.15 K
using a V-rescale thermostat®” with a time constant of 1 ps,
coupled separately to lipids and water. Pressure in the systems
is set to 1 bar with a semi-isotropic C-rescale barostat™ with a
time constant of § ps. A compressibility of 4.5 X 1 X 107° bar™!
is used.

Production Runs of the Equilibrated Systems. To
obtain structural information about the unmodified systems
without inserted water molecules, one 200 ns production run
was executed for each equilibrated bilayer system using the
same run parameters as the previous 300 ns NPT equilibration
run. The trajectories of the production runs form the base for
the calculation of the bilayer properties, hydrogen bonding
values, and lipid order parameters.

Permeability Calculations Using Constrained Water
Molecules. The simulations, measurement, and calculation
methods using constrained molecular dynamics simulations for
the permeability of the SC lipid systems are carried out
according to the method described by Piasentin et al.”> The
aim of this method is to sample local AG as well as the
diffusion coefficient D along the entire length of the trans-
bilayer axis (z-axis), using constrained water molecules
inserted into the system to obtain a profile of individual
AG(z) and D(z) values, describing the entire membrane and
calculating its permeability using the inhomogeneous solubility
diffusion model.

Starting from the final configuration of the unconstrained
300 ns simulation runs of the SC lipid systems, water
molecules were inserted into the systems: The length of the
reaction coordinate (RC), defined as the part of the z-axis to
be sampled, was 9 nm. This length allows for sampling of the
entire membrane as well as part of the water box surrounding
it. Along the reaction coordinate, water molecules were
inserted at regularly spaced intervals, “windows”, of 0.1 nm,
resulting in 90 equally spaced windows to sample the entire
reaction coordinate. While their positions along the z-axis of
the system were fixed, the positions of the inserted water
molecules on the x-,y-plane were random. As to not distort the
measurements by having the constrained water molecules
potentially interacting with each other while also saving
simulation time by not building a new configuration for every
position window, the sampling was done using a total of 60
configurations each containing 6 water molecules spaced at
regular intervals of 1.5 nm, ensuring no interaction of the
constrained water molecules with each other as well as
sampling the entire bilayer four times.**

Water molecules were inserted using the GROMACS tool
“gmx insert-molecules” with a scaling of 0.25, meaning that the
van-der-Waals radius of the inserted molecule was reduced to
25% of its original radius to insert the molecule in question for
easier insertion into the system as well as a broader insertion
range. To not disrupt the systems by abruptly inserting
molecules into the configuration, the inserted water molecules
were faded in by carrying out four sets of energy minimization/
NVT/NPT simulations with a duration of 50 ps each with the
electrostatics and van-der-Waals interactions gradually turning
on using the coupling constant 4 = 0.25/0.5/075/1, wherein 4
1 represents regular interactions. Decoupling of the
molecular interactions was accomplished by using the
GROMACS functionalities for free energy calculations. The
equilibration simulation runs with partially decoupled inter-
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Figure 2. Comparison of the lipid density profiles for ceramides, free fatty acids, and cholesterol (from top to bottom) of SC lipid bilayers
containing either ceramide NP (blue) or ceramide NS (red). In systems containing ceramide NP, cholesterol as well as free fatty acids show density
peaks closer to the membrane center than in ceramide NS-containing systems, while the density peaks of ceramide NP itself are actually located
more distant from the center than those of ceramide NS.
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actions utilized a stochastic dynamics integrator and with a
reduced time step of 1 fs as well as time constant for
thermostat coupling of 2 ps, as recommended by the
GROMACS manual. From the equilibration simulations with
A =1 onward, the regular leapfrog integrator was used again.
All inserted water molecules were constrained to a fixed z-
position relative to the bilayer center, realized using the
GROMACS “pull” command with the “pull-coord-type” set to
“constraint”. After the last 50 ps of equilibration with full
interactions restored, the resulting systems then underwent a
longer equilibration run of 100 ns. Following these
equilibration runs, production runs started.

The production run of every 60 configurations lasted for 40
ns, during which the z-component of the force acting on the
center of mass of the inserted water molecules as well as the z-
position of the inserted water molecules were collected at every
time step of the simulation (0.002 ps) while the coordinates of
the entire system were stored in every 10000 timesteps (20
ps).

