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Abstract 
The lipid organization in the stratum corneum (SC), plays an 

important role in the barrier function of the skin. SC lipids form two lamellar 

phases with a predominantly orthorhombic packing. In previous publications 

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

(SCS), that closely mimics the SC lipid organization and barrier function. 

Therefore, the SCS serves as a unique tool to relate lipid organization with 

barrier function. In the present study we examined the effect of the 

orthorhombic to hexagonal phase transition on the barrier function of human 

SC and SCS. In addition, the SCS was modified by changing the free fatty 

acid composition, resulting in a hexagonal packing and perturbed lamellar 

organization. By measuring the permeability to benzoic acid as function of 

temperature, Arrhenius plots were constructed from which activation 

energies were calculated. The results suggest that the change from 

orthorhombic to hexagonal packing in human SC and SCS, does not have 

an effect on the permeability. However, the modified SCS revealed an 

increased permeability to benzoic acid, which we related to its perturbed 

lamellar organization. Thus, a proper lamellar organization is more crucial for 

a competent barrier function than the presence of an orthorhombic lateral 

packing. 
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1. Introduction 
The uppermost layer of the human skin, the stratum corneum (SC), 

consists of flattened protein-rich dead cells (corneocytes) surrounded by 

intercellular lipids. The intercellular lipid domains in the SC form the only 

continuous pathway through the SC and are suggested to act as the main 

barrier for diffusion of substances through the SC (3). The main lipid classes 

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

(FFA) (4-8). The lipids are arranged in two coexisting lamellar phases; a long 

periodicity phase (LPP) with a repeat distance of around 13 nm and a short 

periodicity phase (SPP) with a repeat distance of around 6 nm (9, 10). 

Furthermore, at the skin temperature of around 30-32°C in human SC the 

orthorhombic lateral packing is dominantly present, although a 

subpopulation of lipids also forms a hexagonal lateral packing. When 

increasing the temperature of SC, a transition is noticed from an 

orthorhombic to a hexagonal lateral packing between 30 and 40ºC. Both the 

lateral and lamellar lipid organization are considered to play an important 

role in the barrier function of the skin (11-13). A detailed analysis of the lipid 

composition revealed that the FFA have a wide chain length distribution, in 

which the chain lengths of 22 and 24 carbon atoms are most abundantly 

present (14). In addition, there are eleven subclasses of CER identified in 

human SC (4, 7, 8). 

As the lipids play a crucial role in the barrier function, a large number 

of studies have been performed to understand the complex lipid phase 

behaviour underlying the skin barrier function. These studies, performed 

using isolated as well as synthetic CER mixtures, have markedly contributed 

to our present knowledge on the SC lipid organization and the role the lipid 

subclasses play in the lipid phase behaviour (12, 15-22). However, in these 

studies no information was obtained about the relation between lipid 

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

SC lipid model consisting of a porous substrate covered by a lipid film 

prepared from synthetic CER, CHOL and FFA. This lipid membrane mimics 
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the lipid organization and lipid orientation in SC closely and is referred to as 

the stratum corneum substitute (SCS) (23-25). As the lipid composition can 

easily be modified, this lipid membrane allows us to study the relationship 

between lipid composition, molecular organization and barrier function in just 

one model. In a previous study using the SCS, it was observed that the LPP 

plays an important role in the skin barrier function (23). However, only little 

information is available on the role the orthorhombic lateral packing plays in 

forming a proper skin barrier function. One of the key parameters to monitor 

the skin barrier function is the trans epidermal water loss (TEWL). In a very 

recent study the TEWL has been related to the degree of orthorhombic 

lateral packing present in SC in vivo in humans (26). 

In the present study we examine whether the formation of the very 

dense orthorhombic packing and the formation of the characteristic lamellar 

phases observed in SC are crucial for the lipid barrier function in SC. As 

model compound we use benzoic acid (BA), a medium lipophilic low MW 

molecule. To examine the lipid organization in the SCS models, Fourier 

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

(SAXD) are used. To determine the importance of the orthorhombic lateral 

packing for the SC lipid barrier, diffusion studies are performed during a 

step-wise increase in temperature from 15 to 45°C, sampling the 

temperature of the orthorhombic-hexagonal phase transition. To determine 

whether a simultaneous change in lateral packing and in the lamellar phases 

has a profound effect on the SC lipid barrier, a SCS with short free fatty 

acids is prepared, referred to as the short FFA SCS. This composition was 

selected as short chain FFAs are encountered in SC of human skin 

equivalents (27). 
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2. Materials and Methods 
2.1 Materials 

