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Abstract: The intercellular lipids in the stratum corneum form structures composed of ordered
phases with orthorhombic and hexagonal hydrocarbon-chain packing structures and, in addition,
a structure composed of a disordered fluid phase. Although the fluid phase plays an important role
in percutaneous penetration, little attention has been paid to it in the literature thus far. Recently,
a method to estimate the proportion of the fluid phase within the lipids of the stratum corneum
was proposed and it was shown to reach about 80%. However, since that study assumed uniform
extraction of the intercellular lipids from the stratum corneum, the analysis might give rise to
an overestimation of the proportion of the lipids in the fluid phase. We developed a way to investigate
the proportion of the lipids in the fluid phase by treating with ethanol, into which the lipids in the
fluid phase might be dominantly dissolved. From the experiment we pointed out the possibility that
the proportion of the lipids in the fluid phase reached more than 50% of the whole intercellular lipids.
Therefore, the fluid-phase region in the intercellular lipid matrix should be taken into account when
considering the percutaneous penetration mechanism.

Keywords: ethanol; X-ray diffraction; 500 Da; fluid; hexagonal; hydrocarbon chain; intercellular lipid;
orthorhombic; stratum corneum

1. Introduction

The outermost layer of the skin, the stratum corneum (SC), provides the essential barrier between
the atmosphere and a body. The SC is composed of corneocytes and intercellular lipids, where the
corneocytes are embedded in an intercellular lipid matrix. In the intercellular lipid matrix, it has been
reported that there are long and short lamellar structures, while in the orthogonal plane to the lamella
repeat direction there are structures formed by hydrocarbon-chain packing. Here we focus our attention on
the hydrocarbon-chain packing structures. From the wide-angle X-ray diffraction, two sharp strong peaks
located at 0.42 and 0.37 nm have been observed [1–3]. The diffraction peak at 0.37 nm indicates the presence
of a structure with an orthorhombic hydrocarbon-chain packing, while the diffraction peak at 0.42 nm
is due to an orthorhombic and also a hexagonal hydrocarbon-chain packing structure, where a peak
is superimposed on another peak. From a high-resolution X-ray diffraction measurement [4,5] it has
been found that the peak at 0.42 nm is certainly composed of two components with slightly different
spacing. From the electron diffraction study [6–8], the Bragg diffraction spots for the orthorhombic and
the hexagonal hydrocarbon-chain packing structures have been observed to be distinct, since the electron
beam size is sufficiently small and therefore we are able to distinguish between the regions constituted by
the orthorhombic and the hexagonal hydrocarbon-chain packing structures. Then, it has been confirmed
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that the lattice spacing at 0.42 nm is common to both structures. In the X-ray and the electron diffraction
measurements, in addition to the 0.42 nm and the 0.37 nm peaks, behind these sharp peaks a broad band
occurs at about 0.46 nm. So far it has been pointed out that the broad band at about 0.46 nm might be due
both to hydrocarbon-chain packing in the fluid phase and soft keratin located in the corneocytes [1–3,7].
This is a crucial point to distinguish the contribution of the two components for the broad peak at about
0.46 nm. Recently Doucet et al. [5] have revealed the existence of the fluid phase from the wide-angle
X-ray diffraction measurement; by comparing the diffraction profiles between the untreated and the
treated SC by chloroform/methanol mixture they have the estimated proportion of the fluid phase in
the intercellular lipid matrix; the proportion of the lipids in the ordered phases is only 20% ± 10%.
In the treatment they have assumed that the intercellular lipids in the ordered orthorhombic and the
hexagonal hydrocarbon-chain packing structures and the disordered fluid phase are evenly extracted by
the chloroform/methanol mixture. The present study aims to verify the presence of the fluid phase by
using ethanol as a solvent for the intercellular lipids, where we suppose that the lipids in the fluid phase
are dissolved effectively in ethanol.

The barrier properties might be modified by the structural alternations, disrupting the organized
structures by applying an organic solvent to the intercellular lipids. Many researchers have pointed
out that when organic solvents are applied to the skin, the intercellular lipids in the SC are extracted
according to their reactivity strength. Until now it has been known that the intercellular lipids
are extracted markedly by a chloroform/methanol mixture [9,10], a hexane/methanol mixture [10],
and an acetone/ether mixture [11,12]; slightly by acetone [10,13–17] and hexane [10,14]; and very
slightly by ethanol [14,18,19]. Bommannan et al. [18] have proposed, based upon the results with
in vivo infrared spectroscopy, that ethanol enters the SC and extracts a part of intercellular lipids;
however, ethanol does not cause a collapse of the ordered hydrocarbon-chain packing structures.
In the present experiments we employed ethanol as a weak organic solvent in which the lipids in the
disordered hydrocarbon-chain packing structure dissolved.

