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ABSTRACT 

Objective: To develop a simple but a robust model membrane comprising the key generic components of the skin lipid matrix.  

Methods: We prepared a model membrane comprising an equimolar mixture of ceramide [NS], palmitic acid, and cholesterol. The membrane was 
deposited on a solid porous substrate (50 nm porous polycarbonate filter) as a continuous lamellar layer. The membrane’s biophysical properties 
were characterized and the permeability of the membrane to both benzoic acid and caffeine evaluated. 

Results: The deposited membrane’s biophysical properties were characterized using a variety of methods including Laurdan fluorescence 
spectroscopy, SEM, and Raman scattering. The permeability co-efficients (kp) of the model membrane to benzoic acid and the hydrophilic molecule 
caffeine were determined to be of the same order of magnitude as that through real stratum corneum. 

Conclusions: A simple but robust model membrane for skin lipids has been developed that can be deposited to give a continuous coverage on a 
porous substrate. It’s permeability to caffeine and benzoic acid has been found to be of the same order as that of real stratum corneum. The model 
membrane will be invaluable for fundamental mechanistic studies (e.g. effect of penetration enhancers) that can be linked with molecular 
simulations. 
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INTRODUCTION 

The unique barrier property of skin is due to the outermost layer of 
the skin known as the stratum corneum (SC). The SC comprises 
several layers of overlapping corneocytes embedded in a matrix of 
lipid lamellae. The lipid matrix appears to be an important 
determinant of the physico-chemical properties of the SC layer [1-3]. 
For example, it is the primary barrier to water loss from the skin and 
is the main route by which molecules may permeate into or through 
the skin in topical and transdermal drug delivery. The lipid matrix is 
composed mainly of ceramides (~50%), cholesterol (~25%), 
cholesterol sulfate (~5%), fatty acids (10-15%) and a small amount of 
cholesterol esters, with little or no phospholipids[4]. Recent reports 
indicate that there are 12 classes of ceramides consisting of a base of 
varying alkyl chain lengths which can be either a dihydrosphingosine 
[DS], a sphingosine [S], a phytosphingosine [P], or 6-
hydroxysphingosine [H], linked to either a nonhydroxy fatty acid [N], 
α-hydroxy fatty acid [A] or esterified -hydroxy fatty acid [EO] of 
varying alkyl chain lengths[5-7].Whilst the chemical composition of 
the SC is fairly well characterised, the physical organization of the lipid 
molecules is still not entirely resolved [1, 8, 9]. The lipids form 
lamellar structures that are considered to exist either as bilayers or as 
three-layer ‘sandwich’-type structures comprising a softer, more fluid 
inner layer surrounded by condensed outer layers[10]. A recent 
report involving high resolution cryo-electron microscopy of vitreous 
skin section (CEMOVIS) suggests that the lipids are stacked bilayers of 
fully-extended ceramides with cholesterol molecules associated with 
the ceramidesphingoid moiety[9, 11]. Either way, the phases are 
considered to be essentially solid-like with the lateral packing of the 
alkyl chains being orthorhombic, though some looser-packed 
hexagonal gel phase has also been observed, being confined to the 
topmost layers of the SC [12-15]. 

There is considerable interest in developing in vitro models of the SC lipids, 
notably in areas of skin care and drug delivery [16-18]. There are two 
motivations, firstly the in vitro models could minimise the use of human 
and animal tissues – the use of skin for the testing of finished cosmetic 
products and cosmetic ingredients on animalsis banned in the EU 
[http://ec.europa.eu/enterprise/sectors/cosmetics/animal-testing/]. 
Secondly, the reductionist approach involved in the development of in 

vitro models, which involves physical characterization of varying lipid 
compositions, has the potential to increase our knowledge of the 
structure and function of the SC lipids in their native biological state, 
and aid the identification of the key components that determine the 
overall physico-chemical and mechanical properties of the SC lipids 
[19]. For example, the known  6 nm and 13 nm periodicities 
observed for native SC lamellar phase structures can be reproduced 
by in-vitro mixtures comprising cholesterol, free fatty acids, and 
specific ceramides [13, 20].  