To determine the permeability P for water across the
investigated skin lipid membranes, the inhomogeneous
solubility diffusion model was employed:*>~>’

” exp[éAG(z)]
D,(2)

1 dz
p
-L/2

In which L is the thickness of the bilayer, R is the universal
gas constant, and wherein the free enthalpy of diffusion AG(z)
as well as the diffusion coefficient in the z-direction D,(z) were
calculated as follows:

AG was calculated using the Potential of mean constraint
force (PMcF) method according to the equation

AG(z,y) = —/;U F(z),dz

out

wherein (F(z)), is the average of the force acting on the COM
of the inserted water molecule averaged over the time of the
simulation.”*® The force average was taken from every
constrained water molecule in the set of simulations, yielding
force averages along the entire RC, starting from bulk water
and along the entire transmembrane axis. These values were
then binned according to their 0.1 nm window along the RC,
and averages as well as standard deviations and errors were
calculated. AG was then determined via eq 1 by integration of
the resulting curve using the trapezoidal rule. The error on the
AG was derived by error propagation from the variance in the
binned force average. To reduce the noise in the PMcF
measurements associated with the first few nanoseconds of the
run as well as to ensure robust sampling, only data from the
last 20 ns of the production run was used for the permeability
calculation.'”*® To obtain the final AG profiles for the
permeability calculation, the average force profiles over the
reaction coordinate were symmetrized and then integrated to
average the bilayer leaflet properties and to address membrane
inhomogeneities in the sampling process.'”** Unsymmetrized
average force profiles as well as unsymmetrized AG profiles
can be found in the Supporting Information in Supplementary
Figures S8 and $4, respectively.

D, was calculated from the Kubo relation, using the equation
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(RT)*
[T 0F(z, ) X 0F(z,.0)dt

Dz(zo) =

in which 6F(z,, t) = F(zo, t) — (F(z()), is the autocorrelation
function (ACF) of the force acting on the molecule.> %%

The force ACF was obtained from the GROMACS tool
“gmx analyze”, from which the ACF of the first 50 ps of the
simulation was determined and integrated using the
trapezoidal rule. The time length of 50 ps was determined
following the findings of Piasentin et al., according to whom 50
ps sufficed for a full convergence of the force ACF, especially
with a force constant k — oo with constrained simulations. All
force ACFs decreased to less than 5% of their starting values
and were, thus, considered converged.

The entire permeability calculation was carried out
accorging to the PMcF/Kubo method described by Piasentin
et al.

Bilayer Properties Analysis. The properties of the
bilayers were investigated for the validation of the method
and the systems containing different ceramide species were
compared. Density calculations for the investigated bilayers
were performed using GROMACS' “gmx density” tool.
Membrane thickness was determined from the density peak
of the ceramides’ amide nitrogen, and associated errors were
obtained by block averaging over 6 Blocks of 50 ns of the
production runs. Area per lipid (APL) measurements were
calculated from the box vectors of each frame of the
production runs as well as the number of lipids in each
membrane fold and averaged over time, with the associated
errors obtained from the oscillations around the average. Lipid
order parameter S, was determined using the GROMACS tool
“gmx order” and lateral distance between ceramide chains
using “gmx distance”. Hydrogen bonding was analyzed using
the GROMACS tool “gmx hbond”.

Statistical Analysis and Visualization Tools. Statistical
analysis was carried out using Graphpad Prism 8, and values
were, when applicable, tested for significant differences using
Student’s two-sided t test. Visualizations of the simulations
were prepared using VMD,*° while graphs are prepared using
Microsoft Excel and Graphpad Prism 8 as well as R Statistical
Software using the package ggplotZ.m’62