In these studies we used 5 CER subclasses, see figure 1. The CER 

subclasses 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 (1). The acyl chain length is either 16 carbons (C16), 24 carbons (C24) 

or 30 carbons (C30). The corresponding nonhydroxy and α-hydroxy CER are 

denoted as CER NS (C24), CER NS (C16), CER NP (C24) and CER AP 

(C24). In an additional CER subclass a linoleic acid is ester linked to the ω-

hydroxy group (indicated by EO) with a sphingosine base. This CER is 

denoted as CER EOS (C30). These ceramides were generously provided by 

Cosmoferm B.V. (Delft, The Netherlands). Myristic acid (C14:0), palmitic acid 

(C16:0), stearic acid (C18:0), arachidic acid (C20:0), behenic acid (C22:0), 

Figure 1: Molecular structure of the synthetic CER used in the SCS. The
nomenclature is according to Motta et al (1).
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tricosanoic acid (C23:0), lignoceric acid (C24:0), cerotic acid (C26:0) and 

cholesterol were purchased from Sigma-Aldrich Chemie GmbH (Schnelldorf, 

Germany). The deuterated FFA with chain length of C16:0 and C22:0 were 

obtained from Larodan (Malmö, Sweden) and C14:0, C18:0 and C20:0 were 

purchased from Cambridge Isotope laboratories (Andover MA, USA). 

Benzoic acid, trypsin (type III, from bovine pancreas), and trypsin inhibitor 

(type II-S from soybean) were obtained from Sigma-Aldrich (Zwijndrecht, 

The Netherlands). Dialysis membrane disks (cutoff value of 5000 Da) were 

obtained from Diachema (Munich, Germany). Nuclepore polycarbonate filter 

disks (pore size 50 nm) were purchased from Whatman (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. 

 

2.2 Isolation of SC from human skin 
SC was isolated from abdominal or mammary skin, which was 

obtained from the hospital within 24 h after cosmetic surgery. After removal 

of the subcutaneous fat tissue, the skin was dermatomed to a thickness of 

approximately 250 μm using a Padgett Electro Dermatome Model B (Kansas 

City KS, USA). The SC was separated from the epidermis by trypsin 

digestion [0.1% in phosphate-buffered saline (PBS), pH 7.4], after overnight 

incubation at 4°C and subsequently at 37°C for 1 h. The SC was then placed 

in a 0.1% solution of trypsin inhibitor and washed twice with Millipore water. 

Until use, the SC was stored in a silica-containing box under gaseous argon 

in the dark to prevent oxidation of the intercellular SC lipids. Before FTIR 

measurements, the SC was rehydrated for 24h at 100% relative humidity. 

 

2.3 Preparation of the lipid mixtures 
For the preparation of the SCS, synthetic CER, CHOL and FFA were 

used in equimolar ratio. For the SCS, the following synthCER composition 

was selected (see also figure 1): CER EOS (C30), CER NS (C24), CER NP 
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(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 (16). For the free fatty acid 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 (14). For the model with shorter FFA chain length, a FFA 

mixture with the following composition was used; C14:0, C16:0, C18:0, 

C20:0 and C22:0 in molar ratios of 8.9:43.5:38.6:4.3:4.7. The same 

composition and molar ratios were used for the deuterated short chain FFA 

mixture used in FTIR studies. For each SCS model the appropriate amount 

of individual lipids was dissolved in hexane:ethanol (2:1 v/v) at a lipid 

concentration of 4.5 mg/ml. 

Preparation of the lipid mixture for FTIR was the same as above, but 

instead 1.5 mg of lipids was dissolved in chloroform:methanol (2:1, v/v). 