In the present study, we measured the minute change in the hydrocarbon-chain packing structures
over time using synchrotron X-ray scattering technique [20], when ethanol was applied to the human
SC. To pursue the minute structural change after applying ethanol to the SC, we focused our attention
on the observation of the structural alterations in a single sample under conditions such as pretreatment,
during treatment, and final state when ethanol was removed from the SC. Based upon the experiment
we were able to estimate the proportion of disordered fluid phase in the intercellular lipids of the SC.

2. Materials and Methods

2.1. Samples

Human SC was supplied by Biopredic International (Saint-Gregoire, France). Thirty-two-year-old
female abdominal skin was used as a SC sample. Hydration of the SC samples was performed as
follows. First, the dried samples were fully hydrated by immersion in water. Second, they were kept
in a closed vessel for a few hours at 4 ◦C. Third, the samples were dehydrated under a stream of dry
nitrogen gas until they reached the water content of about 25 wt % in the SC. Fourth, the sample was
quickly stored in a vial cell until the X-ray diffraction measurement.

As a solvent, we used ethanol (reagent grade, Wako Pure Chemical Industries, Ltd., Osaka, Japan).

2.2. X-ray Diffraction

Recently, we have developed a novel method to measure minute structural change when applying
a solution to a piece of the SC [20]. As pointed out in [20], the method has been developed to overcome
the problem of the individual and the regional differences among the SCs. Because the measurement
can be performed in the same sample before, during, and after applying a solvent to the SC, even if
there is an individual or regional difference the relative change caused by applying a solvent to
the SC is more or less detectable. Then we are able to perform a detailed analysis on the results.
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We set the apparatus to the wide-S range (S = 0.05–4.0 nm−1) X-ray scattering experiment at BL40B2
(Structural Biology II Beamline) of SPring-8 (Hyogo, Japan). The X-ray wavelength, λ, was 0.07 nm
and the sample-to-detector distance was about 530 mm. The scattering vector S = (2/λ) sin(2θ/2)
was calibrated by the lattice spacing (the lamellar repeat distance is 5.838 nm) of a silver behenate
crystal at room temperature [21], where 2θ is the scattering angle. The X-ray scattering profiles were
recorded using an imaging plate system (R-AXIS VII; Rigaku, Tokyo, Japan) with a 30 × 30 cm2

area. The measurements were performed every 210 s. The exposure time of the X-ray beam was 30 s.
At the SPring-8 a top-up operation was carried out and the synchrotron radiation light was maintained
with a constancy of 0.1%. Therefore, we could perform high-resolution observation of the successive
changes of the scattering profiles. The scattering pattern was circular-averaged to obtain a radial
intensity profile. All the experiments were performed at ca. 25 ◦C. The radiation damage was only
small, as pointed out previously [4]. For details about the sample cell of the present measurement,
see [20].

3. Results

3.1. Experimental

In this paper, we focused our attention on the behavior of the hydrocarbon-chain packing
structures. In Figure 1 the X-ray scattering profiles in S = 1.5–3.5 nm−1 for the human SC as a function
of time on applying ethanol to the SC are shown. In this figure the initial profile is drawn by a red
curve, and successively the profiles changed from red to blue curves with time after applying ethanol
to the SC till 11,000 s. Just after 11,000 s, the ethanol solution around the SC was evacuated. After this
procedure, to remove ethanol within the treated SC, the sample was exposed to the open air for 22 h;
the profiles are shown by blue curves. As shown in Figure 1, in the wide-angle range peaks attributed
to the hydrocarbon-chain packing structure were observed at S = 2.4 and 2.7 nm−1. In this figure the
X-ray scattering profiles of water and ethanol are drawn as references in the relative scales. On briefly
examining the behavior of the profiles in Figure 1, it could be seen that just after pouring ethanol
in the sample cell the overall profile shifted upward due to filling ethanol outside the SC sample;
following this process the profile gradually shifted upward by taking up ethanol into the SC sample
until 11,000 s, when the ethanol solution around the sample was evacuated. After that, by removing
the ethanol within the treated SC sample by exposing the sample to the air for a long time, the profile
returned to resemble that of the untreated SC sample. Notwithstanding the treated SC sample being
exposed to the open air for a long time, the profiles lay slightly upward beyond the original profile
before the ethanol treatment. This might be due to the fact that ethanol within the treated SC sample
still remained and a longer exposure time resulted in a lower profile. In the following subsections we
will analyze in detail the peak intensities that appeared at S = 2.4 and 2.7 nm−1.

