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Abstract 
The lipids in the uppermost layer of the skin, the stratum corneum 

(SC), play an important role in the barrier function. The main lipid classes in 

stratum corneum are ceramides, cholesterol and free fatty acids. In previous 

publications a lipid model was presented, referred to as the stratum corneum 

substitute (SCS), that closely mimics the SC lipid organization and SC 

barrier function. In the present study, we use the SCS to study the effect of 

changes in lipid organization on the lipid barrier function using benzoic acid 

as permeation compound. First, in the SCS we increased the level of one of 

the three major lipid classes keeping the ratio between the other lipid classes 

constant. An increased cholesterol level resulted in an increase in phase 

separated cholesterol and a reduction in the permeability. An increase in 

ceramide or free fatty acid level resulted in the formation of additional 

phases, but had no significant influence on the permeability. We also 

examined models that mimic selected changes in lipid composition reported 

for dry or diseased skin. The SCS that mimics the composition in recessive 

X-linked ichthyosis skin displayed a twofold increase in permeability. This 

increase is possibly related to the formation of an additional, less ordered 

phase in this model. 
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1. Introduction 
The physical barrier of the human skin is located in the uppermost 

layer, the stratum corneum (SC). The SC consists of enucleated dead cells 

(corneocytes) that are surrounded by lipid lamellae. As these lipid lamellae 

form a continuous pathway in the SC, the lipid domains are considered to 

play a dominant role in the skin barrier function (4). The main lipid classes in 

the SC are ceramides (CER), cholesterol (CHOL) and free fatty acids (FFA) 

(5-9). The lipids are arranged in two crystalline coexisting lamellar phases 

with repeat distances of 13 and 6 nm, respectively. These lamellar phases 

are referred to as the long periodicity phase (LPP) and the short periodicity 

phase (SPP) (10, 11). At the skin temperature of 30-32ºC, in human SC the 

lipids in the lipid lamellae are organized mainly in an orthorhombic lateral 

packing, although a subpopulation of lipids also forms a hexagonal or even a 

liquid-like lateral packing (12-14). The lateral and lamellar lipid organization 

are considered to play an important role in the skin barrier function (14-16). 

When focusing in more detail on the lipid composition, a wide distribution of 

FFA chain lengths has been identified. The most abundant chain lengths in 

the FFA mixture are those of 22 and 24 C atoms (17). As far as the CER are 

concerned, currently, there are eleven subclasses of CER identified in 

human SC (5, 6, 9). To understand the change in lipid phase behaviour in 

diseased and dry skin (18-22), we should unravel the complex phase 

behaviour in SC. As it is impossible to perform these studies with intact SC, 

lipid mixtures should be used mimicking the lipid phase behaviour of SC as 

closely as possible. In previous studies lipid mixtures were prepared using 

isolated as well as synthetic CER mixtures. These lipid mixtures mimicked 

the lipid organization of SC very closely and provided useful information on 

the role the lipid classes play in the lipid phase behaviour (23-25). However, 

no information was obtained about the relation between lipid organization 

and the skin barrier function. In order to study this, we developed a skin lipid 

membrane consisting of a porous substrate covered with a mixture of 

synthetic CER, CHOL and FFA. This membrane is referred to as the stratum 
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corneum substitute (SCS). The SCS mimics the lipid organization and lipid 

orientation in SC very closely. As the lipid composition can easily be 

modified, the SCS allows us to study the relationship between lipid 

composition, molecular organization and barrier function in just one model 

(1, 26, 27). In a previous study it was observed that the LPP plays an 

important role in the skin barrier function (26). In a recent paper we 

examined also the effect of the lateral packing on the permeability of the 

SCS using benzoic acid (BA), a medium lipophilic low molecular weight 

compound, as model drug (2). This study revealed that an orthorhombic to 

hexagonal transition does not affect the diffusivity of BA in the SCS. 

In the present study, we will first systematically change the CER, 

CHOL and FFA composition. Subsequently we examine models that mimic 

some aspects of the changes in lipid composition reported for SC of dry skin 

(winter xerosis), recessive X-linked ichthyosis and psoriasis skin. The 

permeability of the in vitro SCS models is assessed by measuring the 

permeation of BA. To examine the lipid organization in the models, Fourier 

transform infrared spectrometry (FTIR) and small-angle X-ray diffraction 

(SAXD) are used. 

 

2. Materials and Methods 
 

2.1 Materials 
Synthetic CER(EOS)C30-linoleate, CER(EOS)C30-oleate, 

CER(NS)C24, CER(NP)C24, CER(NP)C16, CER(AS)C24 and CER(AP)C24 

(see figure 1) were generously provided by Cosmoferm B.V. (Delft, The 

Netherlands). Palmitic acid (C16:0), stearic acid (C18:0), arachidic acid 

(C20:0), behenic acid (C22:0), tricosanoic acid (C23:0), lignoceric acid 

(C24:0), cerotic acid (C26:0) and cholesterol were purchased from Sigma-

Aldrich Chemie GmbH (Schnelldorf, Germany). Benzoic acid was obtained 

from Sigma-Aldrich (Zwijndrecht, The Netherlands). Nuclepore 

polycarbonate filter disks (pore size 50 nm) were purchased from Whatman 
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(Kent, UK). All organic solvents are of analytical grade and manufactured by 

Labscan Ltd. (Dublin, Ireland). All other chemicals are of analytical grade 

and the water is of Millipore quality. 

