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The structure of human stratum corneum was investigated
with small-angle X-ray scattering (SAXS). At room tempera-
rure the scattering curve was characterized by a strong inten~
sity at low scattering vector (Q < 0.8 nm™") and two compli-
cated diffraction peaks originating from a lamellar structure
of the lipids. The lamellar lipid structure in the stratum cor-
neum transformed to a disordered structure b?tween 65°C
and 75 °C, the same temperature region at which a thermal
lipid transition occured. After cooling down to room temper-
sture a recrystallization of at least a part of the lipids took
place, after which only one unit cell with a repeat distance of
13.4 nm could be detected. Comparison o tk}e scattering
curve of the stratum corneum after crystallization with the
scattering curve of the stratum corneum before recrystalliza-
don leads to the conclusion that in the original curve the

lipids are arranged in two unit cells with repeat distances of
6.4 nm and 13.4 nm. From model calculations it appears that
the latter unit cell consists of more than one bilayer. The
scattering curves of stratum corneum hydrated to various
levels were measured. A change in the water content of stra-
tum corneum between 6% w/w and 60% w/w (fully hy-
drated) did not result in swelling of the bilayers, but the
scattering curve obtained with stratum corneum hydrated to
60% w/w differed from those at lower hydration levels: the
scattering curve at 60% w/w showed only the diffraction
peaks corresponding to a unit cell with a repeat distance of 6.4
nm. This observation implies that the ordering of a part of the
lipids is reduced at very high water contents, which may
explain the strong penetration-enhancing effects of water in
the stratum corneum. J Invest Dermatol 97:1005 -1012, 1991

he stratum corneum is the outermost layer of the skin,

which acts as the main barrier for diffusion of sub-

stances through the skin. The stratum corneum con-

sists of flattened cells embedded in a matrix of lipids.

The lipids are arranged in a lamellar phase and at least

2 part of its lipid bilayers are in the gel or the crystalline state. In

general a lamellar phase consists of alternating layers of water and

lipid bilayers. Perpendicular to the stacking axis the size of the layers

are considered to be of infinite length. Several studies have been

carried out in order to gain information about the structure of lipids

and proteins in stratum corneum. The reason for this is that hPld

regions in the stratum corneum are supposed to act as pefrmeatlon

channels for drugs. Studies carried out on Fhe structure of the stra-

wm corneam include, e.g., thermal analysis {1~ 5], small-angle X-

ray scattering [6-9], wide-angle X-ray scattering [9,10}, and Fou-
der transform infrared spectroscopy [11,12].

With thermal analysis several transitions could be detected (1 -5},

The transitions at lower temperature originated from lipids,
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Abbreviations:

d: repeat distance

I: intensity

n: order of the diffraction peak
N: number of unit cells

PBS: phosphate-buffered saline
Q: scattering vector

A: wave length

©: scattering angle

whereas the transitions at higher temperatures were influenced by
proteins or originated from denaturation of proteins. Most of the
transitions are influenced by the hydration level in the stratum
corneum: an increase in water content resulted in an increase in the
average ratio peak height to full width at half maximum for the
thermal transitions.

Friberg et al (6] used small-angle X-ray scattering (SAXS) to
study the lipid arrangement in human stratum corneum. They
found a very broad diffraction peak from which they calculated a
corresponding repeat distance of 6.5 nm. White et al [7] studied the
lipid structure of murine stratum corneum with wide-angle X-ray
scattering (WAXS) and SAXS. They observed a repeat distance of
13.1 nm. With WAXS the lipid structure of murine stratum cor-
neum was characterized by two diffraction lines located at 0.412 nm
and 0.375 nm. Increase in temperature resulted in a disordering of
the lipid structure. Bouwstra et al studied [8] human stratum cor-
neum with SAXS and observed a repeat distance of 6.5 nm, but
could not exclude the existence of a repeat distance of approxi-
mately 13 nm. They also studied the effect of hydration on the lipid
structure in the stratum cornenm. No swelling of the bilayers was
observed upon varying the hydration level between 6% to 40%
w/w. Until now the differences in repeat distances between murine
stratum corneum and human stratum corneum have not been un-
derstood. Wilkes [10] studied the structure of human and rat stra-
tum corneum with WAXS as a function of temperature. Depending
on the orientation of the stratum corneum with respect to the pri-
mary beam they found various diffraction peaks; positioning the
neonatal rat stratum corneum normal to the primary beam resulted
in two lipid bands at 0.42 and 0.37 um, whereas halos were present
at 0.46 nm and at 0.98 nm when passing the X-rays parallel to the
surface of the stratum corneum. These halos are common for pro-
tein structures. In the case of human stratum corneum a third lipid
reflection was observed corresponding to a repeat distance of 0.46
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nm. At higher temperatures rat and human stratum corneum also
showed a disordering of the lipid structure. In a very recent publica-
tion an extensive study has been published by J.-C. Garson et al [9].
They observed an oriented structure in human stratum corneum and
could detect many diffraction peaks in the wide-angle region. One
of the most important conclusions is the existence of protein that is
very similar to f3 keratine. They used a high-flux synchrotron radia-
tion source. In the small-angle region they observed repeat distances
of 6.5 nm and 4.5 nm and attribute these bands to lamellar structures
consisting of different types of lipids.