On considering the X-ray scattering intensity, we have to take into account the general effect
the sample volume had on the experiments, since the volume across which the X-ray beam passed
affects the intensity observed. From this point of view, the swelling of the SC caused by a hydrophilic
solvent such as ethanol might be one factor that should be taken into account. However, as seen in
Figures 2B and 3B, later on the intensities for the hydrocarbon-chain packing structures did not change
significantly before and during exposure to ethanol. This fact indicates that the effective volume
attributed to the X-ray scattering intensity remained almost unchanged throughout the measurements.

We performed the experiments in three samples. These were taken from the SC of 32-year-old
female abdominal skin. Three samples, #E1, #E2, and #E3, were obtained from neighboring locations
in the same donor. The results of Figure 1 are for sample #E1. For sample #E2 the results are shown in
Figure S1 in the Supplementary Materials.
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obtained by removing ethanol from the treated stratum corneum, as mentioned in the text. Profiles of 
ethanol and water are shown for convenience in a relative scale. 
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of a Gaussian function and a straight baseline. 
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intensity for S = 2.4 nm−1 (the spacing: 0.41 nm) are shown while applying ethanol to the SC till 11,000 
s by open circle, respectively, and in Figure 3A,B for S = 2.7 nm−1 (the spacing: 0.37 nm) by open circle, 
respectively. Just after 11,000 s the ethanol solution around the SC was evacuated. Here it should be 
pointed out that the extracted lipids were taken out from the sample cell. After that the data taken by 
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dissolved into ethanol, secondly, by removing ethanol from the treated SC, the extra volume with 
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Furthermore, the above fact suggests that the lipid components of the disordered fluid phase contain 
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Figure 1. Wide-angle X-ray diffraction profiles in human stratum corneum for the sample #E1 when
ethanol was applied to the stratum corneum with a water content of about 25 wt %. The profiles
changed from the red to the blue curve over time. The blue profiles at 6 h and 22 h show those obtained
by removing ethanol from the treated stratum corneum, as mentioned in the text. Profiles of ethanol
and water are shown for convenience in a relative scale.

3.2. Analyses

We carried out the analysis of the peaks shown in Figure 1 for the hydrocarbon-chain packing
structure at S = 2.4 and 2.7 nm−1 (the spacing: 0.41 and 0.37 nm, respectively) for the sample #E1 in
the wide-angle X-ray diffraction range. The profile of each peak was analyzed by fitting them to the
sum of a Gaussian function and a straight baseline.

For sample #E1 in Figure 2A,B the hydrocarbon-chain packing spacing and its integrated intensity
for S = 2.4 nm−1 (the spacing: 0.41 nm) are shown while applying ethanol to the SC till 11,000 s by
open circle, respectively, and in Figure 3A,B for S = 2.7 nm−1 (the spacing: 0.37 nm) by open circle,
respectively. Just after 11,000 s the ethanol solution around the SC was evacuated. Here it should
be pointed out that the extracted lipids were taken out from the sample cell. After that the data
taken by removing ethanol from the treated SC for a period of 22 hours are shown for convenience
on the abscissa of Figure 2A,B for S = 2.4 nm−1 and Figure 3A,B for S = 2.7 nm−1 at 12,000 s by
closed circle. For sample #E2 the hydrocarbon-chain packing spacing and its integrated intensity
for S = 2.4 nm−1 (the spacing: 0.41 nm) are shown in Figure S2A,B in the Supplementary Materials,
respectively, and the hydrocarbon-chain packing spacing and its integrated intensity for S = 2.7 nm−1

(the spacing: 0.37 nm) in Figure S3A,B in the Supplementary Materials, respectively. As seen in
Figures 2A and 3A, the spacing of the hydrocarbon-chain packing structures did not show significant
change throughout the application of ethanol and even after removing ethanol from the treated SC.
On the other hand, as seen in Figures 2B and 3B, after removing ethanol from the treated SC the
integrated intensities increased distinctly, although the integrated intensities were almost unchanged
while applying ethanol to the SC. This behavior indicates that the lipids consisting of the ordered
hexagonal and orthorhombic hydrocarbon-chain packing structures were not dissolved into ethanol
throughout the above period; on the other hand, firstly the lipids in the disordered fluid phase were
preferentially dissolved into ethanol, secondly, by removing ethanol from the treated SC, the extra
volume with the ordered hexagonal and orthorhombic hydrocarbon-chain packing structures emerged
from the mixture of the intercellular lipids and ethanol within the treated SC. In addition, a portion
of the lipids of the fluid phase was partially extracted and therefore the total amount of the lipids
in the fluid phase in the untreated SC was not attributed to the generation of the ordered phases.
Furthermore, the above fact suggests that the lipid components of the disordered fluid phase contain
the same lipids in the ordered phases.
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Figure 3. Analyzed results in the stratum corneum treated with ethanol for sample #E1. (A) Change 
of the spacing of the hydrocarbon-chain packing structure at the lattice constant 0.37 nm; (B) change 
of its integrated intensity.  