 
Table 1: 

model type abbreviation composition and molar ratio Jss 
(μg/cm2/h) τ (h) 

SC substitute SCS CER : CHOL : FFA                   1 : 1 : 1 24 ± 2 † 1.1 ± 0.5 † 

high CER level  CER : CHOL : FFA                   2 : 1 : 1 22.5 ± 1.8 -0.3 ± 0.5 

high CHOL level  CER : CHOL : FFA                   1 : 2 : 1 9.0 ± 1.5 0.6 ± 0.6 

high FFA level  CER : CHOL : FFA                   1 : 1 : 2 25.6 ± 1.2 # n.a. 

psoriasis model PS SCS CER : CHOL : FFA                   1 : 1.2 : 0.5 14.5 ± 1.1 0.3 ± 0.2 

winter xerosis model WX SCS CER*: CHOL : FFA                   1 : 1 : 1 15.6 ± 2.6 0.9 ± 0.8 

recessive X-linked 
ichtyosis RXLI SCS CER : CHOL : FFA : ChSO4     1 : 1 : 1 : 0.33 46.2 ± 5.5 0.1 ± 0.3 

 
 

2.2 Preparation of the model lipid mixtures  
For the preparation of the SCS models, CHOL, synthetic CER and 

FFA were used in the appropriate molar ratio according to the different 

models. In Table 1 the ratios of the main lipid classes are displayed for the 

models used in this study. The main CER subclasses we have available 

consist of either a sphingosine (S) or phytosphingosine (P) base, whereas 

the acyl chain is a nonhydroxy (N), α-hydroxy (A) or ω-hydroxy chain (3). 

The corresponding nonhydroxy and α-hydroxy CER that are used in this 

study are denoted as CER NP, CER NS, CER AP and CER AS. The ω-

hydroxy CER possesses a longer acyl chain length (C30) and has a linoleic 

or oleic acid ester-linked to their ω-hydroxy group (indicated with EO). In our 

study we use two such acylCERs, denoted as CER(EOS)-linoleate and 

CER(EOS)-oleate. For the ceramides mixture (CER) the following synthCER 

* In the CER composition of the winter xerosis model 50% of the CER(EOS)-
linoleate is replaced by CER(EOS)-oleate. 
† For the equimolar SCS, Jss and τ were obtained in a previous study (1). 
# For the SCS with a high FFA level, Jss was determined from the last 4 flux 
values, therefore τ could not be calculated. 
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composition was selected (see figure 1): CER(EOS)C30-linoleate, 

CER(NS)C24, CER(NP)C24, CER(AS)C24, CER(NP)C16 and CER(AP)C24 

in a 15:51:16:4:9:5 molar ratio, similar as observed in pig SC (25). The acyl 

chain length of the various CER subclasses is either 30 C atoms (C30), 24 C 

atoms (C24) or 16 C atoms (C16). For the free fatty acids mixture (FFA), the 

following composition was selected: C16:0, C18:0, C20:0, C22:0, C23:0, 

C24:0 and C26:0 at a molar ratio of 1.8:4.0:7.7:42.6:5.2:34.7:4.1 

respectively. This chain length distribution is based on the reported FFA 

composition in SC (17). For each model the appropriate amounts of 

individual lipids were dissolved in chloroform:methanol (2:1 v/v). After 

evaporation of the organic solvent under a stream of nitrogen, the lipid 

mixtures were re-dissolved either in hexane:ethanol 2:1 v/v (for models used 

in permeability and X-ray studies) or in chloroform:methanol 2:1 v/v (for 

models used in FTIR studies) at a total lipid concentration of 4.5 mg/ml. 
 

 

 

Figure 1: Molecular structure of the synthetic CER selected for the lipid 
mixtures (see Table 1). The nomenclature is according to Motta et al (3). 
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2.3 Preparation of SCS models for in vitro permeability studies 
A Linomat IV (Camag, Muttenz, Switzerland) extended with a y-axis 

arm was used to spray lipids in hexane:ethanol solution from a distance of 1 

mm onto a porous filter substrate. The spraying flow rate was 5.0 μl/min at a 

movement speed of 1.0 cm/s. In an area of 8×8 mm2 0.90 mg of lipids was 

applied per SCS model. After spraying, the SCS was equilibrated at around 

80ºC. After an equilibration period of at least 10 minutes, the SCS was 

cooled down to room temperature in approximately 30 minutes. 

 

2.4 Preparation of lipid models for FTIR studies 
Sample preparation for FTIR was the same as above, but instead 

1.5 mg of lipids in a chloroform:methanol solution was sprayed in an area of 

1x1 cm2 on an AgBr window. The sample was equilibrated for 10 min at 

around 80ºC and slowly cooled down to room temperature in about 30 min. 