B RESULTS

Bilayer Properties. Graphs comparing the lipid density
profiles of the modeled systems can be found in Figure 2. The
two types of bilayers show very little difference in their
structural properties: The thickness of both bilayers,
determined as the distance between the nitrogen atoms of
the ceramide headgroups of opposing membrane leaflets, was
found to be 4.96 + 0.02 nm for NP-based bilayers as well as
496 + 0.03 nm for NS-based bilayers. These results agree
reasonably well with the findings of previous studies of
Piasentin et al.’> and Mistry & Notman® for hydrated
equimolar skin lipid bilayers, who reported a membrane
thickness of 4.90 + 0.04 nm and 4.89 + 0.04 nm, respectively.
The small discrepancy between the previously published
results and the slightly larger bilayer thickness found in this
study can be explained by the choice of force field: While
Piasentin et al. and Mistry & Notman both used the
unmodified CHARMMS36 force field, this study used the
modified CHARMMS36 force field as described by Lundborg et
al,, providing a modified headgroup geometry, which could
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Figure 3. Probability distribution curves (smoothed) of the distance between the C16 atoms of the fatty acid and long chain base moieties of
ceramide NP (blue) and NS (red). The probability distributions for the different ceramide types are distinctly different, with NP showing a higher
propensity toward the posturing conformation (seen in the shoulder around 1 nm) when compared to NS, whose graph shows a shoulder much
closer to the main peak of the hunched conformation, indicating a probable intermediate conformation.

affect the thickness of the systems. This was further confirmed
by our finding that the unmodified CHARMMS36 force field
produced thinner bilayers (Supplementary Figure S6 in the
Supporting Information). Nonetheless, the results obtained for
the membranes in this study using the modified force field still
much more closely match the other simulated results than the
thickness obtained from experiments such as those reported by
Skolov et al.%> and Schmitt et al,”' which was 5.39 nm (No
error given) for an equimolar SC lipid membrane containing
ceramide NS® and 5.41 + 0.01 nm for an SC lipid membrane
containing ceramide NP and AP,*" differing significantly from
the simulation’s results, which is unfortunately characteristic
for the type of lipid models investigated in this study. Similar
to the membrane thickness, the area per lipid (APL) as a
membrane density is very similar for both the NS- and NP-
containing systems, both having an APL of 0.322 nm? + 0.002
nm? This value corresponds well to the values found in the
literature, wherein both Piasentin et al. and Mistry & Notman
found an APL value of 0.325 nm?, again using the unmodified
CHARMM36 force field. Similar membrane density of the
equimolar SC lipid systems was also reported by Wang and
Klauda®* for equimolar SC lipid systems containing the
structurally even more different ceramide NS and ceramide
AP. While the increased hydroxylation of phytosphingosine-
based ceramides may pose a bigger steric hindrance to tight
lipid packing in systems containing an unphysiologically high
ceramide content, this effect is seemingly mitigated by an
equimolar amount of lignoceric acid and cholesterol, resulting
in similar APL values for both systems.

Comparing the density profiles of the systems, one notices
slight differences in the locations of the density peaks: In the
NP-containing bilayer system, the density curves of cholesterol
as well as lignoceric acid are shifted slightly toward the
membrane center, resulting in a higher density of lignoceric
acid in the membrane center as the interdigitation of the
lignoceric acid tails increases. Possible mechanistic explan-
ations for this shift are derived from the hydrogen bonding
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pattern as well as the headgroup and tail conformations, as
described in the following sections.

Lipid Order Parameters. The probability distribution of
the lateral distance of the ceramide species’ lipid chains grants
insight into the distribution of possible headgroups as well as
chain conformations of ceramides in the hairpin conformer.
Wang and Klauda term the possible conformations the
“hunched” and “posturing” conformation, with the hunched
conformation having a characteristic peak in chain distance at
around 0.5 nm, while the posturing ceramide chains are
characterized by their peak at a wider distance of more than 0.8
nm.’* The probability distributions of the C16 carbon atom’s
distances can be found in Figure 3. One peak with a very
distinct shoulder at a higher chain separation distance is visible
for the systems containing ceramide NP, indicating the
presence of both a hunched as well as a posturing
conformation. This contrasts to the NS-based systems, which
only show a clear peak at around 0.5 nm, with a much closer
shoulder at around 0.7 nm, very much favoring the hunched
conformer, with the shoulder potentially constituting an
intermediate conformation. Interestingly, the probability
density distribution of both systems differs from the one
found by Wang and Klauda, who did not find a “shoulder” in
their distribution but a clear separation of the conformations’
peaks in the distribution curves. We actually found the
particular conformation distribution reported by Wang &
Klauda® in the system containing ceramide NS simulated
using the unmodified force field (Supplementary Figure S10),
indicating that the modified force field, which, in particular,
modifies the ceramide headgroup geometry, has a profound
impact on the conformations adapted by the ceramides in the
lipid membranes (For an illustration of the different
conformations found in this study, see Figure 4).