3.3. Results of Ethanol Treatments 

First of all, it should be stressed that after treating the SC with ethanol all of the lipids in the 
fluid phase did not result in the generation of the ordered phases and the lipids dissolved in ethanol 
were not crystallized completely. Therefore, the volume of the ordered phases generated by the 
present method offers a minimum of the proportion of the lipids in the fluid phase.  

In Table 1 the results on the integrated intensities are summarized, where the subscripts 
untreated and post-treated indicate before applying ethanol to the SC and after removing ethanol 
from the SC, respectively, and the superscripts 0.41 and 0.37 indicate a lattice spacing of 0.41 nm and 
0.37 nm, respectively, that is, before and after the ethanol treatment the integrated intensities for the 
spacing of 0.41 nm is denoted by I0.41untreated and I0.41post-treated and for the spacing of 0.37 nm by I0.37untreated 
and I0.37post-treated, respectively. The ratios, I0.41post-treated/I0.41untreated and I0.37post-treated/I0.37untreated, are listed for 
sample #E1, obtained from Figures 2B and 3B together with for samples #E2 and #E3. In Table 1, in 
some cases I0.41post-treated/I0.41untreated and I0.37post-treated/I0.37untreated are close to 2.0 and in some cases they are 
close to 1.1. The present SC samples were taken from the neighboring locations in the same donor. 
Nevertheless, the ratios were scattered over a broad range. This might be due to the fact that, as 
mentioned in the beginning of this subsection, all of the dissolved intercellular lipids are not 
necessarily to generate the ordered phases after removing ethanol from the treated SC. For this 
reason we propose that the ratio should be bigger than 2. Therefore, the proportion of the lipids of 
the fluid phase is estimated to be bigger than 50% in the whole intercellular lipids.  

Figure 2. Analyzed results in the stratum corneum treated with ethanol for sample #E1. (A) Change
of the spacing of the hydrocarbon-chain packing structure at the lattice constant 0.41 nm and (B) the
change in its integrated intensity. The data denoted on the time scale at 12,000 s for convenience were
those obtained by removing ethanol from the treated stratum corneum for 6 h and 22 h (hereafter the
similar expression is adopted).
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Figure 3. Analyzed results in the stratum corneum treated with ethanol for sample #E1. (A) Change of
the spacing of the hydrocarbon-chain packing structure at the lattice constant 0.37 nm; (B) change of its
integrated intensity.

3.3. Results of Ethanol Treatments

First of all, it should be stressed that after treating the SC with ethanol all of the lipids in the fluid
phase did not result in the generation of the ordered phases and the lipids dissolved in ethanol were
not crystallized completely. Therefore, the volume of the ordered phases generated by the present
method offers a minimum of the proportion of the lipids in the fluid phase.

In Table 1 the results on the integrated intensities are summarized, where the subscripts untreated
and post-treated indicate before applying ethanol to the SC and after removing ethanol from the SC,
respectively, and the superscripts 0.41 and 0.37 indicate a lattice spacing of 0.41 nm and 0.37 nm,
respectively, that is, before and after the ethanol treatment the integrated intensities for the spacing
of 0.41 nm is denoted by I0.41

untreated and I0.41
post-treated and for the spacing of 0.37 nm by I0.37

untreated
and I0.37

post-treated, respectively. The ratios, I0.41
post-treated/I0.41

untreated and I0.37
post-treated/I0.37

untreated,
are listed for sample #E1, obtained from Figures 2B and 3B together with for samples #E2 and #E3.
In Table 1, in some cases I0.41

post-treated/I0.41
untreated and I0.37

post-treated/I0.37
untreated are close to 2.0 and

in some cases they are close to 1.1. The present SC samples were taken from the neighboring locations
in the same donor. Nevertheless, the ratios were scattered over a broad range. This might be due to
the fact that, as mentioned in the beginning of this subsection, all of the dissolved intercellular lipids
are not necessarily to generate the ordered phases after removing ethanol from the treated SC. For this
reason we propose that the ratio should be bigger than 2. Therefore, the proportion of the lipids of the
fluid phase is estimated to be bigger than 50% in the whole intercellular lipids.
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Table 1. Integrated intensities ratio of the untreated and the post-treated stratum corneum with ethanol
for the lattice constants of 0.41 and 0.37 nm where the integrated intensities are denoted by I0.41

untreated

and I0.37
untreated before treating with ethanol and by I0.41

post-treated and I0.37
post-treated after removing

ethanol. The data are given for three samples, #E1, #E2, and #E3.