Subsequently, the lipid layer was covered with 25 μl of deuterated acetate 

buffer pH 5 (50 mM) and stored at 37°C for 24h to fully hydrate the sample. 

Finally, to homogenize the sample, five freeze-thawing cycles of 3h each 

were carried out between -20°C and RT (28). 

 

2.5 Permeability studies 
In vitro permeation studies were performed using Permegear inline 

diffusion cells (Bethlehem PA, USA) with a diffusion area of 0.28 cm2. The 

SCS models were mounted in the diffusion cells and were hydrated for 1 h in 

phosphate-buffered saline (PBS: NaCl, Na2HPO4, KH2PO4 and KCL in MQ 

water with a concentration of 8.13, 1.14, 0.20 and 0.19 g/l respectively) at 

pH 7.4 prior to the experiment. The donor compartment was filled with 1.4 ml 

of BA (MW 122 g/mol) solution in PBS (pH 7.4) at a 2.0 mg/ml concentration. 

BA has a log Poct/water value of about 1.7. The acceptor phase consisted of 

PBS (pH 7.4), which was perfused at a flow rate of about 2 ml/h. The 

acceptor phase was stirred with a magnetic stirrer. The volume per collected 

fraction was determined by weighing. Each experiment was performed under 
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occlusive conditions, by closing the opening of the donor compartment with 

adhesive tape. To mimic the in vivo conditions as close as possible the 

temperature of the SCS was maintained at 32°C during the permeation 

studies, using a thermo-stated water bath. 

Steady state fluxes and lag-times were determined from a plot of the 

cumulative permeated amount. The steady state flux (JSS) is the slope of the 

linear part of this graph and the lag-time (τ) is determined by regression of 

this linear part to the time when the permeated amount is 0. 

 

2.6 FTIR studies 
All spectra were acquired on a BIORAD FTS4000 FTIR 

spectrometer (Cambridge, Massachusetts) equipped with a broad-band 

mercury cadmium telluride detector, cooled with liquid nitrogen. The sample 

cell was closed by two AgBr windows. The sample was under continuous dry 

air purge starting 1 hour before the data acquisition. The spectra were 

collected in transmission mode, as a co-addition of 256 scans at 1 cm-¹ 

resolution during 4 minutes. In order to detect the phase transitions, the 

sample temperature was increased at a heating rate of 0.25˚C/min, resulting 

in a 1°C temperature rise per recorded spectrum. The spectra were collected 

between 0˚C and 90˚C. The software used was Win-IR pro 3.0 from Biorad 

(Cambridge, Massachusetts). The spectra were deconvoluted using a half-

width of 5 cm-1 and an enhancement factor of 2.0. 

 

2.7 Determining the midpoint temperature of the melting 
transition and fitting of the rocking vibrations in FTIR 

In FTIR, the frequency of the symmetric stretching maximum as 

function of temperature depicts the transition of the lipids to a liquid phase 

(29, 30). The midpoint temperature (Tm) of the melting transition was 

determined as the temperature at which the frequency increase is halfway 

between two fitted straight parts of the curve before and after the transition. 

The straight parts before and after the transition are fitted by linear fits and 
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the data point closest to the transition that deviates from the linear fit is 

chosen as the beginning or end point of the melting transition. This method 

for determining Tm is depicted in figure 2B-ii. 

The frequency of the two rocking maxima as function of temperature 

depict the phase transition from an orthorhombic to a hexagonal lateral 

packing (31, 32). During this transition, at those temperatures at which no 

separate peaks could be distinguished but only an asymmetric peak, two 

components were fitted to the rocking vibrations in order to determine the 

position of the high-frequency component. The curve-fitting procedure was 

as follows: First, in the range from 635 to 900 cm-1 in the FTIR spectrum a 

baseline was created with a constant value corresponding to the lowest 

value in that part of the spectrum. Subsequently the two components 

present in the spectrum were fitted with two Lorentzian peak shapes using a 

least squares approximation. The position of the maximum of the high-

frequency component was subsequently used in the plot of the rocking 

frequencies as function of temperature. In this plot, the positions of the high-

frequency component are displayed until a temperature is reached at which 

the high-frequency component could no longer be fitted. 

 

2.8 SAXD studies 
X-ray diffraction was used to obtain information about the lamellar 

organization (i.e., the repeat distance of a lamellar phase) and the 

orientation of the lamellae. The SCS was mounted parallel to the primary 

beam in a temperature controlled sample holder with mica windows. Static 

diffraction patterns were collected for 1 minute at 25°C. The scattering 

intensity I (in arbitrary units) was measured as a function of the scattering 

vector q (in reciprocal nm). The latter is defined as q=(4πsinθ)/λ, in which θ 

is the scattering angle and λ is the wavelength. From the positions of a 

series of equidistant peaks (qn), the periodicity, or d-spacing, of a lamellar 

phase was calculated using the equation qn=2nπ/d, with n being the order 

number of the diffraction peak. One-dimensional intensity profiles were 



Chapter 4 

100 

obtained by transformation of the two-dimensional SAXD detector pattern 

from Cartesian (x,y) to polar (ρ,θ) coordinates and subsequently integrating 

over θ. All measurements were performed at the European Synchrotron 

Radiation Facility (ESRF, Grenoble) using station BM26B. The X-ray 

wavelength and the sample-to-detector distance were 0.113 nm and 0.419 

m respectively. Diffraction data were collected on a Frelon 2000 CCD 

detector with 2048×2048 pixels at 14 μm spatial resolution and 5x 

magnification. The spatial calibration of this detector was performed using 

silver behenate (d=5.838 nm) and the two strongest reflections of high 

density polyethylene (HDPE, d=0.4166 and 0.378 nm).  