Whilst there has been some recent success in developing an in vitro 
model for percutaneous penetration studies [20], the systems 
investigated are complex involving a cocktail (although well defined) 
of differing ceramides and free fatty acids. The approach adopted in 
such studies is top down i.e. are duction in the complexity of the native 
SC whilst retaining the objective of reproducing structural features 
and the barrier properties of skin to molecules. In contrast, our 
reported study here takes the bottom-up minimalist approach, using 
only a ternary system comprising a ceramide, cholesterol and a 
selected fatty acid. Such systems are much more amenable to 
characterisation and endeavour to capture the essential physics, a 
particular advantage being that they are accessible to molecular 
simulation that can yield atomistic-level resolution as well as 
estimates of dynamical and thermodynamic quantities [8, 19, 21-23]. 
Molecular simulation is a powerful tool that complements 
experiments and which is increasingly enhancing our understanding 
of simple ceramide-based model lipid membranes [24-27]. Meaningful 
simulations currently tend to utilize at most 2-3 molecular 
components making comparison with complex multi-component 
systems difficult. A simplified model membrane of skin lipids will 
serve to bridge the gap between real complex systems and molecular 
simulation. In developing a model membrane for transport studies, 
the essential challenge is to be able to deposit a continuous layer with 
a length scale in the centimetre range, which persists when exposed to 
an aqueous environment in a diffusion cell. Deposited lipid films 
invariably fragment forming patches and/or detach from the substrate 
and to form vesicles on hydration [28-33]. Furthermore, gross defects 
in the meso-structure (exhibiting the least barrier) could dominate the 
transport properties, and may serve as sites for initiating membrane 
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lifting from the substrate. We report here our success of depositing a 
robust, continuous layer of a simplified model membrane for skin 
lipids comprising an equimolar mixture of synthetic ceramide [N(16) 
S(18)] (ceramide containing only a nonhydroxylated fatty acid (C 
16:0) and sphingosine (C18)),palmitic acid and cholesterol(chemical 
structures are given in Fig. 1).Ceramide [NS] is one of the most 
abundant ceramide in the SC with varying chain length of C16-30 N and 
C16-26 S [7]. We thought it prudent to avoid the complexity of 
asymmetric acyl chains at this stage, though we note that the alkyl 
chain asymmetry of the skin ceramides might be an important 
characteristic (along with ceramide EOS) determining the molecular 
organization of the skin lipids [34]. Palmitic acid was chosen to match 
the acyl chain length of ceramide [NS]. The proposed ternary model, 
whilst not entirely employing specific skin ceramides, is a significant 
step up from phospholipids [35] and yet could serve as a generic 
ceramide-based membrane for molecular level studies. The phase 
behaviour and structure of the ternary mixture has been characterised 
using various biophysical techniques including Laurdan fluorescence 
spectroscopy, SEM and Raman scattering. Further, the barrier 
property of this model membrane has been investigated using caffeine 
and benzoic acid as permeants in a Franz type diffusion cell. The study 
reveals that the chosen, rather simple, ternary composition is able to 
form a coherent membrane on porous supports and has permeability 
characteristics of the same order as SC. 

METHODS AND MATERIALS 

Materials 

Ceramide [N (C16:0) S (C18)] was purchased from Quest, C16 fatty 
acid palmitic acid (PA), cholesterol (Chol), caffeine and benzoic acid 
(BA) were purchased from Sigma. Nucleopore polycarbonate filter 
disks (pore size 50 nm, 25 mm diameter) were purchased from 
Whatman (Kent, UK). Laurdan (6-dodecanoyl-2-dimethyl 
aminonapthalene) was purchased from Molecular Probes Inc (Eugene, 
OR). All chemicals were used without further purification. The 
Evolution Silverline airbrush utilized for preparing a membrane on a 
porous support was purchased from Artimagination Limited, UK. All 
organic solvents used were of analytical grade and purchased from 
VWR international.  

Laurdan Fluorescence Spectroscopy 

Ceramide [NS], palmitic acid and cholesterol stock solutions were 
prepared in chloroform. Laurdan was dissolved in chloroform at a 
concentration of 1 mmol/L. Vesicles containing an equal molar ratio of 
CER [NS], PA and Chol were prepared together with the 
Laurdanfluorophore. After co-dissolving the lipids with the 
fluorophore the solvent chloroform was removed by a flowing stream 
of nitrogen gas. The samples were then dried under high vacuum for 
several hours to completely remove the remaining solvent. The 
residual dry film was then re-suspended in sodium citrate buffer pH 
5.5, vortexed and sonicated for one hour (with a 5 minute inactive 
interval every 15 minutes) in a bath-type sonicator (Bandelin 
SONOREX RK100SH). Finally, several freeze–thaw cycles were applied 
to enhance the homogeneity of the vesicle preparation. The final 
concentration of the lipid vesicles in the samples used for the 
fluorescence measurements was 5.2 mmol/L and that of the 
fluorescent probe was 10.4 µmol/L. The final vesicle solution 
contained a 1:500 fluorophore to lipid ratio on a molecular basis. The 
fluorescence spectroscopic measurements were performed using a K2 
multifrequency phase and a modulation fluorometer with photon 
counting mode equipment (ISS Inc., Champaign, Il). The temperature 
was controlled to ±0.1 °C by a circulating water bath.  