Because detailed information of the lamellar structure in human
stratum corneum is still not known, a study has been carried out
with SAXS. Measurements were carried out after heating the stra-
tum corneum to various temperatures. To investigate the reversibil-
ity of the transitions diffraction patterns were obtained after heat-
ing/cooling cycles. Because water is a very potent penetration
enhancer and the organization of the lipids at various water content
is of fundamental interest the lipid structure was also studied as
function of the hydration level in the stratum corneum up to 60%
w/w.

MATERIALS AND METHODS

Preparation of Stratum Corneum Samples Abdomen skin
obtained after surgical operation was dermatomed to a thickness of
200 um. The stratum corneum was separated from the epidermis by
digestion of an 0.1% tripsine in phosphate-buffered saline (PBS)
solution (pH = 7.4) at 37°C for 12 h. The stratum corneum was
subsequently treated with a 0.2% solution of trypsin inhibitor (type
11-S from Soybeam, Sigma Chemicals, The Netherlands) in PBS.
The stratum corneum was dried and stored in a desiccator over silica
gel. Before use the stratum corneum was hydrated over salt solu-
tions or water. The stratum corneum was hydrated to water con-
tents varying between 6% w/w and 60% w/w. The water contents
were measured by weighing the stratum corneum before [sc(hydr)]
and after (sc(dry)) drying. The hydration levels were calculated as
follows: [sc(hydr) — sc(dry)]/sc(hydr) X 100%.

SAXS All measurements were carried outat the Synchroton Radi-
ation Source at Daresburies Laboratories using station 8.2. This
station has been built as part of a NWO/SERC agreement. The
camera produces a highly collimated beam with a cross section of
0.4 X 4 mm? at the sample position. With the SRS operating at 200
mA and 2 GeV the X-ray intensity is approximately 4 X 10'! pho-
tons/second with A (wave length) = 0.15 nm at the sample posi-
tion. Smearing of the diffraction pattern due to the finite size of the
X-ray beam is negligible. The sample to detector distance can be set
between 0.2 to 4.5 m, enabling studies of systems with repeat dis-
tances 0.4 < d < 100 nm. For data collection a multiwire quadrant
detector was used. This detector can handle count rates up to
250,000 counts/second. The detector system spatial resolution is
0.5 mm. The resulting resolutions in the repeat distance depends on
the scattering angle ©. Examples of the obtained resolution ex-
pressed in d are 0.13 nm at Q = 1 nm™! (d = 6.3 nm), 0.06 nm at
Q=0.15 nm~! (d = 4.2 nm), and 0.015 nm at Q =0.03 nm™!
(d = 2.1 nm), in which Q is the scattering vector defined as 47sin
o/A.

/The detector definitely improves the signal-to-noise ratio at
higher diffraction angle compared with the previously used linear
detector [8]. For all the experiments the sample-to-detector distance
was set to 2.0 m. The diffraction patterns were normalized with
respect to synchrotron-beam decay and absorption of the sample.
Corrections for positional inhomogeneity in the detector sensitivity
were performed as well. No smoothing algorithms were applied to
the data. In order to correct the curve for background scattering, the
scattering curve of the empty cell was subtracted from the scattering
curves obtained with the sample cell filled with stratum corneum.

Callibrations were performed with the help of a wet rat tail colla-
gen sample with a repeat distance of 67 nm.

One or two sheets of stratum corneum, the total weight being
approximately 5 mg, were approximately randomly packed in a
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specially designed temperature-controlled sample cell. The volume
of the inner compartment of the sample cell was 1 X 1.5 X 8 mm3.
The sample cell was sealed by a lid using two little screws. Between
the lid and the sample cell a rubber ring was located to avoid water
loss during the measurement. The sample cell was placed in a sam-
ple holder. The temperature was measured and controlled by a
thermocouple, which was placed in the sample holder near the
sample cell. The sample was heated by an electric wire, which was
located in the sample holder. The sample cell was equipped with
two mica windows.