 

2.4 Spraying of the lipid mixtures onto a porous substrate for 
use in permeation studies, small angle X-ray diffraction 
measurements and electron microscopic studies 

A Camag Linomat IV (Muttenz, Switzerland) was extended with a y-

axis arm. The linomat device makes use of a Hamilton syringe (100 μl) and 

mechanics to spray a confined (programmable) volume of sample solution 

(lipids in hexane:ethanol at 4.5 mg/ml concentration)  from a distance of 1 

mm onto the porous filter substrate. With the y-axis arm, the linomat is 

capable of spraying lipids in a rectangular shape by a continuous zigzag 

movement. The spraying flow rate is 5.0 μl/min under a stream of nitrogen 

gas at a movement speed of 1 cm/s. The area of spraying is 8×8 mm. The 

amount of lipid solution used is 200 μl per SCS. After spraying, the lipid films 

were equilibrated for 10 minutes at elevated temperature. The SCS and 

short FFA SCS were equilibrated at 80ºC and 60ºC respectively. After 

equilibration, the membranes were cooled down to room temperature in 

approximately 30 minutes. 
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2.5 Spraying of the lipid mixtures onto a AgBr window for use in 
fourier transform infrared studies 

Sample preparation for FTIR was the same as above, but instead 

1.5 mg of lipids was sprayed by the Linomat from chloroform:methanol (2:1, 

v/v) in an area of 1 cm2 on an AgBr window. The sample was equilibrated for 

10 min and slowly cooled down to room temperature. The SCS and short 

FFA SCS were equilibrated at 80ºC and 60ºC respectively. Subsequently, 

the lipid layer was covered with 25 μl of deuterated acetate buffer pH 5 (50 

mM). After buffer application, the sample was kept at 37°C for 24h to obtain 

a full hydration. Finally, to homogenize the sample, five freeze-thawing 

cycles of 3h each were carried out between -20°C and RT (28). 

 

2.6 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 

SC was supported by a dialysis membrane (5000 Da, apical side facing the 

donor chamber). The SC and SCS 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 logKo/w value of 1.7. The 

acceptor phase consisted of PBS (pH 7.4), which was perfused at a flow rate 

of about 2 ml/h and was stirred with a magnetic stirrer. The volume per 

collected fraction was determined by weighing. Each experiment was 

performed under occlusive conditions, by closing the opening of the donor 

compartment with adhesive tape. The temperature of the SC or SCS during 

permeation was controlled by a thermo-stated water bath. To determine the 

activation energy for permeation, at predetermined time intervals the 

temperature of the SCS or SC was increased in steps of 3°C within a time 

interval of 10 min. Fractions were collected at a 1 h interval. Steady state 
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fluxes (JSS) were calculated from the horizontal part of the flux profile. For 

the data analysis, the following Arrhenius-type equations were used (29): 

)exp(
0

RTE
DD
D

=      or ( )
RT
E

DD D−= )ln(ln 0  (1) 

Where R is the gas constant, D is the diffusivity of the permeating compound 

and D0 denotes the hypothetical diffusivity at infinite temperature. During 

steady state conditions, the flux equals to: 

L
DKC  JSS
⋅⋅

=  (2) 

In which C, and K are respectively the donor concentration (under sink 

conditions) and partition coefficient of the permeating compound, while L is 

the penetration pathlength through SC or SCS. Since D is strongly related to 

temperature (see equation 1) and K and L are only moderately affected by 

the temperature, we can rewrite equation 1 by using equation 2 to obtain:  

 

( ) ( )TEJRJR PSSSS /1)ln(ln
0
−=  (3) 

 

Following equation 3, the natural logarithm of the obtained steady state 

fluxes (multiplied by the gas constant) was plotted as function of the inverse 

absolute temperature. Subsequently, the activation energy for permeation 

(Ep) was calculated directly from the slope of a linear fit through the data. 

 

2.7 Fourier Transform Infrared spectral measurements 
All spectra were acquired on a BIORAD FTS4000 FTIR 

spectrometer (Cambridge MA, USA) equipped with a broad-band mercury 

cadmium telluride detector, cooled by 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 phase transitions, the sample 
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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 and deconvoluted using a half-width of 5 cm-1 and an 

enhancement factor of 2.0. The software used was Win-IR pro 3.0 from 

Biorad. 