Model membrane preparation by airbrushing 

Model membranes comprising of CER [NS], PA and Chol were 
deposited using a manual airbrush technique. Required amounts of 
each lipid, CER [NS], PA and Chol, to get an equimolar mixture were 
dissolved in n-hexane: ethyl alcohol (2:1) solvent mixture and mixed. 

 The overall lipid concentration of the mixture was 4.5 mg/mL. The 
airbrush was connected to an oxygen free gaseous nitrogen cylinder 
and used to spray the lipid solution on to the top of a polycarbonate 
filter support. We followed the procedure developed by Bouwstra 

[36]. The total amount of solvent used to deposit the model membrane 
on a particular filter support was 2mL. After each spray, the organic 
solvent was slowly evaporated using a gentle nitrogen flow. The lipid-
coated polycarbonate filters were then equilibrated at 80 C for 10 
min and gradually (over 1 hour) cooled down to room temperature. 

Scanning electron microscopy (SEM) 

The surface structure of the lipid coated polycarbonate membrane 
was characterised using a scanning electron microscope (SEM) Quanta 
400 FEI (FEI Inc.) with a tungsten electron emitter, operating at 20 KV 
under high vacuum.  

Permeation studies 

The permeability of the model membrane was investigated by means 
of Franz type diffusion cells (diffusion area of 1.00 cm2, donor 
compartment 2 mL and receptor compartment 8 mL) using the model 
permeants caffeine and benzoic acid. The permeation profiles of both 
these molecules through the skin SC is well characterised [20, 37]. The 
model membranes coated on polycarbonate filter supports were 
mounted in the diffusion cells and hydrated with sodium citrate buffer 
(pH 5.5) for caffeine and PBS (pH 7.4) for benzoic acid prior to the 
experiment. The diffusion cells were placed on a hot plate with the 
temperature being maintained at 32 C throughout the experiment.  

The donor compartment was filled with 1.5 ml of caffeine solution in 
citrate buffer (pH 5.5) at a 25 mg/ml or benzoic acid solution in PBS 
(pH 7.4) at a 3.0 mg/ml concentration. The receptor compartment was 
completely filled with the respective buffer (8 ml) and gently stirred 
using a magnetic stirrer throughout the experiment. The donor 
compartment was covered with a plastic paraffin film (parafilm) to 
avoid evaporation of the solution. Sample fractions were collected 
from the receptor compartment at 1 hour intervals for 8 hours. The 
total volume of the receptor compartment was maintained by 
replenishing with fresh buffer.  

The amount of drug permeated through the model membrane was 
determined by UV analysis in standard quartz cells after suitable 
dilution using a Perkin Elmer UV-Vis spectrometer at  = 273 nm for 
caffeine and at  = 225 for benzoic acid. A control experiment was also 
conducted using an uncoated polycarbonate support sprayed with 
only the solvent mixture i.e. without lipids.  

Raman spectroscopy 

Raman spectroscopy was performed on the membrane-coated 
polycarbonate supports as well as the individual lipid components at 
room temperature using a Renishawin Via Raman Microscope 
(Renishaw plc, Gluocestershire, UK) and the accompanying Reinshaw 
Wire® and GRAMS©AI version 8 (Thermo Electron Corp, MA, USA) 
software. The samples were excited using a 785 nm near-IR diode 
laser (Renishaw HPNIR laser) and a 50x objective lens giving a laser 
spot diameter of 5 μm. Spectral scans were carried out between 3200 
cm-1 and 100 cm-1using an exposure time of 10s and each spectrum 
being collected using 9 accumulations with 100 % laser power.  
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Fig. 1: Chemical structures of ceramide [NS], Laurdan, palmitic 
acid and cholesterol. 

RESULTS AND DISCUSSION  

The objective was to derive a simple, ternary lipid mixture that would 
form a continuous membrane in the centimetre range which is robust 
to hydration, and to characterise its physical properties including 
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permeability to a couple of model compounds. We looked at various 
combinations of lipids and a variety of methods for deposition 
including spinning, soaking the membrane with CER [NS]:PA:Chol 
mixture as well as airbrushing. The factorial space here is large and 
not just a matter of identify an appropriate lipid composition. There 
are numerous additional variables associated with the experimental 
protocols that include choice of solvent from which the lipids are 
being deposited, temperature of deposition, conditions of annealing, 
and whether the membrane support material is hydrophobic or 
hydrophilic as well as its pore size. Whilst this experience is worthy of 
being reported (we intend to do so after some further rationalization), 
we restrict the scope of the current report to the particular ternary 
system which reproducibly yielded a continuous membrane. 