The lipid order parameter S, serves as an indicator for the
alignment of a given carbon chain with the z-axis of the
simulation box normal to the membrane. A higher S, value
indicates closer alignment with the membrane normal
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Figure 4. Isolated structures of ceramide NP molecules in either the
“hunched” (left) conformation or the “posturing” conformation
(right). The posturing conformation is characterized by the higher
distance between the two carbon chains of the ceramide as well as the
hydroxyl functional groups being rotated toward the membrane
normal, therefore being able to interact to a higher degree with the
molecules of the bulk water phase. (See Figure 8 and Table 1.)
Additionally, due to the higher distance between the carbon chains,
cholesterol molecules are able to intercalate between them and
potentially hydrogen bond with the amide nitrogen, which can be
seen in an increased number of hydrogen bonds between the amide of
ceramide NP and cholesterol (Supplementary Table S1).

direction, implying a higher degree of lipid order. The §,
graphs for the lipid tails of the LCB and fatty acid moiety of
the ceramides as well as the tail of lignoceric acid are depicted
in Figure S. For both lipid chains of the ceramides, a similar
trend can be seen. While the differences are only slight in
either case, the S, values of ceramide NS show a higher degree
of order closer to the headgroup-water interface with ceramide
NP showing a higher degree of order toward the center of the
bilayer membrane. This observation is consistent with a more
prevalent posturing conformation of ceramide NP molecules.
In this conformation, the carbon atoms in the lipid tails closer
to the headgroup are less parallel to the membrane normal
(Figure 4). Furthermore, the order parameter curve for
lignoceric acid does not show the same pattern, with only a
slight increase in the S, value in the NP-containing systems
toward the center of the membrane, further hinting toward a
conformational difference of the simulated lipid membranes
containing different ceramide species.

Hydrogen Bonding. The type and number of hydrogen
bonds found in the simulated systems are provided in Table 1
and Supplementary Table S1.

The types of hydrogen bonds found in this system can
roughly be classified into lipid—lipid hydrogen bonds as well as
lipid—water hydrogen bonds, both of which differ between the
studied membranes depending on the ceramide class occurring
in the bilayer. We found that the NP-based systems show a
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Figure S. S, lipid order parameter curves for carbon chains of the
ceramide long chain bases, the fatty acids of the ceramides, and the
free fatty acids (from top to bottom, Ceramide NP — blue, Ceramide
NS — red). For the carbon chains pertaining to the ceramides, the
lipid order is slightly lower for ceramide NP closer to the headgroup,
while being higher closer to the membrane center. For the free fatty
acids, the curves are essentially the same. Note the different scaling of
the uppermost curve.

Table 1. Overview of the Hydrogen Bonds for All Lipids in
the System, as well as the Ceramides, in Particular®

Hydrogen Bond  Average number of hydrogen bonds per time frame per

Type lipid (NP/NS)
All Lipids — Water 2.637 + 0.006/2.407 + 0.00S
All Lipids — All 0.478 + 0.003/0.555 + 0.002
Lipids
CER — Water 4.322 + 0.002/3.607 + 0.002
CER — Other 1.393 + 0.001/1.620 + 0.001
Lipids

“A more extensive overview of the hydrogen bonding can be found in
the Supplementary Material.
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higher degree of lipid—water hydrogen bonding and a lower
degree of lipid—lipid hydrogen bonding. This is a curious
result, as one would expect a higher degree of hydrogen
bonding in general from the ceramide NP-based systems, given
the additional hydroxyl group that it possesses over ceramide
NS. A more in-depth analysis of the individual bonding
molecules shows actually less hydrogen bonding of the
ceramide molecules, in particular, to lipid molecules such as
other ceramide as well as lignoceric acid or cholesterol
molecules. In terms of lipid—lipid hydrogen bonding in
general, only the hydrogen bonding of lignoceric acid with
itself is slightly elevated in NP-containing systems. On the
other hand, the difference in hydrogen bonding between
ceramide NP and bulk water accounts roughly for the entire
difference in lipid—water hydrogen bonds of the systems, with
ceramide NP exhibiting a distinctively higher degree of
hydrogen bonding with the water molecules outside the
bilayer than ceramide NS. These results can be understood in
the context of a propensity to different conformations by
different ceramide species (see lipid order parameters and
Figure 3): The posturing conformation is more frequently
adopted by ceramide NP molecules, orienting the hydroxyl
groups toward the bulk water phase (Figure 9) and facilitating
lipid—water hydrogen bonding. On the other hand, the
hydroxyl functions in the hunched conformation are turned
toward the membrane, facilitating lipid—lipid hydrogen
bonding.

