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Abstract: The stratum corneum (SC), the most superficial layer of the skin, is directly responsible
for the skin’s barrier function. The intercellular lipids in the SC play an important role in the
regulation of the skin’s water-holding capacity. The modification of the intercellular lipid organization
and composition may impair these properties. The aim of the present study is to describe a new
in vitro approach of the repairing capacity evaluation of lipid formulations on skin with the use of
absorption and desorption curves. The formulations were applied on lipid-extracted SC, and the
possible SC reparation was assessed with the use of a thermogravimetric balance (DVS). Moisture
absorption/desorption experiments proved to be adequate for the evaluation of the repairing
capacity of formulations applied on damaged skin. Besides, freeze-substitution transmission electron
microscopy (FSTEM) images showed some lipid bilayers, indicating a lipid bilayer reconstitution due
to the applied formulations.
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1. Introduction

The skin barrier function is located in the stratum corneum (SC), where the majority of the limited
transport of substances occurs between the corneocytes in the lipid bilayers [1,2]. The lipid bilayers
are composed of ceramides, cholesterol and free fatty acids. In particular, the ceramide profile relates
to the barrier function of the skin [3]. They consist of sphingoid bases, which are amide-linked to
α-hydroxylated,ω-hydroxylated or non-hydroxylated fatty acids. Separation on high-performance
thin-layer chromatography (HPTLC) plates showed seven ceramide classes [4]. However, in contrast
with cellular membranes, ceramides located in the intercellular spaces are not able to form bilayers
configurations by themselves [5].

Although the intercellular epidermal lipids only account for approximately 15% of the SC
weight (with the remainder being 15% water and 70% proteins), they are essential components of a
suitable barrier function and prevent (in combination with the so-called hydrolipidic layer) excessive
transepidermal water loss [6–9]. In terms of total lipid mass, the human SC is approximately 50%
ceramides, 25% cholesterol, and 15% free fatty acids. The modification of the SC lipid organization
or composition has been shown to impair the skin properties. In particular, a reduction of free fatty
acids (FFA chain length results in phase separation and an increased SC permeability [10]. In other
studies ceramides (CER) acyl chain length were also related to SC permeability [11,12]. When SC lipids
are modified the skin loses water and becomes dry, cracked and fissured, and allows the entrance of
allergens, toxins and microorganisms that can inflame and irritate the skin [13]. Numerous findings
have shown that there is a marked depletion of SC lipids in patients with some skin diseases such as
psoriasis, atopic dermatitis (AD), ichthyosis and xerosis [14–16]. This diminished skin barrier function
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on the skin diseases mentioned has been related to an overall decrease in total SC lipids [17–19]
and, in particular, to a decrease in ceramides [20–22]. Skin barrier disruption caused by a topical
treatment with organic solvents, surfactants or the removing of successive layers of corneocytes by
tape stripping, is attributed to a selective/integral depletion or an alteration of the intercellular lipids
organization [23,24]. Recent studies have suggested that supplementing intercellular lipids of SC with
formulations containing lipids that resemble the natural components of the skin can stimulate skin
function [23,25–27]. Furthermore, most skin disorders with a diminished barrier function present a
decrease in total ceramide content with some differences in the ceramide pattern [3].

In contrast to traditional emollients that form an external occlusive barrier due to the presence
of petrolatum or other mineral oils, physiological lipid-based topical emulsions are supposed to
permeate the SC and stimulate the endogenous lipid synthesis, particularly ceramides, leading to,
over a long period treatment, an increase in the total amount of epidermal mortar. Because of this
peculiar mechanism of action, these cosmetic emollients are usually called barrier repair topical
emulsions [27,28]. The helpfulness of cosmetic emollients in the management of pathological skin is
commonly evaluated in vivo using non-invasive biophysical techniques (transepidermal water loss
(TEWL) and skin hydration), before and after the treatment [25,26]. These in vivo tests allow for the
quantification of the final clinical effects of emollients, but they are not able to discriminate how the
product interacts with the skin, with respect to its peculiar formulative features.