 

2.8 Small-angle x-ray diffraction measurements 
Small-angle x-ray diffraction (SAXD) was used to obtain information 

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

The scattering intensity I (in arbitrary units) was measured as 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 

obtained by transformation of the 2D 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 of 14 μm spatial resolution at 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). The SCS was mounted parallel to the primary 

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

diffraction patterns were collected in 1 minute at 25°C. 
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2.9 Electron microscopy and ruthenium staining 
The SCS was cut into small parts of 1 mm2 and fixed for one hour 

with 2% paraformaldehyde and 2.5% glutaraldehyde in a 0.1 m sodium 

cacodylate buffer at pH 7.4, at room temperature. After rinsing the samples 3 

times with PBS, the samples were post-fixated for one hour with 1% 

osmiumtetroxide in a cacodylate buffer pH 7.4 at 4°C. After rinsing the 

samples again 3 times with PBS, a second post fixation followed with 0.5% 

ruthenium tetroxide in distilled water for 30 min at 4°C. Finally, the samples 

were rinsed again 3 times with PBS, then dehydrated in a 70% ethanol 

solution and subsequently processed in a series of 70% ethanol:epoxy resin 

LX112 at a 2:1 ratio v/v for 30 min, 1:1 for 30 min, 1:2 for 30 min and finally 

0:1 for 1 h. Then the samples were polymerized for 2 days at 60°C. 

Subsequently, ultrathin sections of 100 nm thickness were cut with a 

Reichert Ultracut E microtome (Depew NY, USA) and after staining with 7% 

uranyl-acetate and a lead citrate solution according to Reynolds (30), the 

sections were observed and recorded using a Fei Tecnai 12 Twin spirit 

electron microscope (Hillsboro OR, USA). Of each filter at least 6 images 

were recorded in order to make an objective observation of the structure 

inside the lipid membrane. 

 

3. Results 
 

3.1 Influence of the lateral packing on the permeability of 
excised human SC and the SCS 

In order to determine whether the lateral packing affects the 

permeability of the SC or the SCS, the BA flux is measured as function of 

temperature between 28 and 46°C. The temperature is increased in steps of 

3°C. In figure 2A the flux of BA through SC and SCS is plotted against the 

temperature. The studies show that the temperature response of the BA 

diffusion through SC and SCS is remarkably similar over a wide temperature 
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range; only at the lowest (28°C) and highest (46°C) temperature a significant 

difference in BA flux is recorded between SCS and SC. 

 

 

 
The FTIR CH2 symmetric stretching frequencies provide information 

about the conformational ordering of the lipid tails (31, 32). The thermotropic 

response of the stretching frequencies of SC and SCS is plotted in figure 2B. 

Figure 2: A) The flux of BA through human SC and SCS, at 7 temperature 
intervals B) FTIR symmetric stretching frequency versus temperature, for SC 
and SCS C) FTIR rocking frequencies versus temperature, for SC and SCS D) 
SAXD pattern of SCS. The reflections of the LPP are indicated by Arabic 
numbers 1-4 and 7, reflections of the SPP are indicated by Roman numbers I 
and II. Diffraction peaks from crystalline CHOL are indicated by asterisks. 
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At 20°C, for SC and SCS, the stretching frequencies are 2849.3 and 2849.0 

cm-1 respectively, which indicates a conformational ordering of the CH2 

chains. Upon increasing the temperature, a gradual shift in the stretching 

frequencies from 2849.4 to 2850.6 is observed between 28°C and 48°C for 

SC and from 2849.4 to 2850.1 cm-1 between 29 and 39°C for SCS, 

indicating a transition from orthorhombic to hexagonal lateral packing. A 

further increase in temperature results in a second much stronger shift in 

frequency from 2850.6 to 2854.2 cm-1 between 60 and 97°C for SC and from 

2850.5 to 2854.1 cm-1 between 55 and 85°C for SCS. This second shift is 

indicative for the formation of a liquid phase, with midpoint transition 

temperatures of 81 and 64°C for SC and SCS respectively. 

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 (33, 34). In figure 2C the rocking frequencies of the 

FTIR spectrum of SC and SCS are depicted as function of temperature. At 

20°C the rocking frequencies are 719.8 and 729.1 cm-1 for SC and 719.7 

and 729.7 cm-1 for SCS, indicating the presence of an orthorhombic packing. 

Increasing the temperature results in a gradual shift of the high frequency 

component to 727.8 cm-1 at 34°C for SC and to 728.4 cm-1 at 31°C for the 

SCS. A further increase in temperature turns the high frequency component 

into a shoulder of the low frequency component. This shoulder disappears at 

around 39°C for SC and 36°C for SCS. The disappearance of the high 

frequency component marks the endpoint of the orthorhombic to hexagonal 

transition. A further increase in temperature does not affect the rocking 

frequencies of SC or SCS. 