Laurdan fluorescence spectroscopy enables the characterisation of the 
phase behaviour of the model lipid membrane. The environmentally 
sensitive fluorophore Laurdan is virtually non-fluorescent in aqueous 
environments with a fluorescence lifetime of less than 100 ps, while in 
organic solvents and in membranes it displays a strong fluorescence 
signal with an average lifetime of about 4–8 ns, depending on the 
solvent [38]. The spectral changes of the emission spectrum of 
Laurdan are generally quantified by the so-called generalized 
polarization function, which is defined as GP = (IB-IR)/(IB+IR), where IB 
and IR are the fluorescence intensities at 440 nm (characteristic for an 
ordered, gel phase state environment) and 490 nm (characteristic for 
a fluid, liquid-crystalline lipid state), respectively [38, 39]. Hence, GP 
values range from −1 to +1. In phase coexistence regions, the GP 
values exhibit values typical for gel and fluid domains. Hence, the 
measured GP values of our system reflect the overall phase behaviour 
and fluidity of the membrane as a function of temperature. 

The generalised polarization (GP) values of the system CER/PA/Chol 
(1:1:1), measured over a temperature range of 15 to 90 °Care shown 
in Fig. 2. As can be clearly seen from the figure, the GP values gradually 
decrease with increasing temperature, with a sigmoidal profile in the 
temperature interval between 40 and 90 °C. The observed smooth 
behaviour is distinct from single-component lipid bilayer systems that 
tend to exhibit several sharp gel-to-gel and gel-to-fluid phase 
transitions in the temperature range covered [40, 41].The equimolar 
mixture of CER [NS]/PA/Chol exhibits relatively high GP values even 
at high temperature (> 60oC) when compared to a ternary system 
composed of phospholipids, sphingomyelin and cholesterol [42, 43]. 
This suggests that the lipid-lipid interactions, particularly between the 
acyl chains, in the ceramide mixture are stronger (hence maintain a 
gel-phase type structure even at high temperatures) than observed in 
similar phospholipid systems. The acyl chain interactions are probably 
enhanced due to the very small ceramide head group that allows for 
the chains to be sterically closer to each other [19, 44]. With increase 
in temperature, the lipid structure shows a more or less continuous 
increase in fluidity and conformational disorder, but the GP value does 
not reach the typical value for a pure fluid phase even at temperatures 
of up to ~90 oC [45].  

 

Fig. 2: Temperature dependence of Laurdan GP values of the lipid 
mixture CER [NS]/PA/Chol (1:1:1). Error bars represent the 

standard deviation (n=3). 

SEM images of both the original and the lipid-covered 
polycarbonate substrate (with 50 nm pores) are shown in Fig. 
3AC. The pores in the original substrate are clearly visible as 
dark spots (Fig.3A). The sprayed lipid membrane shows 
particulate material on a continuous background (Fig. 3B), 

confirming the deposition of a continuous lipid layer. The cross-
section of the membrane deposited on the substrate is shown in 
Fig. 3D, which gives an indication of the thickness. The thickness 
of the lipid layer showed variation ranging from 16 to 26 um. We 
believe the particulate material results from spray droplets that 
are small and which dry just before or immediately on impact, and 
hence are unable to coalesce and become a part of the continuous 
layer. Such behaviour is well known in spray coating [46, 47]. An 
alternative explanation is that the particulate material was 
composed of crystallites of the individual lipids resulting from 
phase separation. However we can disregard this hypothesis, as 
we note from Raman scattering (see below) that these particles 
have essentially the same composition as the background lipid 
mixture.  

3 A) 3 B) 

 

3 C) 3 D) 

 

Fig. 3: SEM image of (A) original, (B) lipid-coated polycarbonate 
membrane at 800X magnification, (C) lipid-coated polycarbonate 
membrane at 8000X magnification showing a close up of the solid 

particulate material and (D) a cross section of the lipid-coated 
membrane at 1500X revealing the deposited lipid layer (on the 

left) on the substrate. 

The permeation profiles (cumulative amount permeated as a function 
of time) of caffeine and benzoic acid through the deposited lipid 
mixture are shown in Fig. 4 and 5 respectively. The steady state flux 
(Jss) is determined from the linear portion of these curves. The 
permeability co-efficient (kp) was calculated using the equation kp = 
Jss/ Cd, where Cd is the donor concentration of the solution (in 
micrograms per cubic centimetre- µg/cm3). The steady state flux (Jss) 

for caffeine was determined to be 11.0  2.2 µg/(cm2hr) (n=6), which 
gives a permeability coefficient kpof 4.4 x 10-4 cm/hr for the model 
membrane. 