Several studies have been carried out to determine the role of the lipids in the water permeability
of keratinized tissues such as SC and hair. It is well known that changes in SC lipid composition
may be one of the underlying factors responsible for a reduced skin barrier function. Previous
studies demonstrated that changes in SC lipid composition result in differences in SC permeability. In
particular, structural lipid changes, lipid chains’ length and/or unsaturations, play a crucial role in SC
barrier function permeability [29–31]. Studies using a synthetic model lipid membrane to evaluate the
SC lipid permeability have been recently carried out [31]. Furthermore, techniques such as differential
scanning calorimetry (DSC) and flux of tritiated water vapor have been used to study the SC water
permeability [32]. Besides, techniques such as a thermal desorption autosampler coupled to a mass
spectrometer have also been used to measure the in vitro water retention of human SC as a function of
a treatment applied [33].

The determination of the water sorption isotherm by isothermally applying discrete, cumulative
humidity changes involves dynamic and static aspects from which the diffusion coefficients and
the equilibrium water contents are deduced [34]. Time/absorption isotherms provide a complete
description of the absorption phenomenon under particular conditions such as the initial regain of the
sample, temperature and relative humidity [35]. The moisture sorption isotherm of keratins has been
the subject of several studies and models have been specially developed for describing the shape of
the moisture sorption and desorption.

The aim of this study is to describe a new in vitro approach to evaluate the repairing effect
capacity of three lipid mixtures, including ceramides, on the SC barrier function: CEM, the lipid
mixture solubilized in the oily phase of oil in water emulsion; MIC, the lipid mixture dispersed as
solid microparticles in a gel formulation; and IWL, the lipid mixture as liposome solution. For that
purpose, the formulations were applied on lipid-extracted SC and the possible SC reparation was
assessed with the use of a thermogravimetric balance (DVS) and freeze-substitution transmission
electron microscopy (FSTEM) images.

2. Methodology

2.1. Chemicals

Cholesterol sulfate was provided by Sigma (St. Louis, MO, USA). Chloroform, methanol and
99.0% sodium chloride (NaCl) were supplied by Merck (Darmstadt, Germany). Phosphate-buffered
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saline (PBS) and trypsin (from porcine pancreas) were obtained from Sigma-Aldrich. Purified water
was obtained by an ultra-pure water system (Milli-Q plus 185, Millipore, Bedford, MA, USA).

The chemicals for preparing microscopy samples were ruthenium tetroxide (RuO4), lowicryl
HM20, glutaraldehyde, sodium cacodylate buffer (Electron Microscopy Sciences, Hatfield, PA,
USA), methanol, potassium ferrocyanide (K4Fe(CN)6) (Merck), and osmium tetroxide (OsO4)
(Pelco International, Redding, CA, USA).

2.2. Lipid Formulations

Liposomes were prepared with 0.5% internal wool lipids (IWL), which mainly consist of mixture
of cholesterol-esters (4%), free fatty acids (27%), cholesterol (19%), glycosylceramides (12%), cholesterol
sulfate (10%) and ceramides (29%) obtained by extraction at the pilot level [36]. IWL liposomes were
prepared by dissolving the IWL in chloroform/methanol 2:1 (v/v) and evaporating to dryness under
a stream of dry nitrogen to form a thin film on the flask. The film was hydrated with 0.9% NaCl
solution to give a final suspension that contained 0.5% liposomes. Multilamellar vesicle liposomes
were formed by the sonication of the suspension in a sonicator, Labsonic 1510 (Braun, Melsungen,
Germany), at 100 W for about 15 min, maintaining the temperature at 65 ˝C.

The ceramide emulsion (CEM) was supplied by Unifarco (Santa Giustina, Italy). It is a cream based
on a non-ionic emulsifier that possesses high affinity and compatibility with skin. It is a commercial
oil in a water emulsion containing hydrocarbons and triglycerides as oily phase (4% short chain
triglycerides and 5% aliphatic hydrocarbons) and a physiological lipid mixture (ceramide 3, cholesterol,
fatty acids) directly solubilised in the oily phase as barrier repair ingredients.

