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ABSTRACT The lipid matrix of the skin’s stratum corneum plays a key role in the barrier function, which protects the body from
desiccation. The lipids that make up this matrix consist of ceramides, cholesterol, and free fatty acids, and can form two coex-
isting crystalline lamellar phases: the long periodicity phase (LPP) and the short periodicity phase (SPP). To fully understand the
skin barrier function, information on the molecular arrangement of the lipids in the unit cell of these lamellar phases is very desir-
able. To determine this arrangement in previous studies, we examined the molecular arrangement of the SPP. In this study,
neutron diffraction studies were performed to obtain information on the molecular arrangement of the LPP. The diffraction
pattern reveals nine diffraction orders attributed to the LPP with a repeating unit of 129.45 0.5 Å. Using D2O/H2O contrast vari-
ation, the scattering length density profiles were calculated for protiated samples and samples that included either the perdeu-
terated acyl chain of the most abundant ceramide or the most abundant perdeuterated fatty acid. Both perdeuterated chains are
predominantly located in the central part of the unit cell with substantial interdigitation of the acyl chains in the unit cell center.
However, a fraction of the perdeuterated chains is also located near the border of the unit cell with their acyl chains directing
toward the center. This arrangement of lipids in the LPP unit cell corresponds with the location of their lipid headgroups at
the border and also inside of the unit cell at a well-defined position (521 Å from the unit cell center), indicative of a three-layer
lipid arrangement within the 129.4 5 0.5 Å repeating unit.
INTRODUCTION
Neutron diffraction provides a sensitive and versatile
technique to probe the structure of biological membranes.
The technique relies on the large difference between the
coherent scattering amplitudes of hydrogen and deuterium,
a quality that makes it selectively advantageous over other
methods such as x-ray diffraction. Using neutron diffrac-
tion, the scattering length density profiles are obtained by
means of Fourier reconstructions to determine the distribu-
tion of membrane lipids along the normal to the membrane
plane (1–10). In the studies reported here, we embarked
upon a journey to examine a lamellar structure that is exclu-
sively present in the superficial layer of the skin. The lipids
in this layer mainly comprise cholesterol (CHOL), free fatty
acids (FFAs), and members of the sphingolipid family,
namely ceramides (CERs) (11–14).

This superficial layer of the skin is referred to as the
stratum corneum (SC) and provides a physical barrier
to prevent the body from experiencing desiccation. The
CHOL, CERs, and FFAs in the SC are located between
dead keratin-containing cells (referred to as corneocytes);
the composite layer is thus presented as a brick-and-mortar
structure. The partitioning of many compounds into the cor-
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neocytes is limited (15,16). This is due to their cornified
envelope wrapping around these dead cells. Consequently,
the tortuous intercellular domains filled by the lipids form
the most important pathway for penetration of substances
across the skin (17). Therefore, to unravel the natural func-
tion of the skin, i.e., the barrier function, it is crucial to have
detailed knowledge on the molecular organization of this
intercellular lipid matrix.

When focusing in more detail on the lipid composition,
the CERs are characterized by the presence of long hydro-
carbon chains (acyl chains chemically linked to sphingoid
bases). The FFAs present in the human SC are mainly satu-
rated and range in chain length from C14 to C34 (18,19).
The CERs can vary in their headgroup architecture and in
the number of carbon atoms in the acyl chain and sphingoid
base. To date, 14 different subclasses of CERs have been
identified in human SC (12,13,20,21). CERs are key players
in the molecular organization of the SC (22,23).

In concert, the three main lipid classes adopt lamellar
phases that are characteristic of the SC. In human and pig
SC, two coexisting crystalline lamellar phases are presently
referred to as the long periodicity phase (LPP) and short
periodicity phase (SPP), with repeat distances of ~130 and
60 Å, respectively (24,25). It has been reported that the
LPP plays a crucial role in maintaining the skin barrier:
the absence of the LPP in the SC lipid model membranes
http://dx.doi.org/10.1016/j.bpj.2015.04.030
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drastically reduces the lipid barrier function. Similarly a
reduced level of lipids forming the LPP is thought to reduce
the skin barrier in diseased states, for example, in atopic
dermatitis and in dry skin (26–29). To understand the role
of the lipid classes in the formation of the lamellar phases
and thus their function in the skin barrier, it is important
to unravel the molecular arrangement in the unit cells of
these lamellar phases. In two previous studies, we focused
on the molecular arrangement of the CERs, CHOL, and
FFAs in the unit cell of the SPP (27,30). The aim of this
study is to solve the molecular arrangement of the lipids
present in the LPP.