The scattering intensities are plotted as a function of the scatter-
ing vector Q. The exposure time for all measurements was 15 min.
The stratum corneum sample was checked for damage that might
occur by the primary beam. For that purpose the scattering data of
stratum corneum were collected in 15 cycles; in each cycle data
collection took place during 1 min. Comparing the various scatter-
ing curves no differences were detected. Therefore no damage of
the stratum corneum was observed caused by X-rays.

In order to obtain information about structural changes as func-
tion of temperature, stratum corneum samples were measured in a
temperature range between 25°C and 120°C.

In a second series of experiments the stratum corneum was heated
to various temperatures, equilibrated for 1 h, and subsequently
cooled to room temperature in order to crystallize the lipids. The
stratum corneum was equilibrated for at least 48 h, after which the
scattering curves were measured. Possible degradation of the lipids
were checked with thin-layer chromatography.

In a third series of experiments the scattering curves of stratum
corneum were measured as a function of the water content. The
hydration level in the stratum corneum varied between 6% w/w
and 60% w/w. All the experiments were carried out with stratum
corneum from one donor, except for the curves measured at various
temperatures. These measurements have been carried out with stra-
tum corneum from another donor.

RESULTS

In Fig 1a the scattering profile of human stratum corneum hydrated
to 40% w/w is shown. The scattering curve is characterized by a
large intensity at Q < 0.8 nm™! and a broad diffraction peak at
Q = 0.98 nm ™. The broad diffraction peak clearly exhibits a shoul-
der on the right-hand side, indicating that it actually consists of two
partially unresolved peaks. Sometimes a second very small shoulder
has been detected at a higher Q value. At Q = 1.85 nm™! a weak
diffraction peak could be detected. The weak diffraction peaks ex-
hibit a shoulder on the right-hand side as well. In order to determine
the source of the various peaks and the source of the strong scatter-
ing at low angle, the scattering pattern was compared with the
pattern obtained with stratum corneum after extraction of the lipids
with a choloform/methanol mixture. The results are shown in Fig
1b. After extraction both diffraction peaks disappeared although the
strong scattering at low angle was still present. It seems that the
diffraction peaks are caused by the lipids in the stratum corneum,
whereas the strong scattering at low angle is due to the proteins in
the comeocytes.

A unit cell of a particular structure is the smallest three-
dimensional unit from which one can generate the complete lattice
in the three-dimensional space by stacking the unit cells in a regular
manner. An example is shown in Fig 2. With SAXS, by which the
scattering of X-rays are measured at very small scattering angle,
information can be obtained about the larger units that form the
structure, e.g., the arrangement of lamellae in the lamellar phase
(Fig 3) or the arrangement of the tubes in an hexagonal phase.
According to Braggs law, nA = 2dsin®, a reciprocal relationship
exists between the dimensions of the structure and the scattering
angles. In the case of a lamellar structure generally only information
can be obtained over dimensions perpendicular to the lamellae,
which in Fig 3 will be along the Z axis.

A lamellar phase results in a scattering curve with Bragg reflec-
tions (diffraction peaks, the dark spots in Fig 3) located at equidis-
tant positions in Q space, i.e., the reflections are located at Q,,



yOL. 97, NO. 6 DECEMBER 1991

=
%)
=
=)
g=
0 1 2 3
a —— Q [nm”-1]
=
‘B
=
g
=
0 1 2 3
b — Q [nm~-1]
Figure 1. a) The scattering curve of human stratum corneum hydrated to

40% w/w. A strong diffraction peak and a weak diffraction peak could be
detected both consisting of a main position and a shoulder on the right-hand
side. b) The scattering curve of human stratum corneum after extraction of

the lipids.

Q,=2Q;,Q=3Q;" ' ' Q,=nQ,in which n s the order of the
diffraction peak. The position of the nth order diffraction peak is
directly related to the repeat distance d (length of the unit cell)
according to the following equation:

Qn = 27m n/d. (1)

WAXS can provide information about the orientation of the lipids
inside the lamellae, i.c., the repeat distances between the alkyl
chains. .

The scattering curve of human stratum corneum exhibits one
strong diffraction peak. From the position of this peak the repeat
distance can be calculated according to Eq. (1). Assuming that the
main position of this peak is of first order, a repeat distance (d) of 6.4
nm was found. Substituting this value in Eq. 1, a Q value of 1.96
am—! for the second-order peak was found, which actually is the Q
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Figure 2. An example of a unit cell, from which the whole lattice can be
generated.