The SAXD pattern of SCS is shown in figure 2D. It displays two 

diffraction peaks that can be attributed to the SPP with a periodicity of 5.3 

nm and 5 orders of diffraction attributed to the LPP with a periodicity of 12.0 
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nm. Also, two reflections indicating the presence of crystalline cholesterol 

are observed. 

 

3.2 Influence of short chain FFA on the barrier function of SCS 
In our studies we also focus on the effect of FFA chain length 

distribution on the lipid organization. This is of interest as e.g. in SC of 

human reconstructed skin, the fatty acid chain length is reduced compared 

to that in SC of normal native skin (27). In addition, the presence of shorter 

FFA may also play a role in the impaired barrier function in diseased skin 

(35). The SCS prepared with FFA having a shorter chain length is referred to 

as short FFA SCS. 

In figure 3A the flux of BA through SCS and short FFA SCS is plotted. The 

studies were performed at 3 temperatures: 15, 25 and 33°C. This figure 

shows that at all three temperatures a significant difference is observed 

between the steady state flux across SCS and short FFA SCS. 

The thermotropic response of the symmetric CH2 stretching 

frequencies of the short FFA SCS is depicted in figure 3B. At 20°C, the 

stretching frequency is around 2849.4 cm-1, indicating a conformational 

ordering of the lipid tails. Heating results in a gradual increase of the 

stretching frequencies to 2850.3 at 49°C. A further increase in temperature 

results in a shift in frequency from 2850.3 to 2852.2 cm-1 between 49 and 

67°C, indicative for the transition to a liquid phase. The midpoint temperature 

of this transition is 58°C. Raising the temperature further results in a gradual 

increase in CH2 stretching frequency, up to 2853.6 cm-1 at 99°C. 

As shown in figure 3C, the rocking vibrations in the FTIR spectrum 

of short FFA SCS display only a single frequency component at 720.8 cm-1 

between 20 and 50°C, indicating the absence of an orthorhombic lateral 

packing. 
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The SAXD pattern of short FFA SCS displayed in figure 3D shows 

one sharp diffraction peak at a similar peak position as the 1st order of the 

Figure 3: A) The flux of BA through SCS prepared with short chain FFA in
comparison with the conventional SCS, at 3 temperature intervals B) FTIR
symmetric stretching frequency versus temperature, for the SCS with short 
chain FFA C) FTIR rocking frequency versus temperature, for the SCS with
short chain FFA D) SAXD pattern of the SCS with short chain FFA. One
reflection at the position of the first order SPP is indicated by the Roman
number I and diffraction peaks from crystalline CHOL are indicated by

asterisks. 
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SPP in SCS. Besides this reflection, only very broad peaks are visible 

around q= 1.0 and 1.5 nm-1. This demonstrates that the long range ordering 

in the short FFA SCS is very different from that in SCS. Also a relatively 

large amount of phase-separated crystalline CHOL is present in the short 

FFA SCS, as can be deducted from the high intensity diffraction peaks at q= 

1.85 and 3.7 nm-1. 

 

3.3 Mixing of short chain FFA with CER and CHOL 
When using deuterated FFA (denoted as DFFA), due to a shift in the 

absorption frequencies, the CD2 and CH2 scissoring vibrations of the 

protonated and deuterated FFA respectively, can be monitored 

simultaneously in the FTIR spectrum. To determine whether the DFFA and 

CER participate in one lattice or that phase separation occurs, the CD2 

scissoring mode can be monitored. When FFA and CER participate in an 

orthorhombic packing, the CH2 and CD2 scissoring modes will not interact 

and therefore the vibrational coupling that results in a doublet in the 

spectrum will be reduced. 

In figure 4A the CD2 scissoring vibrations of the short chain DFFA 

mixture are depicted. A doublet with positions at 1086 and 1092 cm-1 is 

observed until a temperature of 62°C is reached. This is indicative for the 

presence of an orthorhombic lateral packing in this temperature range. 