 

3. Results 
 

To assess the barrier properties of the various SCS models, the 

permeation of the model compound BA has been measured at the skin 

temperature of about 32°C. To correlate permeability with lipid organization, 

the lipid organization has been examined with FTIR and SAXD. The various 

model compositions, steady state flux values and lag-times are presented in 

Table 1. 

 

3.1 Influence of the CER:CHOL:FFA ratio on the barrier function 
To determine the role of each of the lipid classes on the lipid 

composition and permeability, SCS varying systematically in 

CER:CHOL:FFA composition were examined. The fluxes are provided in 

Table 1. In this table the flux across SCS with an equimolar CER:CHOL:FFA 

composition that was reported previously (1), is also provided. In figure 2A-i 

the BA flux profile across the SCS with a CER:CHOL:FFA molar ratio of 

2:1:1 is shown. The steady state flux is 22.5 ± 1.8 μg/cm2/h and the lag-time 

is -0.3 ± 0.5 h. 
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The CH2 symmetric stretching frequencies in the infrared spectrum 

provide information about the conformational ordering of the lipid tails. The 

Figure 2: i) Plots of the BA permeation versus time, ii) CH2 symmetric 
stretching frequency as function of temperature, iii) thermotropic response of
the FTIR CH2 rocking frequencies and iv) the SAXD pattern of A) SCS in 2:1:1
CER:CHOL:FFA molar ratio, B) SCS in a 1:2:1 CER:CHOL:FFA molar ratio C)
SCS in a 1:2:1 CER:CHOL:FFA molar ratio. In the SAXD patterns, the Arabic 
numbers denote diffraction orders of the LPP, the Roman numbers indicate
reflections assigned to the SPP and asterisks mark the reflections of crystalline
CHOL. The reflection that was assigned to an additional lamellar phase is
indicated by a cross. In the figures depicting the CH2 rocking vibrations the 
open squares are calculated with the peak fitting procedure. 



Chapter 4 

102 

position of the CH2 symmetric stretching vibration as function of temperature 

is plotted in figure 2A-ii. At 20°C this frequency is 2846.9 cm-1, indicating a 

high conformational ordering. When increasing the temperature, between 30 

and 40°C a weak shift is observed in frequency from 2847.1 to 2847.5 cm-1. 

Although not very pronounced, it indicates an orthorhombic to hexagonal 

transition. Increasing the temperature leads to another shift in frequency 

from 2848.1 to 2852.2 cm-1 between 65 and 89°C, revealing the transition to 

a liquid phase, with a midpoint temperature of Tm = 80°C. 

The FTIR rocking frequencies provide detailed information on the 

lateral packing. Due to short range coupling, the orthorhombic packing is 

characterized by a doublet at approximately 720 and 730 cm-1, while the 

hexagonal packing is characterized by a singlet at a vibration frequency of 

approximately 720 cm-1. The thermotropic response of the rocking 

frequencies in figure 2A-iii shows a shift of the high frequency component 

from 728.0 to 724.6 cm-1 between 21 and 33°C, suggesting the transition 

from an orthorhombic to a hexagonal lateral packing in this temperature 

region. 

The SAXD pattern of the 2:1:1 SCS in figure 2A-iv displays four 

diffraction peaks that can be ascribed to a LPP with a periodicity of 12.0 nm 

and two reflections attributed to a SPP with periodicity of 5.3 nm. 

Furthermore, an additional diffraction peak is observed indicative for an 

additional phase with a periodicity of 4.4 nm, most likely due to phase 

separated CER-rich domains. The peak at q = 1.85 nm-1 indicates the 

presence of a low level of phase separated crystalline CHOL. 

The SCS with elevated CHOL level was also studied. The 

permeability of the SCS with a CER:CHOL:FFA composition of 1:2:1 is 

displayed in figure 2B-i. This figure demonstrates that by increasing the 

CHOL levels the BA flux drastically reduces since the steady state flux is 

only 9.0 ± 1.5 μg/cm2/h. The lag-time of this membrane is 0.6 ± 0.6 h. 

The thermotropic response of the CH2 stretching frequencies is 

provided in figure 2B-ii. There is a gradual increase in the frequencies from 0 
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to 20°C. At 20°C, the symmetric stretching frequency is 2848.3 cm-1, 

denoting the presence of conformational ordered phases. A further increase 

in temperature from 21 to 37°C results in a shift in frequency from 2848.3 to 

2849.1 cm-1, indicative for the orthorhombic-hexagonal phase transition. 