value at which the shoulder of the weak diffraction peak is posi-
tioned. It seems that the main position of the strong diﬂPraction peak
and the shoulder of the weak diffraction peak are caused by a lamel-
lar structure with a repeat distance of 6.4 nm. A unit cell with a
repeat distance of 6.4 nm cannot be used to explain the source of the
shoulder of the strong diffraction peak and the main peak of the
weak diffraction doublet. These peaks should be based on another
repeating unit. This point will be discussed below. Another explana-
tion for the diffraction peaks might be the presence of a unit cell
with a repeat distance ofPlZ.B nm. In that case the main position of
the strong diffraction peak should be of second order. The main
position of the weak diffraction peak should then be explained by
the presence of cholesterol crystals, which exhibit a reflection at
Q=1.88 nm™! (d = 3.35 nm). However, the third-order diffrac-
tion peak is calculated at Q = 1.47 nm™!, which is not at the posi-
tion of the shoulder of the strong diffraction peak located at Q =
1.38 nm™*. It seems that this discrepancy is too large to justify a unit
cell with a repeat distance of 12.8 nm.

L
E [z
- d
*
L
A B SO 3 PR 27
/ '/ /
’ ’
d , —e !l
/ / primary
A ate o '. __/ beam
-
L ]
L ]
. L ]

Figure 3. A lamellar structure together with its Bragg reflections in the Q
space. d is the repeat distance of the lamellar structure.
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Figure 4. The thermal transitions of human stratum corneum hydrated to
20% w/w.

Structure of the Stratum Corneum as a Function of Temp-
erature Various studies are known in which the thermal behavior
of stratum corneum have been investigated. Although it is known
that the occurring transitions are due either to lipids or to proteins in
the stratum corneum, it is not exactly known whether the lipid
transitions are due to melting of the alkyl chains or that phase
transition occurs in which the lamellar phase transforms to another
phase. The thermal behavior of human stratum corneum, which is
shown in Fig 4, has been published before [5]. The first and second
thermal transition appeared at 37°C and 70°C. Both peaks were
ascribed to reversible phase transitions of the lipids in the stratum
corneum. The third transition (85°C) is probably due to lipids asso-
ciated with the proteins in the stratum corneum. The transition was
only reversible in the cases that heating did not exceed the denatura-
tion temperatures. Finally, the fourth irreversible transition is due to
the denaturation of the proteins in the stratum corneum.

In order to obtain more information about the origin of the ther-
mal transitions of the lipids the scattering curves were measured as a
function of temperature. The results are shown in Fig 54,b. The
scattering curve measured at 60°C does not differ significantly from
that measured at 25°C indicating that no detectable disordering of
the lamellae or a change in d occurred during the thermal transition.
The scattering curve obtained at 67 °C, which is in the middle of the
temperature range of the second thermal transition, differed from
those obtained at lower temperatures. Both the main diffraction
peak and its shoulder were significantly reduced in intensity. At
75°C the main diffraction peak and the weak diffraction peak com-
pletely disappeared. Only a shoulder on the descending scattering
curve remained at Q = 1 nm™". It seems that the system underwent
a phase change in this temperature region. Because no new diffrac-
tion peaks appeared a disordering of the lamellar phase is the most
likely explanation. Whether this is disorder of the first or second
kind, or this is based on undulations of the bilayers, cannot be
determined from the data.

The origin of the shoulder on the descending curve still present at
75°Cis not fully understood, but from the thermal analysis results it
could be concluded [5] that it can be caused by lipids linked to
proteins in the stratum corneum. As in the case of the third thermal
transition [5] the shoulder on the scattering curve is sensitive to
protein denaturation. After recrystallization of the lipids from
120°C the shoulder is not present on the scattering at 75°C.

The presence of only a sﬁouldcr on the scattering curve and the
absence of higher-order diffraction peaks implies that the long-
range order completely disappeared. In fact, the shoulder in the
diffraction curve could possibly be caused by the presence of one
well-ordered lipid layer, and this could be the corneocyte lipid en-
velope [13]. These lipids, which are linked to the corneocyte en-
velop, should still be present after extraction of stratum corneum.
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However, the shoulder on the descending scattering curve is not
observed after methanol/chloroform extraction. This might be
caused by a disordering of the lipid envelop during extraction.

Between 75°C and 90°C, the temperature region of the third
thermal transition, the shoulder of the descending scattering curve
disappeared, but a small very broad peak appeared at a higher Q
value (see arrow in Fig 5b). The disappearance of the shoulder
confirms the suggestion that this shoulder in the scattering curve
can be correlated with the third thermal transition. At 120°C,
which is above the denaturation temperature of the proteins, only a
descending scattering curve was observed.