Microceramides (MIC), solid lipid microparticles, obtained from an ethanolic solution of
ceramide 3, cholesterol, fatty acid (1:1.1) by spray drying technique [37], dispersed at 0.5% in a
gel formulation.

While the IWL liposomes and the microceramides have around 0.15% ceramides, the ceramide
emulsion has a higher amount of ceramides, about 0.40%. These differences will have to be taken into
consideration with the results obtained.

2.3. Isolation of SC

The management of the Landrace Large White pigs used in this study conforms to the Guide
for the Care and Use of Laboratory Animals published by the United States National Institutes of
Health [38].

Sections of fresh skin from young pigs, weighing 20–30 kg, were placed in water at 70 ˝C
for 3–4 min; the epidermis was scrapped off in sheets. To isolate the SC, the epidermal sheets were
incubated for 2 h at 37 ˝C with the epidermal side in contact with a solution of 0.5% trypsin in PBS
at pH 7.4. Trypsin is used to remove adherent cells from epidermis. After the 2 h, the trypsin was
removed by several washes of the SC with Milli-Q water [39].

2.4. Lipid Extraction of SC

SC Lipid extraction was done with an organic solvent system, chloroform/methanol (2:1), over
2 h and immediately washed with water for 15 min with constant agitation (lipid extracted stratum
corneum, LE SC) [40].

2.5. SC Treatments

The lipid-extracted SC (LE SC) was treated with the lipid formulations. Thus, 100 mg of the LE
SC tissue was immersed in 100 mg of the each lipid formulation at 25 ˝C for 48 h, and then removed
from the ceramide containing samples and immediately washed with water for 15 min with constant
agitation. The lipid-extracted SC samples treated with the different lipid formulation (LE SC CEM,
LE SC IWL and LE SC MIC) were then stored at dryness. The control samples (untreated stratum
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corneum, non-treated (NT) SC and lipid extracted, LE SC) were incubated in water alone for 15 min
and also stored at dryness.

2.6. Sorption Experiments

Absorption and desorption curves were obtained in a thermogravimetric balance equipped with
a controlled humidity chamber, the Q5000SA Sorption Analyzer (TA Instruments, New Castle, DE,
USA). The weight of the SC samples analyzed ranged between 3 and 5 mg. Before measuring the
sorption properties, the SC samples were kept under humidity controlled conditions (22 ˝C and 65%
relative humidity (RH)) for 48 h. All experiments were conducted at 25 ˝C with a total gas flow of
200 mL/min and followed the same measuring procedure:

1. Pre stabilization: temperature 25 ˝C, 0% relative humidity (RH) overnight. The sample remains
in this step until its mass reaches equilibrium (arbitrarily defined by a change in mass of less than
0.02% per minute for 20 min).

2. Absorption curve: initial absorption kinetics at 5% RH, then the sample previously stabilized at
5% RH is subjected to absorption tests, progressively increasing in steps from 30% up to 95%,
and the sample being stabilized at 95% RH after the last step. The sample remains in each step
until its mass reaches equilibrium (arbitrarily defined by a change in mass of less than 0.02% per
minute for 20 min).

3. Desorption curve: the sample that was stabilized at 95% RH after the absorption process kinetics
is subjected to desorption tests progressively decreasing in steps from 30% down to 5%, with
the sample stabilized at 5% RH after the last step. The sample remains in each stage until its
mass reaches equilibrium (arbitrarily defined by a change in mass of less than 0.02% per minute
for 20 min).

The high reproducibility of these measurements was established in the validation study of this
instrument in which three replicates of a single sample gave essential coincident sorption isotherms.
For this reason, and given the long time needed for a measurement (three days), only one measurement
was performed for each sample.

In this work, sorption isotherm data were modelled according to the Guggenheim-Anderson-de
Boer (GAB) model in line with other authors [35,41,42]. Table 1 shows the sorption isotherm and the
parameters used to fit the experimental sorption/desorption data [43]. The goodness of the fit was
evaluated by the determination coefficient (R2).