However, when the CD2 scissoring mode in the spectrum of the equimolar 

mixture of CER, CHOL and short chain DFFA is monitored in figure 4B, only 

a weak doublet of the CD2 scissoring mode is observed between 20 and 

32°C (see arrows). This demonstrates that only a small portion of all DFFA 

chains has neighboring DFFA chains and that thus the majority of the short 

chain DFFA and CER molecules participate in the same orthorhombic lattice. 
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Figure 4: A) Thermotropic CH2 scissoring spectra of a deuterated short chain
FFA mixture depicted from 20 to 100°C. A doublet is observed which
disappears at around 62°C. B) Scissoring spectra of DFFA-short in an 
equimolar mixture with CER and CHOL. Only a weak doublet is observed
(indicated by the arrows), which disappears at 32°C. 
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3.4 The activation energy for permeation through SC, SCS and 
the short chain FFA SCS 

Figure 5 displays the steady state fluxes obtained at the various 

temperature intervals for SC, SCS and short FFA SCS, plotted in log scale 

as function of the reciprocal temperature. Apart from SC at 28 and 46°C and 

SCS at 15°C (not included because of large flux deviations at these 

temperatures), for all membranes a linear relationship is observed between 

the natural logarithm of the steady state flux and the reciprocal temperature. 

The slope of this linear fit is equal to the activation energy for permeation, 

see equation 1. Using the same temperature interval for SC and SCS, from 

31 to 43°C, the activation energies determined are 73.1 ± 7.1 and 81.9 ± 2.5 

kJ/mole for SC and SCS respectively. The appearance of a straight line in 

figure 5 and thus the existence of only one activation energy in the examined 

temperature range, indicates that the increase in BA flux as function of 

Figure 5: Arrhenius plots for human SC, SCS and short FFA SCS, in which the 
natural logarithm of the steady state flux (multiplied by the gas constant R), is 
plotted against the inverse absolute temperature. The linear fit is shown 
through the flux data of SC and the two models. The error bars in the figure 
display the standard deviation of the flux data. 
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temperature is not affected by the change in packing from an orthorhombic 

to a hexagonal phase. The activation energy for permeation of BA through 

the short FFA model is 66.8 ± 5.9 kJ/mole. 

 

3.5 Lamellar structure of SCS and short chain FFA SCS 
visualised by electron microscopy 

In order to obtain further insight into the lamellar organization of the 

SCS and short FFA SCS, the SCS are visualized in the electron microscope 

(EM) after embedding and RuO4 staining. A typical EM image of the SCS is 

displayed in figure 6A. In this image it is clear that the SCS contains two 

distinct phases: domains with the well known broad-narrow-broad pattern 

(36) and darker domains with a repetitive equidistant spacing. In order to 

establish whether the broad-narrow-broad structure is correlated to the LPP, 

membranes were prepared with a twofold higher level of CER EOS (as EOS 

is responsible for the formation of the LPP (37)) and in the absence of CER 

EOS. When 30% CER EOS was incorporated, the electron microscopic 

images display predominantly the broad-narrow-broad sequence and very 

little regions with an equidistant spacing, see figure 6B. When a membrane 

was prepared in the absence of CER EOS, no broad-narrow-broad structure 

is visible in the images, see figure 6C. Instead, domains with short periodicity 

equidistant lamellae are observed, indicating the formation of the SPP. We 

measured the spacings of the SPP and LPP from figure 6A-C and found that 

they are somewhat smaller than determined by SAXD, probably due to the 

embedding process for EM. The lipid organization of the SCS with short 

chain FFA is displayed in figure 6D. Although lamellae are visible, this image 

reveals the absence of a well defined stacking of the lipid lamellae and the 

absence of a broad-narrow-broad pattern. 
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Figure 6: A) Electron microscopy image of the SCS. Two different domains are 
visible in the micrograph. One domain with the well-known broad-narrow-broad 
appearance, the other domain with a short repetitive structure. B) EM 
micrograph of a SCS prepared with a higher level of CER EOS. In this image 
only lamellae with a broad-narrow-broad pattern are visible. C) Electron 
microscopy micrograph of a SCS prepared in the absence of CER EOS. In this 
image only lamellae with a short repetitive pattern are observed. D) EM image 
of the short FFA SCS. Lamellar structures are visible, but no proper stacking is 
observed. 
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4. Discussion 
Although it has been suggested that the presence of the 

orthorhombic phase is important for the skin barrier function, currently there 

are almost no data available on the effect of the orthorhombic to hexagonal 

phase transition and the presence of the LPP on the permeability of 

compounds. Therefore, in this study we examined the effect of the lateral 

packing on the permeability of SC and SCS by performing diffusion studies 

in the temperature interval between 15 and 46°C. In addition, the effect of 

shorter FFA in the SCS on the lipid organization and permeability was 

examined.  