Lipid Structure in Stratum Corneum After Recrystalli-
zation In order to find a more detailed interpretation for the
scattering curve, the lipids were allowed to recrystallize after heat-
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Figure 5. a) The scattering profile of human stratum corneum hydrated to
20% w/w at various temperatures. The temperatures have been indicated. b)
The scattering profile of human stratum corneum hydrated to 20% w/w at
various temperatures. The temperatures have been indicated. At 90°C the
scattering curve exhibits a very poor “peak” (arrow).
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Figure 6. a) The scattering curve of human stratum corne\}nll1 af}:er a heat-
ing / cooling to room temperature. The temperatures to which the stratum
corneum has been heated are indicated. n = 1, 2, etc, refers to the orders of
diffraction peaks of the cell with a repeat distance of 6.4nm.n =111 refers
to the diffraction orders of the unit cell with a repeat dlstancoe of 6.4 nm. b)
The scattering curve of human corneum after heating to 120°C and cooling
down to room temperature. Arrow, first-order diffraction peak.

ing to various temperatures and subsequent cooling to room temper-
ature. The changes in structure of the stratum corneum hplds‘ was
checked; after heating to 120°C and cooling down, o changes in the
lipid structures could be observed using TLC. After recrystallization the
stratum corneum was equilibrated for at least 48 h. The icsu'ltmg
scattering curves are shown in Fig 6a. The curve labeled 25°Cis the
original scattering curve of human stratum corneum without heat-
ing. The main position of the peak at Q =0.98 nm™' and the
shoulder of the weak diffraction peak at Q =1.96 nm™! can be
identified as, respectively, the first- and second-order reflection
from a unit cell with a length of 6.4 nm. The source of the shoulder
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on the right-hand side of the strong diffraction doublet and the
source of the main position of the weak diffraction peak are not
known.

First the results obtained after heating to 120°C and cooling to
room temperature will be interpreted. In this curve at least five
diffraction peaks were observed, of which three are quite strong.
These peaks are located at equidistant positions. The exception is
the distance between the position of the primary beam (located at
Q = 0 nm™') and the first diffraction peak. This distance is twice
the other interpeak distances. Moreover, the position of the first
peak, located at Q = 0.94 nm™! has significantly shifted with re-
spect to the position of the main diffraction peak in the original
scattering curve. It was concluded that after heating to 120°C and
cooling the lipids recrystalized in a lamellar structure that differed
from that obtained from the original scattering curve and that the
diffraction peak located at Q = 0.94 nm™! is a second-order diffrac-
tion peak. For the length of the unit cell calculated from this sec-
ond-order diffraction peak [n = 2in Eq. (1)], a value of 13.4 nm was
found. In Fig 6b the scattering curve after heating to 120° C has been
plotted at another scale. In this curve a slight change in the slope of
the scattering curve can be observed at approximately Q = 0.5
nm™~!. This is approximately the position at which the first-order
diffraction peak was expected. The change in the slope at Q = 0.5
nm™? is also observed in the original scattering curves as is shown in
Fig 7b. It seems that the first-order diffraction peak is present, but
the intensity of this peak is very low, which is quite remarkable. An
explanation for this phenomenon is given below using a model with
several bilayers in one unit cell. The steeply descending background
makes it diffiicult to distinguish the peak from the background.
After comparing the scattering curve obtained after heating to
120°C with the original scattering curve the following observa-
tions can be made. The third-order diffraction peak of the 120°C
curve is located at the same position as the shoulder on the right-
hand side of the main diffraction peak. In addition the fourth-order
diffraction peak in the 120°C curve is located at the main position of
the weak diffraction peak of the original scattering curve. From
these observations it was concluded that the two peaks (doublets) in
the original scattering curve are related to two unit cells, with repeat
distances of 6.4 nm and 13.4 nm, respectively. The scattering at the
main position of the strong diffraction peak originates from a unit
cell with a repeat distance of 6.4 nm, whereas the intensity at the
shoulder of the strong diffraction peak and the main position of the
weak diffraction peak results from a unit cell with a repeat distance
of 13.4 nm.

From the full width at half maximum the mean number of bi-
layers has been calculated with the Scherrer equation [14]. The
average number of unit cells appeared to be 6. In the second-, third-
and fourth-order diffraction peaks the full width at half maximum
does not differ within the experimental error. Because broadening
of the peaks caused by disorder of the second kind increases as a
function of Q* [14] it seems that this disordering is absent after
recrystallization.

In Fig 5a it is shown that the shoulder as well as the main position
of the main diffraction peak decreased in intensity between 60°C
and 75°C. This indicates that in both unit cells the lipid arrange-
ment changed in the same temperature range. This directly implies
that it is impossible to distinguish the lipids in the two cells with
thermal analysis.