Permeability, PMcF, and Diffusion Coefficient Calcu-
lations. The measured water permeability of the ceramide
NP-containing bilayer is found to be significantly lower from
that of the NS-containing bilayer, with the calculations for the
permeation of a water molecule through the membrane
returning a permeability of approximately (0.85 + 0.12) X
10° cm/s for the NP-based SC lipid membrane and a
permeability of approximately (1.88 + 0.30) X 10° cm/s for
the NS-based SC lipid membrane, as can be seen graphically in
Figure 6.

2.5%10°5

2x10-5+

1.5%10-5

1x10-5

5%10-6

Permeation coefficient (cm/s)

0-

NP NS

Ceramide species

Figure 6. Bar graph of the measured permeation coeflicients of the
model systems. Ceramide NP-containing systems show a significantly
lower permeability than ceramide NS-containing systems. Error bars
indicate the standard error; an asterisk denotes a statistically
significant difference with p < 0.05.

For further comparison, the PMcF profile is shown in Figure
7. The NP-containing bilayer's PMcF curve shows higher
maxima at around 1.5 nm from the bilayer center, as well as
tapering off to a higher level toward the membrane center.
From this, it becomes clear that the difference in the
permeability of the membranes is rooted mainly in the
PMcF profile. The maxima of the PMcF most likely
correspond to the ordered region of the membrane where
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not only the long chains of the lignoceric acid and the fatty
acid moiety of the ceramides can be found but also the shorter
chain of the LCBs. Interestingly, the maxima of the PMcF are
shifted around 1 A toward the membrane center in NP-
containing membranes. This could be caused by the sterically
more demanding additional hydroxyl group of ceramide NP
shifting the region of the densest chain packing toward the
membrane center, whereas the trans-configured double bond
of ceramide NS in this place may be less obstructive to an
ordered lipid packing, together with the inward shift of the
lignoceric acid as well as the cholesterol density curve as seen
in Figure 2.

The diffusion profiles D, along the bilayer can be found in
Figure 8 for both investigated membrane types. The diffusion
coefficient profile along the membrane is very similar for both
investigated systems, showing almost no significant difference
between the two, which contrasts with the measured PMcF
profile, which shows quite clear differences between the AG(z)
derived from the two model systems. This indicates that the
main difference in the resulting permeability values of the two
systems stems from the differences in the PMcF profiles, as
opposed to the D, measurements.