Table 1. Guggenheim-Anderson-de Boer (GAB) model and parameters used to fit the experimental
sorption data.

Model Mathematical Equation

GAB [43] W = Wm ¨ Cg ¨ K ¨ aw/[(1 ´ Kaw + Cg ¨ K ¨ aw)]

Parameter Definition

aw
Water activity expressed as the relative vapor pressure, p/p0, where p0 is the
saturated vapor pressure.

W Equilibrium moisture content at aw in g sorbed/100 g of sorbent on a dry basis.

Wm Monolayer moisture content in g sorbed/100 g of sorbent on a dry basis (d.b.)

Cg

Energy constant related to the difference between the free enthalpies of the water
molecules in the pure liquid state and in the monolayer. This constant is
proportional to the rate between both the attachment and the escape rate
constants of the primary sites.

K
Ratio between of the standard vapor pressure of the liquid and the vapor pressure
of the sorbate in the secondary (upper) layers. This ratio is proportional to the
rate between the attachment and the escape rate constant for all higher layers.

Moisture sorption/desorption tests on hygroscopic samples take a very long time to reach
equilibrium, although the most important interchange of water occurs in the initial steps. Therefore,
some conditions are fixed to shorten the testing time. Although at this point the regain at the



Cosmetics 2016, 3, 15 5 of 14

equilibrium was not reached, the regain at the equilibrium R8 could be calculated by fitting the
appropriate model. Therefore, the absorption/desorption curves of each step were fitted to the
following kinetic model [29]:

Rptq “
B tC

AC ` tC (1)

R(t) is the regain of the sample at time t, B the regain at the equilibrium (R8), A coincides with the
time of half absorption (t1/2) and c is a power coefficient of each step.

The application of the non-linear regression procedures obtained the best estimates of the model
parameters yielding B, A and c, which enabled us to calculate the asymptotic regain at equilibrium R8
and the half absorption time t1/2 and rate v1/2. The non-linear regression required unbiased initial
estimators of the model parameters that were provided by the linear regression between t/R(t) and t
through the straight line t/R(t) = α + βt, where α/β and 1/β were, respectively, the initial estimators of
A and B [35].

The diffusion coefficient was obtained using the method applied by Vickerstaff [44] to study the
diffusion of dyes within the fibers. It appears that the diffusion is well fitted by an expression derived
from Fick’s equation applied to moisture diffusion. This expression yielded satisfactory results in the
early stages of moisture absorption as in the case of those obtained in dye diffusion. If the fractional
absorbed moisture is plotted against the square root of the absorption time, the points should lie on a
straight line:

Rptq{R8 “
a

DA
?

t (2)

The slope is considered to be the square root of the apparent diffusion coefficient DA of the
moisture. If the apparent diffusion coefficient is measured over sample mass instead of over sample
surface, it is measured in min´1.

2.7. Freeze-Substitution Transmission Electron Microscopy Experiments (FSTEM)

The SC samples were fixed in 5% glutaraldehyde in a 0.1 M sodium cacodylate buffer, pH 7.3,
and postfixed in 0.25% RuO4 in 0.1 M sodium cacodylate, pH 6.8, with 0.25% potassium ferrocyanide
(K4Fe(CN)6). After 1 h the RuO4 solution was replaced by fresh RuO4 in order to establish an
optimal fixation. After rising in buffer, the SC samples were cryofixed, by rapid freezing on a
liquid nitrogen-cooled metal mirror (Cryo-vacublock, Leica, Wetzlar, Germany) at ´196 ˝C prior
to freeze-substitution.