Upon further heating, between 50 and 79°C a second transition is observed 

from 2849.4 to 2852.0 cm-1, demonstrating the formation of a liquid phase. 

The midpoint temperature of this transition is 66°C. 

The rocking frequencies are displayed in figure 2B-iii. The 

orthorhombic to hexagonal transition is shown by a shift of the high 

frequency component from 729.5 to 725.3 cm-1 between 21 and 31°C. 

The SAXD pattern of the 1:2:1 SCS is displayed in figure 2B-iv with 

diffraction peaks attributed to the LPP and SPP. However, the diffraction 

peaks attributed to crystalline CHOL have a high intensity, demonstrating a 

high level of phase separated CHOL. 

The level of the third main class of lipids is also increased in the 

SCS. In figure 2C-i the permeability curve of SCS with a CER:CHOL:FFA 

molar ratio of 1:1:2 is displayed. From this figure it is clear that a steady state 

flux is not reached within the 20 h of permeation. The flux value was 

calculated as a mean of the flux values between 16 and 20 h of permeation 

and is 25.6 ± 1.2 μg/cm2/h. The lag-time could not be determined due to the 

absence of a steady state flux. 

The thermotropic CH2 stretching response is provided in figure 2C-ii. 

At low temperatures the lipid tails are in a conformational ordering as shown 

by the CH2 stretching frequency of 2848.6 cm-1 at 20°C. Upon increasing the 

temperature, a clear shift in frequency from 2848.6 to 2849.5 cm-1 is 

observed between 22 and 38°C, demonstrating the orthorhombic to 

hexagonal phase transition. When further increasing the temperature, 

another shift in wavenumber from 2849.6 to 2852.8 cm-1 is visible between 

50 and 72°C denoting the transition to a liquid phase with a midpoint 

temperature of 60°C. 
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The orthorhombic to hexagonal phase transition is also monitored by 

the thermotropic CH2 rocking response as displayed in figure 2C-iii: A shift of 

the high frequency component from 729.5 to 727.4 cm-1 is observed 

between 24 and 32°C. When increasing the temperature further a weak 

orthorhombic component remained in the rocking curve until a temperature 

of 60°C. This indicates that the majority of the lipids forms a hexagonal 

lateral packing around 34°C, but a small fraction of phase separated FFA 

remains in the orthorhombic packing until a temperature of about 60°C is 

reached (28). At this temperature the crystalline FFA starts to transform into 

a liquid phase. 

The SAXD pattern of the model with high FFA level is displayed in 

figure 2C-iv. It depicts two diffraction peaks attributed to the SPP with a 

periodicity of 5.3 nm. Five diffraction peaks could be identified that are 

attributed to the LPP with a periodicity of 12.0 nm. The two peaks at q = 1.85 

and 3.7 nm-1 indicate the presence of a low level of phase separated 

crystalline CHOL. The elevated FFA level did not result in an additional 

phase with a long range ordering. 

 

3.2 The permeability and phase behaviour of SCS with a lipid 
composition based on that in dry or diseased skin 

The lipid organization and barrier properties of models with 

compositions related to dry skin (winter xerosis), recessive X-linked 

ichthyosis and psoriasis skin were also examined. 
Due to seasonal influences the lipid composition in the SC is 

reported to undergo changes. Focussing on the CER subclasses, in the 

winter season the relative level of CER(EOS)-oleate is increased at the 

expense of CER(EOS)-linoleate (21, 33). To mimic this aspect of the SC 

composition of dry skin (winter xerosis), 50% of the CER(EOS)-linoleate was 

replaced by CER(EOS)-oleate in the SCS. The SCS that mimics the 

composition in SC of dry skin is referred to as WX SCS. The permeation 
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curve of BA through WX SCS is displayed in figure 3A-i. The steady state 

flux is 15.6 ± 2.6 μg/cm2/h and the lag-time 0.9 ± 0.8 h. 

 

 

 
 

Figure 3: i) Plots of the BA permeation versus time, ii) CH2 symmetric 
stretching frequency as function of temperature, iii) thermotropic response of 
the FTIR CH2 rocking frequencies and iv) the SAXD pattern of A) WX SCS, B)
PS SCS and C) RXLI SCS. In the SAXD patterns, the Arabic numbers denote
diffraction orders of the LPP, the Roman numbers indicate reflections assigned 
to the SPP and asterisks mark the reflections of crystalline CHOL. In the figures
depicting the CH2 rocking vibrations the open squares are calculated with the
peak fitting procedure.
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The  thermotropic response of the CH2 symmetric stretching peak is 

plotted in figure 3A-ii. At low temperatures, a gradual increase in frequency 

is observed up to 2848.7 cm-1 at 20°C. Upon increasing the temperature 

from 21 to 41°C a shift in wavenumber from 2848.8 to 2849.9 cm-1 is 

detected, indicating the orthorhombic to hexagonal phase transition. When 

further increasing the temperature, a liquid phase is formed between 51 and 

73°C as denoted by a shift from 2850.1 to 2853.2 cm-1. The midpoint 

temperature of this transition is 60°C. 