The scattering curve obtained after heating to 95°C and subse-
quent cooling to room temperature showed a similar scattering
profile as that obtained after heating to 120°C and cooling down,
although the intensities of the individual peaks of the former curve
are lower. Heating to 75°C and cooling down to room temperature
resulted in another profile of the scattering curve: only one diffrac-
tion peak was observed, of which the main position was already
shifted towards the position of the second-order diffraction peak in
the 120°C curve. This indicates that the lipids crystallized in a
lattice with the same unit cell as the 120°C, but that the long-range
order is lower compared to stratum corneum heated to higher tem-
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Figure 7. a) The scattering curve of human stratum corneum hydrated to
levels varying between 6% w/w and 60% w/w. At 60% w/w hydration the
shoulder on the strong diffraction peak disappeared. b) The scattering curve
of human stratum corneum hydrated to various levels varying between 6%
w/w and 60% w/w. The curves have been plotted at another scale to show
the first-order diffraction peak (shoulder at the descending scattering curve,
see arrow) of the unit cell with a repeat distance of 13.4 nm. This shoulder
disappeared at 60% w/w hydration.

peratures. Comparing the curve in Fig 54, obtained after heating to
75°C, with the corresponding scattering curve in Fig 6a after the
cooling process leads to the following observation. It is likely that
the scattering profile caused by the recrystallization of the lipids is
superimposed on the scattering curve measured at 75°C. The latter
curve exhibits the shoulder on the descending scattering curve. If
this is true then the shoulder on the scattering curve observed at
75°C is already present at lower temperatures, but detection at
lower temperatures is impossible due to the fact that it will be
obscured by the strong diffraction peak in the same Q region.
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Structure of Stratum Corneum as a Function of the Hydra-
tion Level Because water is an effective penetration enhancer
[15] the changes in the lipid structure induced by changes in the
water content of the stratum corneum is of fundamental interest.
For this reason scattering curves were obtained of stratum corneum
samples hydrated between 6% w/w (almost dry) and 60% w/w
(fully hydrated). The curves are shown in Fig 7a. The position of
the main diffraction peak does not change between 6% w/w and
40% w/w hydration level. A small shift in the top of the peak is
observed in the case of 60% w/w hydration, but this could also be
due to the lower intensity of the peak, because the peak is located on
a very steep descending scattering curve. This indicates that the
repeat distance does not change upon hydration and that no swell-
ing of the bilayers occurs. This is quite remarkable, because the
hydration level varied between 6 and 60% w/w. It seems that water
is intercallated into the bilayers for only very small amounts and that
most of the water is absorbed by the corneocytes in the stratum
corneum. This is in accordance with recent findings of Mak et al
[16], who did not observe any influence of water content in the
stratum corneum in the infrared red C-H absorbance determined by
FTIR. Another possibility is the forming of water-rich regions in
intercellular regions in the stratum corneum (phased separation),
but this is not confirmed by electron microscopy observations. The
intensity of the peak increases if the hydration level increases from
6% w/w to 40% w/w, indicating a stronger ordering of the lamel-
lae at higher water contents. If it is assumed that the main route of
substances is located in the lipids in the stratum corneum, why is
water such an effective penetration enhancer? A part of the answer
can be given after examining the scattering curves drawn in Fig 7a,b.
It was found that the curve of 60% w/w hydrated stratum corneum
does not have the shoulder on the right-hand side of the main
diffraction peak (Fig 7a) and that the change in the slope of the
scattering curve at Q = 0.5 nm™" is not present (Fig 7b). Addition-
ally the intensity of the main position ogthe weak diffraction peak
decreased upon hydration from 40% w/w to 60% w/w. From these
observations it was concluded that the unit cell with a repeat dis-
tance of 13.4 nm disappeared upon hydration of the stratum cor-
neum from 40% w/w to 60% w/w. Due to the low intensity of the
main diffraction peak in the 60% w/w curve it is more likely that
the lipids originally arranged in the unit cell of 13.4 nm transformed
to a disordered lipid structure instead of undergoing a phase transi-
tion into a lipid arrangement of the 6.4-nm unit cell. A part disor-
dering of the lipid lamellar structure could explain the penetration
enhancement of water at high hydration levels in human stratum
corneum.

Model Calculations To obtain a better understanding of the
arrangement of the lipids in the unit cell, model calculations were
carried out for the lipids located in a unit cell with a length of 13.4
nm, because in this case the relative intensities of six diffraction
orders are known. For the calculations, the scattering curve mea-
sured after recrystallization of the lipids from 120°C was used,
because the curve of untreated stratum corneum does show only
partly resolved peaks. In the model calculations disorder of the first
and second kind [17] were neglected. Moreover, it was assumed that
the lipids are randomly orientated in the sample cell. According to
Levine [18] in general the scattering intensity I as a function of the
scattering vector Q from a stack of lamellae is given by

L » 2 §in2(3NQd)
1@ ={ [0 esot-iaas] e
In this equation N is the number of bilayers, x the spatial coordinate,
p (x) the electron density of an individual bilayer, and d the repeat
distance.