The freeze-substitution procedure was carried out in an AFS (Automatic Freeze Substitution)
system (Leica). The tissue samples were cryosubstituted at ´90 ˝C for 48 h using 100% methanol,
containing 1.0% (w/v) osmium tetroxide (OsO4), 0.5% (w/v) uranyl acetate and 3.0% (w/v)
glutaraldehyde. After the 48 h substitution period, the temperature was raised to ´50 ˝C, the samples
were washed three times in 100% methanol, and subsequently the methanol solution was gradually
replaced by the embedding medium, Lowicryl HM20 (100%). This resin was replaced after 24 and
48 h with a freshly made bedding medium. Finally, the samples were transferred to a mold containing
Lowicryl, and were incubated for 8 h at ´50 ˝C under UVA radiation to allow for polymerization.
Ultrathin sections were cut (Ultracut UCT, Leica) and examined in a Hitachi 600 transmission electron
microscope [45,46].

3. Results

The SC was isolated from fresh pigs’ backs and was treated with organic solvents in order to
extract the SC lipids according to the procedure described in the previous section (LE SC). In an earlier
study, the effect of the lipid extraction from the SC sample was demonstrated [42]. When the lipids
were extracted, there was a clear decrease in the SC water content. This decreased capacity to absorb
water was observed for the LE SC at all the humidity steps evaluated. Furthermore, when the SC
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was damaged by the treatment with the organic solvents there was a significant increase in the SC’s
permeability, as demonstrated by a substantial increase in the values of the diffusions coefficients [40].

To study the possible repairing effect of the tested formulations with the use of the DVS
methodology, the ceramide samples were applied on the lipid extracted SC (LE SC). Water sorption
and desorption isotherms for all the SC samples were evaluated by the software provided by the TA
instrument. The moistures contents were plotted against the relative humidity to create the isotherms
and are shown in Figures 1 and 2. The most remarkable difference between the non-treated sample
(NT SC) and the lipid extracted sample (LE SC) is the clear reduction of its water content (Figure 1 and
Table 2). When the lipids are extracted from the SC the resultant tissue has a lower capacity to absorb
water. These results demonstrate the important role of the SC lipids on maintaining an adequate skin
water balance. It is well known that depleting the SC lipids disrupts the skin’s barrier function by
altering the intercellular lipids bilayers, which reduces the water retention characteristics of the SC.
However, when the lipids samples were applied on the delipidized SC the obtained results showed
that the decrease in water content due to the SC delipidization was not re-established due to the
ceramide formulation applications.
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Figure 1. Water sorption isotherms for non-treated SC (NT SC) and lipid-extracted SC (LE SC).
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Figure 2. Water sorption isotherms for lipid-extracted stratum corneum (SC) treated with the
ceramide containing samples (internal wool lipids, LE SC IWL; ceramide emulsion, LE SC CEM;
and microceramides, LE SC MIC).
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Table 2. Maximum moisture regain, GAB monolayer capacity (Wm), GAB energy constants (Cg

and K), GAB determination coefficient (R2), total time to reach equilibrium (tT), apparent diffusion
coefficient (DA) and apparent diffusion coefficient on the desorption (DAd) for non-treated SC (NT SC),
lipid-extracted SC (LE SC) and lipid-extracted SC treated with the ceramide containing samples (LE SC
CEM, LE SC IWL and LE SC MIC).

SC Samples Regain at 95%RH (%) Wm Cg K R2 tT (min) DA (min´1) DAd (min´1)

NT SC 37.88 0.048 3.581 0.902 0.999 3780.42 0.0214 ˘ 0.015 0.0208 ˘ 0.017
LE SC 29.12 0.073 3.937 0.741 0.999 2260.75 0.0396 ˘ 0.024 0.0453 ˘ 0.032

LE SC IWL 28.83 0.060 4.639 0.809 0.999 3480.82 0.0257 ˘ 0.017 0.0274 ˘ 0.012
LE SC CEM 29.16 0.062 3.972 0.801 0.999 3500.79 0.0250 ˘ 0.014 0.0277 ˘ 0.013
LE SC MIC 29.10 0.055 5.009 0.829 0.999 3160.78 0.0361 ˘ 0.021 0.0348 ˘ 0.014