Previously, using x-ray diffraction techniques, we were
able to determine the electron density profiles in the unit
cell of the LPP. These studies indicated that, unlike phos-
pholipid lamellae in general, but also unlike the SPP bilayer
arrangements, the unit cell of the LPP consists of a trilayer
arrangement (31,32).

Structure determination by x-ray diffraction offers only
limited utility for probing the lipid organization within the
LPP—because of the low level of hydration and low contrast
of the system, but the obtained electron density profiles of
the unit cell can be considered as a fingerprint of the lipid
arrangement in the unit cell. Neutron diffraction measure-
ments of the LPP lamellae offer significantly greater resolu-
tion in terms of D2O/H2O contrast. Taking advantage of
contrast variation and selective deuteration, information
can be obtained about the location and molecular arrange-
ment of the lipid molecules in the unit cell of the LPP. By
this means, we investigated the highly abundant subclasses
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of lipids present in the mixture, namely a nonhydroxy acyl
chain linked to a sphingoid base (CER NS C24) with the
acyl chain deuterated and the FFA C24 (lignoceric acid)
perdeuterated. These lipids form at ~30 mol % of their cor-
responding CER and FFA classes. Using neutron diffraction
in combination with D2O/H2O contrast variation, first the
water phase signs of the lipid mixtures were selected.
Subsequently, the neutron scattering length density profiles
(SLDs) were constructed for the protiated and the deuterated
mixtures and the location of the CER NS and FFA C24
lipids were determined. Finally, the water profile based on
the lipid headgroups in the unit cell of the LPP together
with the positions of the CER NS and FFA C24 lipids
were determined.
MATERIALS AND METHODS

Materials

Five subclasses of synthetic CERs were used in our studies. These are 1) the

ester linked omega-hydroxyl acyl chain (abbreviation EO, 30 carbons in the

acyl chain (C30)) with a sphingosine chain (abbreviation S, C18) referred to

as CER EOS (C30); 2) a nonhydroxy acyl chain (abbreviation N, C24)

linked to a sphingosine base (C18) referred to as CER NS (C24); 3)

a nonhydroxy acyl chain (C24 or C16) linked to a phytosphingosine

base (abbreviation P) referred to as CER NP (C24) and CER NP (C16),

respectively; 4) an a-hydroxy chain (abbreviation A) linked to a sphingo-

sine base referred to as CER AS (C24); and 5) an a-hydroxy acyl chain

(C24) linked to a phytosphingosine base referred to as CER AP (C24).

The number given in parentheses indicates the number of carbon atoms pre-

sent in the acyl chain of the CERs. The molecular structure of the synthetic

CERs are provided in Fig. 1. All the CERs were generously provided by
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FIGURE 1 Molecular structure of the various

(A) CER subclasses and (B) FFAs used in this

study. (Bold) CER NS (C24) and FFA lignoceric

acid (C24:0) were used to prepare the deuterated

lipid mixtures as explained in the Materials and

Methods. In preparing the protiated sample, all

these lipids were used in their protiated form.
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Evonik (Essen, Germany). Palmitic acid (C16:0), stearic acid (C18:0),

arachidic acid (C20:0), behenic acid (C22:0), tricosanoic acid (C23:0),

lignoceric acid (C24:0), cerotic acid (C26:0), CHOL, and deuterated water

were obtained from Sigma-Aldrich Chemie (Schnelldorf, Germany).