#E1 #E2 #E3

I0.41
post-treated/I0.41

untreated 1.35 1.88 1.13
I0.37

post-treated/I0.37
untreated 1.39 1.93 1.28

4. Discussion

Until now the existence of the fluid phase in the SC has been pointed out from the X-ray scattering
study, in which its broad peak occurs at S ~2.2 nm−1 [1–3]. Furthermore, electron diffraction studies
on the intercellular lipid structure of the SC have also shown a broad peak that might be due to the
fluid phase [7,8,22]. However, as indicated in these papers, this broad peak takes place at a similar
position to that for soft keratin in the SC and therefore the contribution of the soft keratin peak
cannot be excluded during the estimation of the proportion of the lipids in the fluid phase. Recently,
based upon a polarization transfer solid-state NMR study, Björklund et al. [23] have pointed out that
the majority of the intercellular lipids are rigid at 32 ◦C and those lipids coexist with a small pool of
mobile disordered lipids that might be lipids in a liquid-like state. On the other hand, very recently,
based upon a wide-angle X-ray diffraction study, Doucet et al. [5] have estimated that the proportion
of the lipids of the ordered phases with hexagonal and orthorhombic hydrocarbon-chain packing
structures is only 20% ± 10% in the total intercellular lipids and the remainder consists of lipids in the
fluid phase. In their study the wide-angle X-ray diffraction profile has been measured by delipidizing
with a chloroform/methanol solvent; the profile attributed to the lipids itself has been obtained by
subtracting the delipidized profile from the pre-delipidized profile; the contribution of the soft keratin
might be excluded and, as a result, only the contribution of the lipids has been left in the subtracted
profile. To estimate the proportion of the lipids in the ordered phases, they analyzed the subtracted
profile. In this analysis, they assumed that lipids not only in the disordered fluid phase but also in the
ordered hexagonal and the orthorhombic phases are extracted uniformly by chloroform/methanol
treatment, but it is very likely that the lipids in the disordered fluid phase might be extracted more
violently than those in the ordered phases. Therefore, they might overestimate the proportion of the
lipids in the fluid phase, that is, the proportion of lipids in the fluid phase might be less than about 80%
in the total intercellular lipids. From the present study we estimated that the proportion of the lipids
in the fluid phase is more than 50% of the total intercellular lipids. We propose that the proportion of
the lipids in the disordered fluid phase lies between 50% and 80% of the total intercellular lipids.

In relation to the present experiments, the results on the long lamellar structure obtained by
Bouwstra et al. [24] are strongly suggestive. In human SC in which before heat treatment of the SC
broad peaks for the short lamellar structure have been dominantly observed together with much weak
and broad peaks for the long lamellar structure at room temperature. After the heat treatment, such as
first heating up to 120 ◦C and then cooling down to room temperature, they have observed sharp
X-ray diffraction peaks for the long lamellar structure and concluded that in this treatment a long
lamellar structure has re-crystallized. We speculated this behavior in connection with the present
results. Before the heat treatment in the intercellular lipid matrix, there is a kind of disordered lipid
arrangement from which the long lamellar structure could originate. The disordered lipid arrangement
might be in a metastable state since the ordered long lamellar structure is stabilized after the heat
treatment. From these results we are able to deduce that in the intercellular lipid matrix there is
a significant amount of lipids lying in the disordered lipid arrangement, whose lipid components
contain the similar lipids as the long lamellar structure. Therefore, these facts indicate that in the
intercellular lipid matrix there are a lot of lipids that remain in the disordered lipid arrangement.



Pharmaceutics 2017, 9, 26 7 of 9

In connection with the present results, it is important to pay attention to the role of cholesterol in
the SC. It is well known that the lipids in the SC are predominantly composed of ceramides, free fatty
acids, and cholesterol, with cholesterol molecules occupying a substantial amount. Nevertheless,
the role of cholesterol molecules has not been taken into account explicitly until now. In consideration
of the percutaneous penetration, we have frequently taken into account the ratio of the regions with
the hexagonal and orthorhombic hydrocarbon-chain packing structures, since the packing density
in the former is sparse in comparison with in the latter. However, we should pay attention to
a packing structure incorporating cholesterol molecules, where the packing density is much sparser
in comparison with the hexagonal hydrocarbon-chain packing structure. On considering this fact,
the result on the lipid organization in a model system composed of human ceramides, free fatty
acids, and cholesterol is very suggestive. From the X-ray diffraction pattern of the equimolar human
ceramides: free fatty acids: cholesterol mixture [25], clear peaks at 0.41 nm and 0.37 nm have been
observed, indicating formation of the orthorhombic and also the hexagonal phases; and, furthermore,
a clear, broad peak at 0.46 nm, indicating formation of the disordered fluid phase. This fact indicates
that the presence of cholesterol disturbs the formation of the ordered phases; as a result, it promotes
the formation of the disordered fluid phase. Then, the disordered fluid phase is composed of
cholesterol-rich packing structures. In addition, we point out that—for instance, when ethanol is
applied to such a fluid phase—the fluidity of the fluid phase increases considerably.