Sorption isotherms are generally described by mathematical models based on empirical and/or
theoretical criteria that can be found in the literature. One of the most commonly used equations is
the Guggenheim-Anderson-de Boer (GAB) model. This model has a theoretical background, and its
parameters have physical meaning in the sorption process, in contrast to the parameters of empirical
models. The GAB model is based on the monolayer moisture concept and gives the value of the
monolayer moisture content of the material [47]. The GAB model has proven to be applicable to
hydrophilic polymers [48,49] and food systems [50] and has considerable theoretical justification [51].
The regression of the experimental sorption data using the GAB model yields the values of Wm, the
monolayer capacity, and Cg and K, the energy constants [39] (Table 2).

A good fit of the uptake and desorption data to the GAB model was achieved for all samples
(R2 > 0.997). When the lipids were extracted from the SC an increase in the monolayer capacity (Wm)
was observed, which indicated that water molecules could penetrate more easily through the primary
layers of the damaged tissue. In addition, the LE SC showed an increase in the Cg and a decrease of
K, both energy constants. These results indicated a possible increase in the binding energy of water
to the active groups of the primary layers of the tissue, which most likely became more polar and,
furthermore, that water could be more easily released from the damaged SC as evidenced by a decrease
of the energy constant for higher layers.

Moreover, when the ceramide formulations were applied on the LE SC, the resultant tissues
showed a decrease in the monolayer capacity value. This decrease in Wm can be attributed to the
presence of the applied lipids on the primary layers of the SC, which gives rise to a reduction of its
polar behavior with a reduction of the monolayer capacity. Furthermore, the ceramide formulations
application led to tissues with higher values of both energy constants, Cg and K. The increase in the
energy constants demonstrates that the LE CS-treated samples have improved their ability to bind
the water molecules in both primary and higher tissues layers due to the ceramide formulations
application. However, these results are not significant due to the fact that in this study the GAB model
was fit to data from only four RH steps.

The moisture diffusion kinetics through the SC tissues were also evaluated and the apparent
diffusion coefficients (DA), the time of half absorption/desorption (t1/2) and the total time (tT) have
been calculated as detailed in the experimental section for each humidity step. The mean values are
summarized in Table 2. The diffusion coefficients, which are related to the water permeability, are
useful to determine the integrity of keratinized tissue [52]. In general, when the integrity of a certain
sample has deteriorated, an increase in the water permeability is observed, with an increase in the
diffusion coefficients. Moreover, it was also observed that there is a decrease in the time needed for the
sample to reach equilibrium. The lipid extraction from the SC showed a clear increase in the diffusion
coefficient of the resultant sample (Table 2), indicating an increase in the water permeability through
the LE SC tissue. Furthermore, there was also a clear decrease in the times needed to reach equilibrium
for the LE SC, which is maintained in each humidity step, thus demonstrating the deterioration of
the resulting SC sample (Table 2). During desorption, the sample is initially saturated (95% RH)
and the evaluation of the water release can be more realistic and more directly associated with the
sample structure. For this reason, the apparent diffusion coefficient during only the desorption process
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(DAd) has been also calculated (Table 2). Results showed that the effect of the lipid extraction is
more pronounced with a bigger increase in the DAd for the extracted SC sample. These results are
in accordance with a previous study were an in vivo method that uses skin occlusion was correlated
with some functional parameter of the skin. In particular, the desorption of the occluded skin water
loss, measured by means of transepidermal water loss, was related with the state of the skin barrier
function [53].