Deuterated CER NS (C24) and FFA C24:0 were obtained from Arc

Laboratories B.V. (Apeldoorn, the Netherlands). The molecular structure

of the FFAs is also shown in Fig. 1. Silicon substrates were obtained

from Okmetic (Vantaa, Finland). All solvents used were of analytical grade

and supplied by Labscan (Dublin, Ireland). The water was of Millipore

quality produced by a Milli-Q water filtration system (Millipore, Billerica,

MA) with a resistivity of 18 MU.cm at 25�C.
Sample preparation method

The lipid mixtures consisted of CERs, CHOL, and FFAs in an equimolar

ratio. The CER subclasses with their chain length and molar ratios used

in this study are given in Table 1. This ratio resembles very closely the

CER composition reported in the pig SC (33), except that the CER EOS

is present at an increased level (~10 mol % in case of pig SC versus

40 mol % in this study). In all of these CERs, the sphingoid base has a chain

length of C18. The FFA composition was prepared from seven FFA sub-

classes. Their name, chain length, and molar ratios are also provided in

Table 1. The composition of the FFA mixture is based on the FFA chain-

length distribution reported for human SC (34). For preparing the deuter-

ated lipid mixtures, the protiated CER NS and FFA C24 were replaced

by their deuterated counterparts. In the case of CER NS, only the acyl chain

was deuterated whereas the FFA C24 was perdeuterated (see Fig. 1, bold

marked). A total of three different model lipid membranes were prepared.

The composition of these model lipid mixtures with their molar ratios

and the total number of deuterated atoms per molecule are provided in

Table 2. For preparing the lipid mixtures, the appropriate amount of lipids

was dissolved in chloroform/methanol (2:1 v/v) solution at 10 mg/mL

concentration. Subsequently the lipids were sprayed on a silicon substrate

in an area of 1.2 � 4.0 cm2 using a Camag Linomat IV sample applicator

(Muttenz, Switzerland). The temperature during the spray was 25�C and

spraying rate was set to 5 mL/min. During spraying, the solvent was evap-

orated by a gentle flow of nitrogen gas. Ten milligrams, total, of lipids were

sprayed on the substrate.
TABLE 1 The various lipid classes and their corresponding

molar ratios used to prepare the mixtures for neutron

diffraction experiments

Description Synthetic Lipids Molar Ratio (%)

CER name and chain length CER EOS (C30) 13.3

CER NS (C24) 12

CER NP (C24) 3.7

CER AS (C24) 1

CER NP (C16) 2

CER AP (C24) 1.3

CERmix Total 33.3

CHOL CHOL (C27) 33.3

palmitic acid (C16) 0.6

stearic acid (C18) 1.3

arachidic acid (C20) 2.6

FFA name and chain length behenic acid (C22) 14.2

tricosylic acid (C23) 1.7

lignoceric acid (C24) 11.5

cerotic acid (C26) 1.4

FFA Total 33.3

Total CER:CHOL:FFA 100

The lipids provided in bold are those that are used in protiated and deuter-

ated form to determine their localization in the unit cell.
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In order to maintain a homogeneous temperature environment during

the equilibration method, after spraying, the lipid films were placed in

an aluminum chamber. Subsequently, the chamber was filled with argon

gas to avoid lipid oxidation at elevated temperatures. The sample was

then equilibrated close to the melting temperature at ~68–70�C for

~12 min and gradually cooled to room temperature. The samples were

then hydrated with at least three different D2O/H2O mixtures selected

from the ratios 8:92, 50:50, or 67:33 and 100:0 (v/v) at 100% relative

humidity (RH). The sequence of D2O/H2O ratios was randomized. For

the first time, the samples were hydrated for ~15 h at 37�C and with

the RH maintained at 100% before the neutron diffraction measurements.

After measuring with that particular D2O/H2O mixture, the samples were

subsequently allowed to hydrate for ~12 h at 37�C using a different D2O/

H2O mixture.
Neutron diffraction experiment

All the neutron diffraction experiments were performed on the D16 cold

neutron diffractometer of the Institute Laue-Langevin located in Grenoble,

France. The wavelength of neutron beam was 4.75 Å and all the samples

were measured in the reflection mode. The sample/detector distance was

kept at 85 cm. The samples were mounted on a goniometer placed in an

aluminum chamber. The temperature of the chamber was maintained at

25�C throughout the measurements. While measuring the sample hydrated

at a particular D2O/H2O, the bottom of the chamber was filled with the

same D2O/H2O to maintain a constant 100% RH. The measurement time

per sample varied between 10 and 12 h depending on the signal/noise.

A position-sensitive two-dimensional 3He detector with an area of 320 �
320 mm and a spatial resolution of 1� 1 mmwas used to record the neutron

scattering density. The order of measurements of the samples with specific

D2O/H2O ratios was randomized.
Data analysis

Sensitivity differences on the detector surface were corrected by using

water calibration measurements. In order to increase the signal/noise, a

background measurement of the empty chamber was also performed and

subtracted from each sample measurement. For the data analysis, the soft-

ware LAMP (Institute Laue-Langevin) was used (35). During the measure-

ments, the sample was rotated in steps of 0.1� from 0 to 10.5� to cover all

the nine diffraction orders and the detector images were taken at each step.