This kp value lies within the range ofkp values for caffeine in real 
stratum corneum, namely 0.7 to 4.6 x 10 -4 cm/hr[48, 49].The 
broad range in the literature values is attributed to the intra and 
inter subject variation in skin lipid content, appendageal density, 
imperfections such as pore and cracks and the hydrophilic nature 
of caffeine [48]. For benzoic acid (Fig 5), the steady state flux (J ss) 
was determined to be 254.9  10.5 µg/(cm2hr) (n=6) yielding a kp 
value of8.5x 10-2 cm/hr. This kp value is close to that for benzoic 
acid in real stratum corneum, which ranges from 9 to 10 x 10-2 
cm/hr[49, 50]. For comparison the permeability coefficient for 
both molecules across the polycarbonate substrate alone (control 

- solvent treated but without lipids) was in the range 0.20.3 
cm/hr, which as expected is significantly higher than the kp values 
for caffeine and benzoic acid.  
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Fig. 4: Permeation profile of caffeine through the simplified 
model lipid membrane. Error bars refer to standard deviations 

(n=6). 

 

Fig. 5: Permeation profile of benzoic acid through the simplified 
model lipid membrane and the uncoated polycarbonate 
substrate. Error bars refer to standard deviations (n=6). 

The Raman spectra of the three individual lipid components and the 
air sprayed mixture are shown in Fig. 6. The objective here was to 
ascertain whether the entire layer was a homogeneous phase (as 
expected from the Laurdan fluorescence spectroscopy results) or 
consisted of demixed domains of individual lipids. The constraint here 
was the resolution of the Raman beam cross-section which was 5 μm, 
the significance being that domain sizes lower than 5 μm cannot be 
resolved. For the individual lipids, the region from 400 to 1800 cm-1 
exhibits the characteristic fingerprints. The Raman spectrum of the 
ceramide [NS] (Fig. 6a) shows several sharp bands from 400 to 1800 
cm-1 including the characteristic ceramide back-bone peak at 1635 cm-

1 and 888, 1060, 1127, 1294 and 1436 cm-1 corresponding to the acyl 
chains. Owing to the presence of similar vibrational groups, the Raman 
spectrum of palmitic acid (Fig. 6b) qualitatively coincides with the 
ceramide [NS] spectrum, showing bands at 890, 1061, 1126, 1294 and 
1436 cm-1. The Raman spectrum of cholesterol (Fig. 6c) shows several 
sharp bands with most intensive ones at 427, 544, 604, 698, 1117, 
1437 and 1671 cm-1. The observed Raman scattering values for 
cholesterol and palmitic acid are in good agreement with literature [51, 
52]. To the best of our knowledge this is the first experimental data forthe 
ceramide [NS] using Raman scattering. The observed ceramide [NS] band 
values are similar to CER3 and CER6 [52]. For the deposited equimolar 
mixture of Cer[NS]:PA:Chol (Fig. 6d), the Raman scans did not reveal 
regions or domains of pure individual lipids but rather yielded spectra 
composed of all the main bands that correspond to the three 
components of the lipid mixture namely, 698, 1061, 1177, 1294, 1436, 
1635 and 2881 cm-1. The wavelength region 2700 to 3200 cm-1 
originates from the stretching vibrations of CH, NH and OH groups 
which strongly overlap and is therefore less informative [51].We also 
employed Raman to determine the composition of the solid 
particulate matter on the surface of the membrane, which was 
determined to the same as the underlying membrane and not pure 
crystallized lipid components. 

In summary we have developed a simplified but robust, model 
membrane for skin lipids using an equimolar mixture of ceramide 
[NS], palmitic acid and cholesterol on a solid surface. The lipid mixture 
gives a continuous coverage on a porous substrate, enabling 
permeability studies to be conducted. The structure appears to be in 
gel-phase and is rather robust even at high temperatures. In vitro 
permeability experiments using caffeine and benzoic acid as model 
permeants reveal that the barrier properties of this simple model 
membrane are of the same order as that of real stratum corneum. The 

simplified model is expected to be invaluable for studying the 
mechanisms of penetration enhancers and linking the results with 
molecular-resolution simulations. 

 

Fig. 6: Raman spectra from 100 to 3200 cm-1 of (a) pure ceramide 
[NS], (b) palmitic acid, (c) cholesterol and (d) equimolar mixture 

of Cer [NS], PA, Chol sprayed on a poly carbonate membrane 
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