The evaluation of the times needed to reach equilibrium demonstrates that when the ceramide
formulations were applied on the damaged SC, the resultant tissues needed more time to reach
equilibrium; this was observed for all the lipid formulations applied (Table 2). Furthermore, this
increase in the times to reach equilibrium was kept in the majority of the humidity steps evaluated,
being more clear for the IWL liposomes and the ceramides emulsion application (Figure 3). In addition,
the results showed a clear decrease in the mean value of the apparent diffusion coefficient when the
ceramide emulsion and the IWL liposomes were applied on LE SC (Table 2). The evaluation of the
diffusion coefficients in the different humidity steps showed that all three lipid samples induced a
recuperation of the diffusions coefficients values in most of the humidity steps evaluated, which were
previously increased due to the lipid extraction (Figure 4). These results were also clearer for the
ceramide emulsion and the IWL liposomes. Again, the results considering only the desorption process
are more clear (Table 2). The high increase in the diffusion coefficient due to lipid extraction is clearly
decreased when applying the ceramides formulations.
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Figure 3. Time of half absorption/desorption for lipid-extracted SC (LE SC) and lipid-extracted SC
treated with the ceramide containing samples (LE SC CEM, LE SC IWL and LE SC MIC).
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To reinforce the described results, FSTEM micrographs of all the SC samples were obtained
following the methodology described in the experimental section. As found previously by other
authors [54], the FSTEM methodology enabled a good visualization of the untreated and treated SC. A
good visualization of the lipid bilayers on the non-treated SC sample (Figure 5a) was found. Moreover,
when the SC was submitted to a solvent lipid extraction procedure, the resultant tissue showed
complete absence of lipid bilayers (Figure 5b). As stated by other authors [55] chloroform-methanol
mixtures were able to remove mainly the lipid without a significant loss of cohesion in the SC
tissue. The effect of lipid on SC has been studied by a number of authors [56–58]. In these works,
different structural SC changes that disturb the intercellular lipids organization have been reported,
i.e., formation of water pools and vesicles, deposition of individual molecules, etc.
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Furthermore, it was also established that the liposomes formed with lipids from the SC-induced
modifications when applied to delipidized SC, and these modifications could be associated with a
restoration of the damaged intercellular lipid structure [59]. In our study, FSTEM images showed
that when the lipid formulations were applied on the delipidized SC sample (LE SC), some lipid
bilayers appeared. These results could indicate a possible mechanism of re-assembly of the applied
lipid molecules with the lipids remaining in the SC. This re-assembly could be associated with the
possible restoration of the damaged SC lipid structures by the action of the treatments with the lipids
formulations. More amounts of reconstituted bilayers were found when the LE SC was treated with
the ceramide emulsion and the liposome formulation (Figure 6a,b). These results are in concordance
with the DVS results where a higher improvement on the water permeability due to the ceramide
emulsion and the liposome formulation was demonstrated.
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Although the applied lipid formulations could give rise to an increase in the hydrophobicity of the
SC sample, the obtained results could be associated with a restoration of the damaged intercellular lipid
structure. Ceramide emulsion, with the higher amount of ceramide, supported the beneficial effects of
the application of ceramides on damaged skin. Besides, the IWL liposome showed the importance of a
suitable strategy of an accurate vehiculization for incorporating additional lipid content to reinforce
the barrier function.

4. Discussion

It is well known that keratinized tissues, such as SC, have a common property based on their
capacity to bind water. They also have a particular lipid composition with free fatty acids, cholesterol,
cholesterol sulfate and ceramides. These lipids at room temperature (RT) are ordered as bilayers in a
solid crystalline state and are fundamental, among other properties, in preventing water loss. In our
work, SC tissues were first damaged with a known solvent system (chloroform/methanol (2:1, v:v)).
This solvent system induced several changes on the SC structure, not only due to an exhaustive
intercellular lipid extraction but also due to changes on the SC corneocytes. In particular, the lipid
extraction led to an increase in the diffusion coefficients, demonstrating that the lipids obstructed the
entrance of water molecules. The repairing capacity of lipid formulations applied on the damaged
SC sample was investigated with the use of the DVS methodology. No improvement on the total
water content was found, suggesting that water content diminution can be related with changes
in the corneocytes water level. Modifications to the GAB energy constants seemed to indicate the
presence of the lipids on the treated SC samples. However, as the GAB model was fit to data from
only four RH steps, these results are not significant. When the delipidized SC was treated with the
lipid formulations, the equilibration time on the DVS experiments was increased. Hence, a clear
reduction of the diffusions coefficient for the lipid-treated SC samples was found, suggesting an
improvement of the SC water permeability. Even though it could be related to a superficial increase
in hidrophobicity due to the lipid treatments, the results suggested that probably the lipids from the
different tested formulations were able to pass through the intercellular spaces of the delipidized SC
and there form a lamellar organization similar to that present in the native SC. This supposition would
be in concordance with previous studies where the presence of new structures was demonstrated as
the result of the interaction of exogenous lipids with the lipids of the corneocyte envelope remaining
in the intercellular spaces after SC delipidization [59]. However, different results have been found
when comparing the three lipid mixtures. Diffusion was much reduced when LE SC was applied with
the ceramide emulsion (CEM), followed by IWL liposomes and microceramides (MIC). This can be
supported by the different emollient effect of each lipid formulation. Besides, the bioavailability of the
lipid mixture (ceramide:cholesterol:FFA) could be higher in those formulations where the ingredients
are in a soluble or liposomial form, more than dispersed as solid powder.