Finally, we consider the role of the disordered fluid phase in percutaneous penetration. We guess
that in a percutaneous penetration pathway the region composed of the fluid phase works as
a dominant one. In addition to this fact, we should pay attention to the molecular weights of ceramides,
fatty acids, and cholesterol, since according to the 500 Da rule the molecular weight of a lipophilic
molecule must be under 500 Da to allow absorption [26]. The molecular weights of the typical
molecules in the intercellular lipid matrix, ceramide EOS, ceramide NS, palmitic acid, arachidic acid,
and cholesterol, are ca 1000, ca 650, 256, 313, and 387 Da, respectively. The average molecular weight
of them is around 500 Da. Therefore, when a lipophilic molecule with 500 Da is applied to the surface
of the SC, it is absorbed into the region of the fluid phase in the intercellular lipid matrix due to
the difference in chemical potential at the interface. The much smaller lipophilic molecule diffuses
much more easily; on the other hand, bigger molecules become difficult to diffuse since the diffusion
constant become smaller—in inverse proportion to the molecular size. Furthermore, we guess that
the construction of the disordered fluid phase is amenable to molecules with acyl moiety since the
intercellular lipid molecules have a lot of hydrocarbon chains; therefore, these molecules are much
more active in percutaneous penetration.

5. Conclusions

From the present X-ray scattering measurement, we obtained evidence for the disordered fluid
phase in the intercellular lipid matrix of the SC; furthermore, we estimated that the proportion of the
lipids in the disordered phase reaches more than 50% of the total intercellular lipids. Forslind [27]
offered a model with a disordered region between the domains with the ordered phases, the Domain
Mosaic Model. Based upon the present results, we propose that the disordered region spreads
considerably over a wide volume in the intercellular lipid matrix. We propose that lipophilic molecules
with a lower molecular weight than 500 Da might diffuse in the volume with the disordered fluid
phase; on the other hand, for those higher than 500 Da the diffusion constant becomes markedly lower.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4923/9/3/26/s1,
Figure S1: Time-resolved profiles of wide-angle X-ray diffraction were obtained from human stratum corneum
for the sample #E2 when ethanol was applied to the stratum corneum with a water content of about 25 wt %;
Figure S2: The spacing and integrated intensity analyzed for the hydrocarbon-chain packing structure around
S = 2.4 nm–1 as shown in Figure S1; Figure S3: The spacing and integrated intensity analyzed for the orthorhombic
hydrocarbon-chain packing structure around S = 2.7 nm–1 as shown in Figure S1.

www.mdpi.com/1999-4923/9/3/26/s1


Pharmaceutics 2017, 9, 26 8 of 9

Acknowledgments: The synchrotron radiation experiments were performed at the BL40B2 in the SPring-8 with
the approval of the SPring-8 Proposal Review Committee (proposal nos. 2010A1482, 2010B1240, 2011B1145,
2012B1489, 2013A1276, and 2013B1468). This work was supported by Young Scientists (B) (19790805, 25870955) for
Hiromitsu Nakazawa from the Ministry of Education, Culture, Sports, Science, and Technology. The authors would
like to thank Satoru Kato of Kwansei Gakuin University for valuable discussions and Biopredic International for
the generous offer of human stratum corneum samples.

Author Contributions: Ichiro Hatta and Hiromitsu Nakazawa conceived and designed the experiments;
Hiromitsu Nakazawa analyzed the data; Noboru Ohta did the X-ray diffraction experiments; Ichiro Hatta
followed the theoretical consideration; Ichiro Hatta, Hiromitsu Nakazawa, and Noboru Ohta wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. White, S.H.; Mirejovsky, D.; King, G.I. Structure of lamellar lipid domains and corneocyte envelopes of
murine stratum corneum. An X-ray diffraction study. Biochemistry 1988, 27, 3725–3732. [CrossRef] [PubMed]

2. Bouwstra, J.A.; Gooris, G.S.; Salomons-de Vries, M.A.; van der Spek, J.A.; Bras, W. Structure of human stratum
corneum as a function of temperature and hydration: A wide-angle X-ray diffraction study. Intern. J. Pharm.
1992, 84, 205–216. [CrossRef]

3. Bouwstra, J.A.; Gooris, G.S.; van der Spek, J.A.; Lavrijsen, S.; Bras, W. The lipid and protein structure of
mouse stratum corneum: A wide and small angle diffraction study. Biochim. Biophys. Acta 1994, 1212,
183–192. [CrossRef]