The FTIR rocking frequencies displayed in figure 3A-iii show a shift 

of the high frequency component from 729.1 to 724.4 cm-1 between 25 and 

33°C, characteristic for the orthorhombic-hexagonal transition. 

The SAXD pattern of WX SCS is shown in figure 3A-iv. It displays 

two diffraction peaks attributed to a SPP with a periodicity of 5.3 nm and five 

diffraction peaks assigned to the LPP with a periodicity of 12.0 nm. 

Crystalline CHOL is also present, as indicated by two diffraction peaks at q = 

1.85 and 3.7 nm-1. 
Besides a change in CER:CHOL:FFA molar ratio, a difference in the 

CER composition of psoriatic scale, compared to normal human stratum 

corneum, is reported in literature (3, 20). However, in our present studies we 

will only focus on the change in CER:CHOL:FFA molar ratio on the 

permeability, to establish whether this change can account for an increased 

permeability in psoriasis skin. Based on the results of Motta et al, the 

CER:CHOL:FFA molar ratio in the SCS model was adapted to 1.0:1.2:0.5 

(20). This model is referred to as PS SCS. The flux profile of PS SCS is 

displayed in figure 3B-i, displaying a steady state flux of 14.5 ± 1.1 μg/cm2/h 

and a lag-time of 0.3 ± 0.2 h. 

The thermotropic response of the CH2 stretching vibrations is 

displayed in figure 3B-ii. The maximum of the symmetric stretching 

frequencies at 20°C is 2847.5 cm-1. Upon increasing the temperature, a 

small shift in peak position is visible around 30°C, possibly revealing the 

orthorhombic to hexagonal transition. Upon further heating, a shift in 
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wavenumber is visible between 50 and 80°C, indicative for the transition to a 

liquid phase. This transition has a Tm of 72°C. 

The FTIR rocking frequencies in figure 3B-iii show a gradual shift of 

the high frequency component from 728.2 to 724.8 cm-1 between 25 and 

33°C, indicating the transition from orthorhombic to hexagonal lateral 

packing. 

The SAXD pattern of PS SCS is depicted in figure 3B-iv. It displays 

two diffraction orders associated to a SPP, with a periodicity of 5.2 nm. Also, 

four diffraction peaks assigned to a LPP with a periodicity of 12.0 nm are 

observed. A high amount of CHOL is phase separated as reflected by the 

high intensity of the diffraction peaks attributed to crystalline CHOL. 

The pathological scaling in recessive X-linked ichthyosis skin is 

associated with accumulation of abnormally high quantities of ChSO4 in the 

SC (18, 19, 22). On this basis, we prepared a model for the lipid composition 

by addition of ChSO4 at a molar ratio of 0.33. This model is referred to as 

RXLI SCS. The permeation curve of BA through RXLI SCS is displayed in 

figure 3C-i, showing a high steady state flux of 46.2 ± 5.5 μg/cm2/h and a 

short lag-time of 0.1 ± 0.3 h. 

The FTIR stretching maxima in figure 3C-ii display a constant value 

of 2848.6 cm-1 from 0 to 20°C, indicating conformational ordering of the lipid 

tails. Upon increasing the temperature, a first shift from 2848.6 to 2849.6 cm-

1 is observed between 20 and 40°C, representative for an orthorhombic to 

hexagonal transition. Further increasing the temperature leads to a second 

shift in wavenumber from 2849.9 to 2852.4 cm-1 between 59 and 77°C, 

representing the transition to a fluid phase with a midpoint temperature of 

68°C. 

The FTIR rocking frequencies of RXLI SCS in figure 3C-iii reveal a 

change from orthorhombic to hexagonal transition as shown by a change in 

high frequency component from 729.0 to 724.0 cm-1 between 25 and 31°C. 

The SAXD pattern of RXLI SCS is displayed in figure 3C-iv. It 

displays two diffraction peaks attributed to a SPP with a periodicity of 5.3 
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nm. The first order reflection of the SPP is broad and contains a shoulder at 

approximately q = 1.4 nm-1 which could indicate the formation of an 

additional phase. Furthermore, five diffraction peaks are observed assigned 

to the LPP with a periodicity of 12.0 nm. The two diffraction peaks that are 

associated to crystalline CHOL are low in intensity, indicating a low level of 

phase separated CHOL. 

 

4. Discussion 
 

In the studies described in this paper we focused on a systematic 

change in lipid composition to relate lipid composition and organization with 

permeability. For this purpose we utilized a SC model membrane to unravel 

the role the various lipid classes play in the skin barrier function. In addition 

we focused on the lipid permeability in diseased and dry skin. For this 

purpose we constructed models for the SC lipid composition reported in 

winter xerosis, psoriasis and recessive X-linked ichtyosis skin. To study the 

permeability of the various models we used BA as a model drug. 