B DISCUSSION

The SC lipid matrix, and in particular its role as a permeation
barrier for pharmaceutical ingredients, exogeneous chemicals,
and endogeneous water, has been the subject of more and
more theoretical investigations in terms of the underlying
mechanisms and the critical molecular parameters influencing
them,>”' 01123326566 While these studies yielded valuable
insights into the mechanisms and effects of chemical
penetration enhancers as well as the effect of varying the
concentration, hydroxylation, and chain length of the SC lipids
on the membrane,'"**?*%* studies investigating the effect of
ceramide species on the permeability of SC lipid membranes
are limited. We therefore investigated the effects of varying the
ceramide species in SC lipid bilayers on their permeabilities by
comparing SC lipid membranes comprising either ceramide
NS or ceramide NP as the ceramide component of the system.
We found a significantly lower water permeability of the
studied ceramide NP-based membrane when compared to that
of the ceramide NS-membrane, with the calculated perme-
ability values of NS-containing membranes being almost
double the permeability of NP-containing membranes.
Although a direct comparison between the clinical and
experimental findings and the results we obtained from the
simulations is difficult, our simulation results are in qualitative
agreement with previous studies investigating the effects of the
ceramide NS:NP ratio on the skin barrier function in human
skin as well as in experimental models:*"****°” Clinically, skin
barrier impairments in inflammatory skin diseases are
associated with higher levels of ceramide NS and lower levels
of NP in the SC lipids and an increased transepidermal water
loss (TEWL).*"*%%* Similarly, Nadiban et al. experimentally
found a significantly higher TEWL value for skin lipid models
in vitro containing mainly ceramide NS over those models
containing mainly ceramide NP. With regard to other
investigations utilizing MD simulation methodology, the
higher permeability of ceramide NS containing membranes is
also in good agreement with previous findings: Lundborg et
al.® reported a permeability of (1.1 £ 0.23) X 105 cm/s for
NP-containing membranes, while for NS-containing mem-
branes, Piasentin et al.”’ reported a permeability of (2.10 +
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Figure 7. Symmetrized PMcF profile of the measured systems, as used for the permeability calculation. Ceramide NP (blue) shows higher values
for the maximum PMCF in the area of ordered lipid tails as well as in the membrane center than ceramide NS (red). Error bars are omitted for
clarity (The individual force profiles of the systems with associated error bars can be found in the Supporting Information).
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Figure 9. Snapshots of ceramide NP molecules in different conformations interacting with the bulk water phase, from the hunched conformation
(left) to the posturing conformation (right), with an intermediate conformation in between. The orientation of the hydroxyl groups toward the
water phases is much more pronounced in the posturing conformation, while the hunched conformation’s hydroxyl groups are more oriented

toward the lipid membrane.

0.39) X 1075, almost twice as high as the one found by
Lundborg et al.®

Yet, it is important to note how this investigation differs
from the mentioned works. The investigation by Lundborg et
al.® used steered MD simulations, while in this work, we used
the constrained MD simulation method described by Piasentin
et al.>> On the other hand, Piasentin et al. used the unmodified
CHARMM36 force field,*™*® whereas we used the
CHARMM36 force field modified by Lundborg et al.’ due
to its more accurate representation of ceramide NP in the
membrane (See the Supporting Information for a comparison
using the unmodified force fields). Taking this into account,
our work validates these previous findings by conducting
simulations that directly compare SC lipid membranes
containing ceramide NS or ceramide NP using the same
force field as well as the same method of permeability
measurement for both systems. As such, our results show that
the difference in permeability found between these systems can
indeed be explained by the choice of ceramide present in the
system and not simply due to different force fields or
permeability measurement methods.

Thus, the simulations reveal a structural molecular basis
underpinning the experimental findings of an increase in the
TEWL for ceramide NS-containing systems over ceramide NP-
containing systems. The detected differences in permeability
may originate from their structures. Despite both systems
showing similarities in the overall membrane properties such as
the lipid bilayer thickness and lipid order parameters, there still
exist differences such as in the density distribution of lignoceric
acid and cholesterol. In NP-containing systems, these lipids are
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shifted slightly toward the center by 0.5 to 1 A, with this
change in localization of lignoceric acid in particular resulting
in a shift of the peak of the PMcF curves of the system. The
maximum PMCcF values can be found in the area of ordered
lipid tails, which would be shifted together with the lipids.
Note that this effect is exclusive to cholesterol and lignoceric
acid: The relative positions of the ceramide headgroups
actually show a slight shift away from the center. A possible
explanation for the shift of the cholesterol could be the higher
inclination of the NP-containing systems toward the posturing
conformation as described by Wang and Klauda,** in which
the ceramide is able to stabilize the cholesterol molecule below
the headgroup in between the spaced lipid tails. This agrees
with the observation of a higher degree of hydrogen bonding
between the amide group and cholesterol found in NP-
containing systems (Supplementary Table S1). Regarding the
lignoceric acid, the additional hydroxyl group O4 of ceramide
NP provides a hydrogen bonding site deeper in the membrane
than the carbonyl oxygen OF and O3 of ceramide NS,
therefore being able to stabilize the fatty acid closer to the
membrane center (Figure 2 and Supplementary Table S1).
The different conformational propensities of the systems may
also explain the differences in the lipid—water hydrogen
bonding: When comparing the ceramide NP molecule in the
posturing and the ceramide NS molecule in the hunched
conformation (Figure 5), the headgroup of the posturing
conformation presents its hydroxyl and carbonyl moieties
distinctively toward the membrane-water interface. The
hydroxyls and carbonyls of the hunched conformation are
much more shielded from the bulk water phase water and
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oriented inward toward the other lipids of the membrane. This
would of course facilitate hydrogen bonds between water and
ceramides in the posturing conformation, with the hunched
conformation favoring lipid—lipid hydrogen bonding with
other headgroups at the membrane-water interface. Figure 9
further illustrates this by depicting ceramide NP molecules at
the lipid—water interface from a hunched conformation to a
posturing conformation, in the process of which the hydroxy
groups of the ceramide gradually turn toward the bulk water
phase, which is found to be in good agreement with the
presented results.