4. Hatta, I.; Ohta, N.; Inoue, K.; Yagi, N. Coexistence of two domains in intercellular lipid matrix of stratum
corneum. Biochim. Biophys. Acta 2006, 1758, 1830–1836. [CrossRef] [PubMed]

5. Doucet, J.; Potter, A.; Baltenneck, C.; Domanov, Y.A. Micron-scale assessment of molecular lipid organization
in human stratum corneum using microprobe X-ray diffraction. J. Lipid Res. 2014, 55, 2380–2388. [CrossRef]
[PubMed]

6. Pilgram, G.S.K.; van Pelt, A.M.; Bouwstra, J.A.; Koerten, H.K. Electron Diffraction Provides New
Information on Human Stratum Corneum Lipid Organization Studied in Relation to Depth and Temperature.
J. Investig. Dermatol. 1999, 113, 403–409. [CrossRef] [PubMed]

7. Pilgram, G.S.K.; Vissers, D.C.J.; van der Meulen, H.; Pavel, S.; Lavrijsen, S.P.M.; Bouwstra, J.A.; Koerten, H.K.
Aberrant Lipid Organization in Stratum Corneum of Patients with Atopic Dermatitis and Lamellar Ichthyosis.
J. Investig. Dermatol. 2001, 117, 710–717. [CrossRef] [PubMed]

8. Nakazawa, H.; Imai, T.; Hatta, I.; Sakai, S.; Inoue, S.; Kato, S. Low-flux electron diffraction study for the
intercellular lipid organization on a human corneocytes. Biochim. Biophys. Acta 2013, 1828, 1424–1431.
[CrossRef] [PubMed]

9. Bligh, E.G.; Dyer, W.J. A rapid method of total lipid extraction and purification. Can. J. Biochem. Physiol. 1959,
37, 911–917. [CrossRef] [PubMed]

10. Abrams, K.; Harvell, J.D.; Shriner, D.; Wertz, P.; Maibach, H.; Maibach, H.I. Effect of organic solvents on
in vitro human skin water barrier function. J. Investig. Dermatol. 1993, 101, 609–613. [CrossRef] [PubMed]

11. Inoue, T.; Tezuka, T. The water-holding capacity of the stratum corneum measured by 1H-NMR.
J. Investig. Dermatol. 1989, 93, 160–164.

12. Imokawa, G.; Kuno, H.; Kawai, M. Stratum corneum lipids serve as a bound-water modulator.
J. Investig. Dermatol. 1991, 96, 845–851. [CrossRef] [PubMed]

13. Grubauer, G.; Feingold, K.R.; Elias, P.M. Relationship of epidermal lipogenesis to cutaneous barrier function.
J. Lipid Res. 1987, 28, 746–752. [PubMed]

14. Goldsmith, L.B.; Friberg, S.E.; Wahlberg, J.E. The effect of solvent extraction on lipids of the stratum corneum
in relation to observed immediate whitening of the skin. Contact Derm. 1988, 19, 348–350. [CrossRef]
[PubMed]

15. Grubauer, G.; Feingold, K.R.; Harris, R.M.; Elias, P.M. Lipid content and lipid type as determinants of the
epidermal permeability barrier. J. Lipid Res. 1989, 30, 89–96. [PubMed]

16. Menon, G.K.; Feingold, K.R.; Elias, P.M. Lamellar Body Secretory Response to Barrier Disruption.
J. Investig. Dermatol. 1992, 98, 279–289. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/bi00410a031
http://www.ncbi.nlm.nih.gov/pubmed/3408722
http://dx.doi.org/10.1016/0378-5173(92)90158-X
http://dx.doi.org/10.1016/0005-2760(94)90252-6
http://dx.doi.org/10.1016/j.bbamem.2006.08.014
http://www.ncbi.nlm.nih.gov/pubmed/17034756
http://dx.doi.org/10.1194/jlr.M053389
http://www.ncbi.nlm.nih.gov/pubmed/25180243
http://dx.doi.org/10.1046/j.1523-1747.1999.00706.x
http://www.ncbi.nlm.nih.gov/pubmed/10469341
http://dx.doi.org/10.1046/j.0022-202x.2001.01455.x
http://www.ncbi.nlm.nih.gov/pubmed/11564181
http://dx.doi.org/10.1016/j.bbamem.2013.02.001
http://www.ncbi.nlm.nih.gov/pubmed/23415834
http://dx.doi.org/10.1139/o59-099
http://www.ncbi.nlm.nih.gov/pubmed/13671378
http://dx.doi.org/10.1111/1523-1747.ep12366068
http://www.ncbi.nlm.nih.gov/pubmed/8409532
http://dx.doi.org/10.1111/1523-1747.ep12474562
http://www.ncbi.nlm.nih.gov/pubmed/2045673
http://www.ncbi.nlm.nih.gov/pubmed/3611976
http://dx.doi.org/10.1111/j.1600-0536.1988.tb02949.x
http://www.ncbi.nlm.nih.gov/pubmed/3233954
http://www.ncbi.nlm.nih.gov/pubmed/2918253
http://dx.doi.org/10.1111/1523-1747.ep12497866
http://www.ncbi.nlm.nih.gov/pubmed/1545137