  

4.1 The permeability of SCS is very similar to human SC 
Around the skin temperature (32°C), the steady state fluxes of BA 

through SC and SCS did not differ significantly. The steady state flux values 

are around 20 μg/cm2/h at 32°C, which is very similar to the steady state flux 

value obtained in a previous study (25). Remarkably, we found that the 

permeability of SCS to BA closely follows that of human SC at all 

temperature steps between 31 and 43°C. When comparing SC and SCS in 

previous studies with PABA, ethyl-PABA and butyl-PABA an excellent 

correlation between steady state fluxes was also observed (23). Very 

recently we also noticed that the steady state flux of hydrocortison through 

SC and SCS is very similar (unpublished results), demonstrating that the 

SCS mimics the permeation properties of human SC very closely for 

moderately hydrophilic to moderately lipophilic compounds. 

 

4.2 The activation energy for permeation in SCS and SC is 
different, but the flux is similar 

The EP values for BA through SC and SCS are consistent with 

values reported in literature for a range of substances used in skin 

permeation studies (38). For example, the EP for acetylsalicylic acid 

(MW=180, logKo/w=1.19) is 85 kJ/mole (39), for caffeine (MW=194, 
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logKo/w=0.02) 53 kJ/mole (40), for corticosterone (MW=346, logKo/w=1.94) 97 

kJ/mole (41), for ibuprofen (MW=206, logKo/w=3.5) 173 kJ/mole (42) and for 

water (MW=18, logKo/w=1.38) 57 kJ/mole (2). Mitragotri reports that the EP 

for hydrophobic solutes (which also includes BA) is strongly dependent on 

the molecular size (38). When comparing the EP calculated for permeation of 

BA through SC and SCS, the EP for SC is slightly lower than that for SCS, 

even though the flux values did not differ significantly between 31 and 43°C. 

This difference in EP may be explained by differences in the structure of the 

SC and SCS: The uniformity in chain length of the synthetic CER in SCS 

may result in a reduced mismatch between the CER hydrocarbon chains in 

the lipid lamellae, resulting in a more crystalline structure. Because the 

environment of the diffusing molecule is affected, this can lead to an 

increase in EP (more difficult for the permeant molecule to move through a 

more crystalline structure). 

 

4.3 Is the orthorhombic lateral packing crucial for a competent 
SC barrier function? 

In previous studies the diffusion of water across pig SC has been 

measured as function of temperature by Potts and Francoeur (2). From the 

permeability values an Arrhenius plot can be constructed, which is presented 

in figure 7. From the linear correlation with the inverse temperature, an EP of 

59.1 ± 2.9 kJ/mole can be calculated. Porcine SC does not exhibit an 

orthorhombic-hexagonal phase transition (43), demonstrating that in the 

absence of a phase transition a linear correlation is observed between the 

log of the steady state flux and the inverse absolute temperature. In human 

SC and the SCS, the rocking frequencies as function of temperature 

demonstrated that an orthorhombic to hexagonal phase transition occurs 

between 30 and 40°C. However, when focusing on the Arrhenius plot of 

human SC and SCS, a linear relationship is observed similar to that in pig 

SC. This demonstrates that the orthorhombic-hexagonal phase transition 
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does not affect Ep and therefore does not affect the diffusivity of BA across 

human SC and the SCS (29). 

 

 

 
 

Although our studies have only been carried out with BA and the 

diffusion of other compounds may be more sensitive to the orthorhombic-

hexagonal phase transition, our results demonstrate that the presence of the 

orthorhombic lateral packing seems to be less crucial than suggested in 

previous studies (21, 26, 44, 45). 

In  SC of human skin equivalents the lipids form the LPP very similar 

to that in native SC, but the lateral packing of the lipids is hexagonal (27), 

very similar to that in porcine SC. Permeation studies have shown that the 

methyl nicotinate flux across human skin equivalents is 2-fold higher than 

observed for native human skin (46). However, the results of our present 

study indicate that the hexagonal lateral packing may not explain this 

increased permeability. 

Figure 7: Arrhenius plot for water permeation through porcine SC. The
permeation data were presented in an earlier study by Potts and Francoeur (2). 
Shown in the plot is the linear fit through the flux data. Error bars in the figure
represent the standard error of the mean.
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The results discussed above are in contrast with those of a recent 

study focusing on the permeation of water through human SC (26). In this 

study it is reported that the water transport is influenced by the relative 

population of lipids forming an orthorhombic packing. However, in the latter 

study the TEWL has been used as a measure for the water transport. 