The first part of this equation is the square of the Fourier trans-
form of the electron density of the bilayer, the so called form factor.
The second part of the equation is the interference factor, which
only depends on the repeat distance and the number of bilayers.

The most striking characteristic of the scattering curve under

o
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Table I. Experimental and Calculated Intensities’

Experimental Intensities Calculated Intensities

n

0.42
2 i i
3 0.49 0.45
4 0.08 0.08
5 0.01 0.04
6 0.02 0.02

a The calculated intensities are compared with the experimental dat'a of stratum
corneum after heating to 120°C and cooling to room temperature. The intensities of
the second-order diffraction peak of the calculated and experimental data are set to 1
(scaling). n is the order of the diffraction peak.

consideration is the low intensity of Fhe first-order diffraction peak.
Model calculations in previous studies [7.8] already showed that a
Jow intensity of the first-order diffraction peak can only be a}chleved
by assuming a unit cell with more than one bilayer allowing only
small differences in the electron densxplcs of the.bllayers. Thercfore
in this particular case the form factor in Eq. (2) is the Fourier trans-
form of the electron density of a unit cell that might consist of more
than one bilayer, which is in fact the electron density of the repeat-
ing unit perpendicular to the lamellae. In the second term in Eq. (2)
the number of bilayers N is replaced by the number of unit cells,
which is the repeating unit. The calculated intensities were d.1v1ded
by Q?, the Lorenz factor, to make the calculated intensities directly
comparable with the measured intensities. Using Q2 it is assumed
that the lamellae are randomly oriented in the sample cell. From the
120°C curve in Fig 6a the height of the peaks were calculated by
subtraction of the baseline from these peaks. The resulting experi-
mental intensities are given in Table I. For the first-order diffraction
eak we assumed a low but non-zero intensity. In the ca.lculatxons
the mean number of unit cells (N) was set to 6, aCCOI‘dn.lg to the
aumber of unit cells obtained with the Scherrer equation. The
width of the calculated peaks were in good_ agreement with :.he
experimentally obtained peak width. In the ideal electron dcnsny
rofile of the bilayers, used in the calculatlop§, the numb(?r of unit
cells does not influence the relative intensities of t.he diffraction
peaks. By applying variations to the electron density profile the
intensities of the diffraction peaks were fitted. The best fit was
obtained with the electron density profile shown in Fig 8. The
calculated intensities can be found in Tgble L. The obtaxn§d electron
density model possesses three alkyl chain regions, of which two are
identical. It was impossible to fit the dlﬁ’racnon.pc_aks with a model
with only two identical alkyl chain regions. A §1mllar model for the
arrangements of the alkyl chains with two different hydrocarbon
regions was also proposed by Swarzen{irubcg etal [19] as a sequence
of one narrow and two broad alkyl chain regions. The widths of the
two different hydrocarbon regions in our model are 1.5 nm and 3.05
nm. These differences in length agree very well with the lipid
arrangement proposed by Swarzendruber: the short alkyl chains of
the ceramides (approximately 13 C atoms In the hydrocarbon re-
gion, completely extended 1.7 nm in length) are intercallated in the
bilayers with a width of 1.5 nm, whereas the longer alkyl chains of
the same molecules, with a mean length of approximately 26 C
atoms [20] (completely extended 3.5 nm in length) are embedded in
the hydrocarbon regions of adjacent bilayers with a \’Yldth of 3.05
nm in width. Assuming that at least two alkyl chain layers are
resent in one bilayer and that the width of the hydrocarbon regions
is only 3.05 nm this unequivocally shows that the alkyl chains in the
lipid layers interdigitate in the bilayers. )
However, the head group regions, which are characterized by a
higher electron density, are very large, e§pec1al_ly those located be-
rween the two adjacent hydrocarbon regions with equal width (see
Fig 8, 2.9 nm). It was impossible to simulate the intensities of the
diffraction peaks with smaller head-group regions because that re-
sulted in a too-high intensity of the fifth-order diffraction peak.
The width of the headgroup regions cannot be caused by the lipids
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present in the stratum corneum, because the main components,
ceramides, free fatty acids, triglycerides, and cholesterol, all consist
of small head groups. The large —head-group regions (1.5 and 2.9
nm) may be explained by proteins intercallated in the lipid bilayers,
causing an extension of the high-electron-density regions.