While this hydrogen bonding pattern (more hydrogen bonds
with the bulk water, less hydrogen bonds between lipids) may
appear counterintuitive when one takes the permeability results
into account, these findings agree with the results of the
investigation of Mistry & Notman.” In their study into the
mechanisms of permeation enhancer propylene glycol, skin
lipid bilayers with a higher permeability for water in the
presence of propylene glycol showed more lipid—lipid
hydrogen bonding than those with a lower permeability.
Furthermore, the only hydrogen bonds whose occurrence was
associated with lower permeabilities were lipid—water hydro-
gen bonds, which mirrors our findings.

While our study was successful in illustrating the differences
between SC lipid systems containing different ceramide
species, one also has to note its limitations: First, while this
study utilized lipid membranes comprising the SC lipids in the
equimolar amount as found in human SC lipid matrix, multiple
studies hint toward the fraction of cholesterol being over-
represented in simulations using equimolar amounts of lipids,
as a significant portion of the cholesterol in the skin may exist
in crystalline domains without mixing into the other
lipids.”'*°® Second, this study aims primarily to compare the
effects of different ceramide species in skin lipid mixtures.
Thus, the total replacement of one ceramide species with the
other was chosen to be able to observe potential changes more
clearly as well as to better compare the results to literature
values utilizing only one type of ceramide species in the skin
lipid membrane. In reality, the shift from predominantly high
ceramide NP concentrations to high ceramide NS concen-
trations in physiological and diseased stratum corneum is
gradual and not absolute.”*"*® To add to this, other lipid
species, in particular other ceramide species such as those with
hydroxysphingosine or dihydrosphingosine as the LCB or
alpha-hydroxylated fatty acid moieties, are present in the SC as
well and not represented in this model.”**® Lastly, the
simulation considered an SC lipid bilayer surrounded by a bulk
water, which may only correspond to reality in the outermost
layers of the SC lipids in very hydrated skin but otherwise
would not be very common. While the SC in living skin is
usually hydrated up to 50% of its dry weight, bulk free water
domains in the intercellular regions are only present at
extremely high hydration levels.”” On the other hand, multiple
studies have succeeded in modeling systems of the SPP as well
as the complex LPP with lower degrees of hydration.**”""%
The SC lipid membranes with lower degrees of hydration show
complex phenomena especially in regard to ceramide and lipid
conformations in general, so a follow-up to this study using
partially hydrated systems would allow for more insight into
the interplay between the constituents of the SC and its barrier
function.
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B CONCLUSION

This study investigated the influence of the type of ceramide
species present in model bilayers of SC lipids on the
permeability as well as the membrane structure: Utilizing
constrained MD simulations, we were able to show a
significantly lower water permeability of ceramide NP-
containing membranes in comparison to that of ceramide
NS-containing membranes. Structural investigations into the
model systems revealed distinct conformational differences in
the ceramide species mostly related to the different headgroups
of the ceramides, which, in turn, then further changed the
hydrogen bonding patterns and lipid tail conformation of the
ceramides in the membrane. Our results agree well with
findings from experiments as well as simulations from the
literature and enable further investigations into the relation
between the SC lipids and its unique diffusion barrier.
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Bl ABBREVIATIONS

APL, area per lipid; SC, stratum corneum; PMCcF, potential of
mean constraint force; COM, center of mass; ACE,
autocorrelation function, SPP, short periodicity phase; LPP,
long periodicity phase; FFA, free fatty acids; LCB, long-
chained base; TEWL, transepidermal water loss; RC, reaction
coordinate; NVT, Constant Number, Volume, Temperature;
NPT, Constant Number, Pressure, Temperature
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