 

4.1 The order-disorder transition temperature is related to the 
symmetric CH2 stretching vibrations of the lipid tails at 20°C 

When closely examining the FTIR data of all models it is observed 

that the models with a high conformational order at room temperature (i.e. 

low wavenumber of the CH2 symmetric stretching peak position at 20°C) 

exhibit a relatively high melting transition midpoint temperature. To gain 

more insight into this relationship we plotted the CH2 symmetric stretching 

vibration at 20°C against the midpoint temperature of the melting transition in 

each model, see figure 4. Although the midpoint temperature of the melting 

transition has no physical meaning, as the symmetric stretching peak in 

FTIR is composed of several vibrational components, it enables us to 

determine whether this phase transition is related to the conformational order 

of the lipid chains at 20°C. We also included data of the equimolar SCS and 
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a model with short chain FFA, examined in a previous study (2). As depicted 

in figure 4, a linear correlation is observed: the symmetric stretching 

wavenumber (chain conformation) at 20°C decreases linearly with increasing 

melting transition Tm. 

 

 
From this graph it is clear that when using the same ceramide 

composition, an increase in conformational ordering results in an increase in 

the melting transition Tm. When focusing on those samples in which the FFA 

content varied, the results are quite remarkable. Although the FFA induces 

the formation of an orthorhombic lateral packing, it also induces a reduction 

in the ordering of the chains and a reduction in the Tm. This might be due to 

the change in headgroup interactions, as it has been suggested (based on 

pure ceramides but also on mixtures) that an increase in hydrogen bond 

density in the headgroup region increases the conformational ordering and 

raises the Tm of the order-disorder transition (34, 35). This suggests that the 

Figure 4: The midpoint temperature of the melting transition as function of the 
conformational order at 20°C. Depicted are data of all models used in this study
plus data of equimolar SCS and of a model with short chain FFA, examined in a
previous study (2). 
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addition of FFA increases the packing density but reduces the number of 

hydrogen bonds. 

 

4.2 Deviation from the equimolar CER:CHOL:FFA ratio observed 
in human SC does not always result in a decreased barrier 
function 

As it has been suggested that the lipid composition and organization 

play an important role in the skin barrier, in this study we examined the effect 

of the lipid composition and organization of the SCS on its permeability. In 

previous studies we reported the permeability and lipid phase behavior of 

the equimolar CER:CHOL:FFA SCS, mimicking the lipid composition and 

skin barrier of healthy subjects (1, 2). The BA steady state flux across this 

SCS was 24 ± 2 μg/cm2/h and the lag-time was 1.1 ± 0.5 h (1). From the 

FTIR data presented in a recent study (2), the midpoint temperature of the 

transition from a hexagonal to a liquid phase was 63°C and the 

orthorhombic-hexagonal transition occured between 20 and 36°C. In the 

same study we observed that the flux of BA was more sensitive for a change 

in the lamellar phases than for a phase change from an orthorhombic to a 

hexagonal packing. In the present study we varied the lipid composition by 

increasing the level of either CER, CHOL or FFA. The formation of a 

hexagonal phase in these studies is not determinative for the changes in 

flux. 

When increasing the level of CER or CHOL by a factor two 

compared to the equimolar ratio, the X-ray diffraction curves clearly revealed 

phase separation. In the SCS with 2:1:1 CER:CHOL:FFA an additional 4.4 

nm phase was detected, while the CER:CHOL:FFA 1:2:1 SCS resulted in an 

enhanced level of phase separated crystalline CHOL. The additional 4.4 nm 

phase did not affect the permeability, while the higher level of phase 

separated CHOL in the SCS led to a twofold reduction in the permeability. 

The CHOL domains consist of densely packed three dimensional crystals 

resulting in many spots and reflections in the WAXD pattern (not shown). If 
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these three dimensional crystals are not very permeable to BA, it will result 

in a reduction of the effective diffusion area of the SCS and in an increase in 

the permeation pathway. This will lead to a reduction in the steady state flux. 

As far as the 4.4 nm phase is concerned, our results indicate that this phase 

has a similar layered structure as the SPP as no features in the diffraction 

pattern are observed indicating the presence of a three dimensional 

crystalline structure (wide angle X-ray data, unpublished results). This may 

explain why no change in permeability is observed in the presence of the 4.4 

nm phase.   

When comparing with the in vivo situation, the 4.4 nm phase was 

never observed in diffraction patterns of isolated human SC. However, the 

presence of crystalline CHOL is frequently observed in human SC (11, 36). 

Therefore, the observation that an increase in phase separated crystalline 

CHOL results in an increase in the skin barrier function is relevant for the in 

vivo situation. 

In the 1:1:2 CER:CHOL:FFA SCS no phase separation of FFA is 

observed when focusing on the long range ordering (lamellar phases). 

However, the presence of a small shoulder was noticed in the high 

frequency component of the FTIR rocking vibrations. This shoulder was 

present up to about 60°C and indicates that a low level of FFA forms 

separate domains within the lipid lamellae. The flux of BA across the 1:1:2 

CER:CHOL:FFA SCS displays a very long lag-time. As we used a PBS 

buffer of pH 7.4 in the donor and acceptor phase and the pKa of FFA in 

ceramide containing mixtures is around 6.3 (37), the increase in lag-time 

may occur by an ionization of the FFA, which may be more pronounced at a 

high level of FFA, or in phase separated FFA domains within the lipid 

lamellae. 