DISCUSSION

It is reasonable that the ultrastructure of the lipids in human stratum
corneum consists of domains built up of two unit cells with repeat
distances of 6.4 nmand 13.4 nm, respectively. Very recently, several
higher-order lamellar lipid reflections were found using WAXS,
which can also be explained by the two unit cells. Whether both
domains are randomly distributed in human stratum corneum or
each domain is located in certain regions of the stratum corneum is
not yet clear. Garson et al [9] revealed lamellar spacings of 6.5 and
4.5 nm for human stratum corneum. They did not find a repeat
distance of 13.4 nm because the small first-order peak of this lamel-
lar structure was not observed in their study, but their results
showed that both unit cells are stacked perpendicular to the surface
of the stratum corneum. They also stated that the 6.5- and 4.5-nm
repeat distances are in accordance with the model proposed by
Swarzendruber et al [19]. In our opinion this is open to discussion,
because Swarzendruber did not propose stacks of lamellae with re-
peat distances of 6.5 and 4.5 nm, but the so called Landmann units,
which consist of a regular pattern of broad and narrow alkyl chain
regions, in the sequence broad, narrow, broad, broad, narrow,
broad, broad, narrow, etc. This may result in longer repeat distances
as shown in our model calculations in this paper.

Garson et al [9] also observed various peaks (shoulders) in the
range from 4 nm to 4.5 nm. In their paper it is not clear whether all
these peaks are found in one piece of stratum corneum, or that the
peak varies in stratum corneum from different donors. In our exper-
iments the intensity of this shoulder varies to a large extent between
stratum corneum from different donors. Sometimes a second shoul-
der is detected. This second shoulder is shown in Fig 5a on the
scattering curve obtained at 23°C. These variations between differ-
ent donors and the additional shoulder may explain the various
peaks Garson et al obtained.

In murine stratum corneum only one unit cell with a repeat dis-
tance of 13.1 nm was observed [7]. This undoubtedly results in the
conclusion that stratum corneum from different sources can possess
quite different lipid structures. The unit cell in murine stratum
corneum contains probably also more than one lipid bilayer [7]. In
the case of murine stratum corneum an increase in temperature
already leads to a diffuse pattern at 40°C. This was not observed
with human stratum corneum at 45°C. The differences in lipid
structure between murine and human stratum corneum cannot be
detected with thermal analysis, because both unit cells undergo a
phase transition in the same temperature region. Another difference
between the two types of stratum corneum is the recrystallization
behavior of the lipids. In murine stratum corneum the lipids recrys-
tallized in exactly the same lattice as before the heating/cooling
cycle, whereas recrystallization of the lipids in human stratum cor-
neum resulted in a different structure as could be concluded from
the diffraction pattern. The difference may originate from the fact

d=13.4 nm
__________________ s |
pmt : 145nm 29nm 145nm|
|
:1.5nm 305 nm 3.05nm
alkyl head alkyl head alkyl head
chains groups chains groups chains  groups
—
X

Figure 8. The electron density profile of the unit cell with a repeat distance
of 13.4 nm. Three alkyl chain regions are found, of which two are identical.
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that human stratum corneum lipids possess the two types of unit
cells, and that the lipids only recrystallize in one type. Because
remarkable differences exist between murine and human stratum

corneum, it should be interesting to investigate other types of stra-

tum corneum.

Concerning the thermal transition at 40°C, it seems that this
transition is only due to a change in the packing of the lipids in the
lamellae. This is confirmed by investigations of Wilkes etal [10]. In
their studies they observed a disappearance of the lipid band corre-
sponding to a d of 0.37 nm. According to White et al [7] this could
be a change from an orthorhombic structure to hexagonal packing.

Another interesting point is the influence of water on the lipid
structure in human stratum corneum. No swelling of the bilayers
occurs upon hydration, which was unexpected because water is a
very effective penetration enhancer for hydrophilic as well as lipo-
philic drugs [15]. Water certainly has an influence on the lipid
bilayer structure as is shown in Fig 7a,b: an increase in water content
up to 40% w/w results in an increase in intensity of all the diffrac-
tion peaks. With thermal analysis also an increase in the ratio peak
high to half-width was observed for the lipid transitions by increas-
ing the water content to 40% w/w. With SAXS a very interesting
phenomenon was observed: a further increase in water content leads
to the disappearance of the unit cell with a repeat distance of 13.4
nm. Because the intensity of the remaining difgraction peak is quite
low it is concluded that the unit cell is transformed to a disordered
structure. This might account for the strong penetration-enhancing
effects of water at very high water contents (from 40% w/w up to
50% w/w). Whether the disappearance of the 13.4-nm unit cell isa
general trend or this is a characteristic of the stratum corneum used
in these experiments will be investigated in the future.

We thank Dr. M. Ponec for performing the TLC experiments.
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