Irritant and sensitizing substances are known to more easily penetrate damage skin [60]. Several
studies have demonstrated the importance of supplementing damaged skin, with lipids mixtures
made up of the three main lipids classes present on the stratum corneum, to stimulate the functioning
of the skin permeability barrier [61]. Physiologic lipids such as ceramide, cholesterol and fatty acids
have shown to differ in their mechanism of action from non-physiologic lipids [62]. The composition
of the applied lipids is crucial to the rate of barrier recovery. The application of an equimolar mixture
of ceramide, fatty acid and cholesterol is reported to allow normal barrier recovery in mice [63,64].
Moreover, the depletion of physiologic lipids, especially ceramides, is a fundamental biochemical
marker that accounts for increased TEWL, decreased hydration and the signs of xerotic dry skin and
atopic dermatitis [24].

Our results supported all these data and demonstrated that all formulation tested were adequate
for application to damaged skin in in vitro studies although some peculiar skin behavior for the
three lipid formulations have been pointed out. As expected, ceramide composition, concentration
and structure in the formulation produce different extents of repairing effects, in accordance with
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the bio-availability of the lipid mixture and the presence of other moisturizing ingredients in the
product [65]. However, this effect was more evidenced when the applied lipids were formulated in an
emulsion and as liposomes. The ceramide emulsion is a cream based on a non-ionic emulsifier that
possesses high affinity and compatibility with skin [65] and, furthermore, contains the higher amount
of ceramides when compared with the other formulations of this study. Moreover, the IWL liposomes,
which contained less ceramides than the ceramide emulsion, also showed good skin reparation capacity
that can be clearly attributed to the bilayer lipid structure of the formulation [25]. The ability of these
two formulations to repair the damaged skin was confirmed by the in vivo study [65]. This work
supports the use of an in vitro methodology based on the water sorption determination to evaluate
skin diffusion of damaged skin and repairing formulations.

5. Conclusions

Moisture absorption/desorption experiments proved to be adequate for the evaluation of the
repairing capacity of formulations applied on damaged skin. The three ceramide treatments evaluated
act very similarly without any modification of the water absorption.

The evaluation of the times needed to reach equilibrium demonstrated that when the ceramide
formulations were applied on the damaged SC, the resultant tissues needed more time to reach
equilibrium. In addition, it was found that there was a clear decrease in the mean value of the apparent
diffusion coefficient when the ceramide emulsion and the IWL liposomes were applied on damaged SC.

The FSTEM methodology enabled a good visualization of the lipid bilayers of the non-treated
stratum corneum sample and showed an absence of lipid bilayers on the lipid-depleted SC. It
can be established that the lipids formulations induced modifications in the delipidized SC. These
modifications could be associated with a partial restoration of the damaged intercellular lipid structure.

The repairing capacity of three lipid formulations, containing ceramides, was followed by in vitro
experiments with the use of a thermogravimetric balance. Our results support the use of an in vitro
methodology based on the water sorption determination to evaluate skin diffusion of damaged skin
and repairing formulations.
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