As far as the diseased skin models are concerned, in these studies 

we are limited by the information available in literature. Although changes in 

the composition of the lipid classes have been reported for cosmetically dry 

skin and for psoriasis, no information is available on the FFA and CER chain 
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length distribution compared to that in skin of healthy subjects. A reduction in 

chain length of the CER and FFA may have a profound effect on the lipid 

organization and permeability. For this reason our studies only provide 

information on the changes in permeability caused by the reported changes 

in the composition of the main lipid classes in the various skin diseases. 

For both the WX SCS and PS SCS the steady state flux and lag-

time is similar to that in the equimolar CER:CHOL:FFA SCS. The lamellar 

lipid organization of these models is also similar to that in the equimolar SCS 

and as the lamellar organization is a crucial factor in the skin permeability (2, 

14), it is not surprising that the WX SCS and PS SCS have a barrier function 

that is similar to the equimolar SCS. Although winter xerosis skin is known to 

be susceptible and displays a faulty desquamation (38, 39) and psoriasis 

skin is characterized by a deranged keratinization process and an impaired 

barrier function (40), our results with BA as permeant demonstrate that the 

reported changes in CER(EOS)-oleate/linoleate ratio in dry skin or in 

CER:CHOL:FFA ratio in psoriasis skin may not be responsible for the 

observed impaired barrier function in vivo. 

In contrast to the WX and PS models, the permeability of the RXLI 

model is about twice that of equimolar SCS. Therefore the enhanced 

permeability indicates that the increased ChSO4 is expected to be at least 

partly responsible for the abnormal barrier function observed in RXLI skin 

(22). The reduced barrier function in our lipid model may partly be explained 

by the lower level of phase separated crystalline CHOL: The excess ChSO4 

present in this model reduces the amount of crystalline CHOL, similarly as 

previously observed in a lipid model with isolated CER (41). However, the 

reduced crystalline CHOL cannot explain the twofold increase in flux as the 

level of phase separated crystalline CHOL in the 2:1:1 and 1:1:2 

CER:CHOL:FFA SCS was also lower, while no increase in permeability was 

observed. Therefore, other factors should play a role. Previously it was 

observed that ChSO4 induces a fluid phase in mixtures with isolated CER, 

CHOL and FFA (42). Such a fluid phase is expected to increase the 
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permeability. However, at room temperature (20°C) the frequency of CH2 

symmetric stretching vibrations of the RXLI model was not shifted to a higher 

wavenumber as compared to equimolar SCS, indicating that the formation of 

a substantial level of fluid phase in SCS was not induced by the addition of 

ChSO4. Perhaps the use of synthetic CER instead of isolated CER precludes 

the formation of a fluid phase in the RXLI SCS. In order to explain the 

increased permeability, we investigated the two dimensional SAXD patterns 

in more detail and examined the equimolar and RXLI SCS also under a 

polarization microscope. When examining the two dimensional detector 

image of the RXLI model, we observed that the increased level of ChSO4 

induces a well oriented but broad reflection, close to the position of the first 

order of the SPP, see figure 5. Also higher order broad reflections of this 

phase are observed. This indicates that an additional phase is present in the 

SCS. The less sharp reflections suggest a less ordered phase, which may 

account for the increased permeability. 

 

 

 

Figure 5: Two dimensional SAXD images. The Arabic numbers 1-4 denote 
diffraction orders of the LPP, the reflections indicated by Roman numbers I and 
II are assigned to the SPP and a reflection of crystalline CHOL is indicated with
an asterisk. A) Diffraction pattern of the equimolar SCS B) Diffraction pattern of
the RXLI model. Broader reflections  are located in the centre of the ring at the 
same position as the 1st and 2nd order of the SPP, indicating an oriented but
more disordered additional phase. The intensity of the CHOL reflection is also
strongly reduced. 



Chapter 4 

114 

 

When further examining the RXLI model under a polarization 

microscope, we observed large patches that are absent in the equimolar 

SCS, see figure 6, confirming that an additional phase is formed by 

supplementing ChSO4. 

 

 

 
 

In conclusion, in our studies two SCS models showed a significant 

change in BA steady state flux; an excess of crystalline CHOL lead to a 

decreased steady state flux, while an excess of ChSO4, as observed in X-

linked ichthyosis, led to an increase in the BA steady state flux. While phase 

separated CHOL is crystalline and therefore possibly difficult to penetrate, 

there is some evidence that the additional phase induced by ChSO4 is less 

ordered in nature accounting for the increased permeability. A change in 

CER:CHOL:FFA ratio in psoriasis skin and an increase in the CER EOS-

oleate/CER EOS-linoleate ratio in dry skin may not be responsible for the 

impaired skin barrier function in vivo. 

 

Figure 6: Polarization microscopy images using a 40x magnification. A) 
Equimolar SCS, displaying a uniform pattern of small domains B) The RXLI 
SCS, displaying large irregularly shaped domains. 
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