Pharmaceutics 2017, 9, 26 9 of 9

17. Tsai, J.-C.; Sheu, H.-M.; Hung, P.-L.; Cheng, C.-L. Effect of Barrier Disruption by Acetone Treatment on the
Permeability of Compounds with Various Lipophilicities: Implications for the Permeability of Compromised
Skin. J. Pharm. Sci. 2001, 90, 1242–1254. [CrossRef] [PubMed]

18. Bommannan, D.; Potts, R.O.; Guy, R.H. Examination of the effects of ethanol on human stratum corneum
in vivo using infrared spectroscopy. J. Control. Rel. 1991, 16, 299–304. [CrossRef]

19. Van der Merwe, D.; Riviera, J.E. Comparative studies on the effects of water, ethanol, and water/ethanol
mixtures on chemical partitioning into porcine stratum corneum and silastic membrane. Toxicol. In Vitro
2005, 19, 69–77. [CrossRef] [PubMed]

20. Hatta, I.; Nakazawa, H.; Obata, Y.; Ohta, N.; Inoue, K.; Yagi, N. Novel method to observe subtle structural
modulation of stratum corneum on applying chemical agents. Chem. Phys. Lipids 2010, 163, 381–389.
[CrossRef] [PubMed]

21. Huang, T.C.; Toraya, H.; Blanton, T.N.; Wu, Y. X-ray powder diffraction analysis of silver behenate, a possible
low-angle diffraction standard. J. Appl. Cryst. 1993, 26, 180–184. [CrossRef]

22. Pilgram, G.S.K.; van Pelt, A.M.; Spies, F.; Bouwstra, J.A.; Koerten, H.K. Cryo-electron diffraction as a tool to
study local variations in the lipid organization of human stratum corneum. J. Microscopy 1997, 189, 71–78.
[CrossRef]

23. Björklund, S.; Nowacka, A.; Bouwstra, J.A.; Sparr, E.; Topgaard, D. Characterization of Stratum Corneum
Molecular Dynamics by Natural-Abundance 13C Solid-State NMR. PLoS ONE 2013, 8, e61889. [CrossRef]
[PubMed]

24. Bouwstra, J.A.; Gooris, G.S.; van der Spek, J.A.; Bras, W. Structural Investigations of Human Stratum
Corneum by Small-Angle X-ray Scattering. J. Investig. Dermatol. 1991, 97, 1005–1012. [CrossRef] [PubMed]

25. Bouwstra, J.A.; Gooris, G.S.; Dubbelaar, F.E.R.; Ponec, M. Phase behavior of lipid mixtures based on human
ceramides: Coexistence of crystalline and liquid phases. J. Lipid Res. 2001, 42, 1759–1770. [PubMed]

26. Dos, J.D.; Meinardi, M.M.H.M. The 500 Dalton rule for the skin penetration of chemical compounds and
drugs. Exp. Dermatol. 2000, 9, 165–169.

27. Forslind, B. A Domain Mosaic Model of the Skin Barrier. Acta Derm. Venereol. 1994, 74, 1–6. [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/jps.1077
http://www.ncbi.nlm.nih.gov/pubmed/11745777
http://dx.doi.org/10.1016/0168-3659(91)90006-Y
http://dx.doi.org/10.1016/j.tiv.2004.06.002
http://www.ncbi.nlm.nih.gov/pubmed/15582358
http://dx.doi.org/10.1016/j.chemphyslip.2010.02.005
http://www.ncbi.nlm.nih.gov/pubmed/20211159
http://dx.doi.org/10.1107/S0021889892009762
http://dx.doi.org/10.1046/j.1365-2818.1998.00280.x
http://dx.doi.org/10.1371/journal.pone.0061889
http://www.ncbi.nlm.nih.gov/pubmed/23626744
http://dx.doi.org/10.1111/1523-1747.ep12492217
http://www.ncbi.nlm.nih.gov/pubmed/1748810
http://www.ncbi.nlm.nih.gov/pubmed/11714845
http://www.ncbi.nlm.nih.gov/pubmed/7908477
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Samples 
	X-ray Diffraction 

	Results 
	Experimental 
	Analyses 
	Results of Ethanol Treatments 

	Discussion 
	Conclusions 