Perhaps the difference in physical properties of the solute (water versus BA) 

or the difference between inside-out permeation (TEWL) and outside-in 

permeation (BA permeation) can account for the different observations. In a 

study of Chilcott et al (47), it was shown that TEWL and diffusion of 

substances, both measured in vitro, do not correlate. 

 

4.4 The formation of ordered lamellar phases is crucial for the 
SC barrier function 

The BA flux through the SCS prepared with short chain FFA is 

approximately 4-fold higher than that through normal SCS. This was 

observed at all three temperatures selected in the studies. In addition the Ep 

is lower than that of normal SCS. When comparing the short FFA SCS with 

the SCS, differences in lipid organization are noticed. As far as the lateral 

packing is concerned, at skin temperature a hexagonal lateral packing is 

observed. However, as discussed above, for BA no obvious difference in 

diffusivity is expected between a hexagonal and an orthorhombic lateral 

packing. Therefore, the absence of the orthorhombic packing cannot explain 

the high permeability observed in the short FFA SCS, provided that the 

penetration pathlength remains the same in both the hexagonal and 

ortorhombic lateral packing (see equation 2). As in this model the chain 

length difference between the short chain FFA and the CER is substantial, 

phase separation within the crystalline lattice is likely to occur and was 

therefore examined using SCS prepared with DFFA. These studies, 

however, demonstrated that the short chain FFA and the CER both 

participate in the same lattice. Phase separation can therefore not contribute 

to the increase in BA flux. When focusing on the lamellar organization, the 
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lipids in the short chain FFA SCS form different phases than observed in the 

SCS: in the X-ray diffraction pattern no LPP is noticed and only one 

reflection can be attributed to the SPP. Instead, broad reflections are 

observed that are absent in the diffraction pattern of the normal SCS, 

indicating the absence of a proper stacking of the lipid lamellae. This is 

confirmed by the electron microscopic studies of the short FFA SCS. In a 

previous study it was shown that a lack of the LPP results in a 2-fold 

increased flux of ethyl-para amino benzoic acid (23). Because no LPP is 

formed and the stacking of the lamellae is less defined, the pathlength 

through the short FFA membrane may be significantly reduced. The 

diffusivity of the short FFA membrane (calculated from EP with equation 1) is 

only slightly different from the diffusivity of the SCS. Therefore, the absence 

of the proper lamellar phases may account for the increased flux through the 

short FFA SCS by reducing the pathlength for permeation (see equation 2).  

Interestingly, with EM in the SCS two domains with a different 

appearance could be distinguished; the broad-narrow-broad pattern and the 

short repetitive pattern. Although the LPP has been related to the broad-

narrow-broad pattern in previous studies (36), until now, this relation was not 

completely established. For this reason, we prepared a SCS in the absence 

of the CER EOS and a SCS with 30% CER EOS. X-ray diffraction studies 

showed that in the absence of CER EOS only the SPP is formed (37), while 

with 30% CER EOS in our mixture the LPP is predominantly formed 

(unpublished results). These findings correlate excellently with the presence 

of mainly broad-narrow-broad pattern in the EM images of the SCS with 30% 

CER EOS and the presence of only the short repetition pattern in SCS 

prepared without EOS. Therefore these studies demonstrate that the broad-

narrow-broad pattern is indeed directly related to the LPP. 

When extrapolating our findings to SC of diseased skin, our present 

studies suggest that the skin barrier function is more sensitive to a change in 

the lamellar phases than to a change from an orthorhombic to a hexagonal 

lateral packing. In lamellar Ichthyosis (48, 49) as well as in psoriasis SC 
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(unpublished results) the lamellar phases are different from that in SC of 

healthy human subjects. 

 

In conclusion, we observed that the permeability of BA through 

human SC and the SCS is not affected by the orthorhombic-hexagonal 

transition. However, when substituting the long chain FFA for short chain 

FFA an increased permeability was observed due to a drastic change in the 

lamellar organization. Our studies indicate that the absence of a proper 

lamellar organization has a higher impact on the skin barrier function than a 

change from orthorhombic to hexagonal lateral packing. These findings may 

provide new insights into the skin barrier function, especially in diseased 

skin. 
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