The two-dimensional detector data was integrated in the vertical direction,

resulting in a one-dimensional diffraction pattern of scattering intensity as

a function of the scattering angle (2q). The scattering angle 2q is converted

to the scattering vector q as

q ¼ 4:p:sin q

l
: (1)

In this equation, q is the Bragg angle and l is the wavelength of the neutron

beam. A typical one-dimensional diffraction plot of intensity versus q is

provided in Fig. 2.

The repeat distance (d) of the unit cell was calculated from the positions

of a series of equidistant peaks attributed to the lamellar phase (qh) by

d ¼ 2:p:h

qh
; (2)

where h represents the diffraction order. All diffraction peaks were fitted as

Gaussians ðR ðxÞÞ, Z
ðxÞ ¼ ae�

ðx�mÞ2
2s2 þ c; (3)



TABLE 2 The lipid composition with their deuterated mol % and the total number of deuterated atoms per lipid molecule for various

compositions forming an LPP, measured with neutron diffraction

Lipid Model Type

Lipid Composition and

Molar Ratio (Equimolar) Deuterated mol %

Number of Deuterated

Atoms per Molecule Repeating Unit D (Å)

CERPRO CERmixa/CHOL/FFA 0 0 129.4 5 0.6

CERDCER NS CERmix (CER NS)/CHOL/FFA 12 47 129.4 5 0.4

CERDFFA C24 CERmix/CHOL/FFA (C24:0) 11.5 47 129.3 5 0.6

The repeat distance with their uncertainties of all the lipid mixtures is also presented.
aThe CERmix consisted of CER EOS C30, CER NS C24, CER NP C24, CERAS C24, CERNP C16, and CERAP C24 in a 13.3:12:3.7:1:2:1.3 molar ratio, as

presented in Table 1.
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where c is considered the offset for the baseline correction. The structure

factor amplitude jFhj of each diffraction order was then calculated from

the Gaussian peak height (Ih) by using the formula

jFhj ¼ Ah

ffiffiffiffiffiffiffiffi
L:Ih

p
: (4)

Here, L represents the Lorentz correction. The appropriate values were

calculated for all the mixtures and applied to correct for the intensities.
Ah is the correction factor for sample absorption, which was calculated

using the formula (9)

Ah ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin q

2 ml

�
1� e

�2 ml
sin q

�r : (5)

In this equation, m represents the linear attenuation coefficient and l is the

thickness of the lipid film. The densities of the various lipid mixtures were
calculated by taking into consideration the number of water molecules

(two water molecules per lipid molecule) as determined previously (27).

Subsequently, the thickness of the membrane (l) was calculated using the

density of the lipid membrane in combination with the amount of lipid

materials (10 mg) and the area of the spraying membrane (4.8 cm2), which

is ~24 mm. Later, the attenuation coefficient (m) values were calculated by

using the known lipid densities and the chemical composition of the lipid
FIGURE 2 One-dimensional neutron diffraction plot of the LPP mixture

prepared with protiated lipids (CERPRO) and hydrated at 100% D2O/H2O.

Various diffraction orders of the LPP lipid lamellae captured from the mea-

surements are indicated (Arabic numbers) as well as the CHOL peak

(asterisk). (Inset) The first-order diffraction pattern of the LPP measured

at different detector positions to accommodate the other orders to fit in

only one detector position.
films in combination with the wavelength of the neutrons (36). The error

in the structure factors by D2O/H2O exchange was calculated from the

deviation of the fitted regression lines and is shown in Table S1 in the

Supporting Material.

When considering the unit cell of the LPP as centrosymmetric, the

structure factor phase signs would be either 0 or p. In that case, the structure

factor amplitudes change linearly with increasing the D2O/H2O (9). If we

assumed that in our lipid mixture, the water is located near the headgroups

at the boundaries of the unit cell, the phase signs of the structure amplitudes

of water would be�þ�þ�þ�þ� for the first nine diffraction orders.

This results in a water distribution profile that is in agreement with the

previously reported electron density profile (32). A more detailed explana-

tion about the choice of the phase signs is provided in the Results. In addi-

tion, the water-layer structure factors are defined as the structure factors at

100% D2O minus the structure factors at 8% D2O. Using this information,

the structure factor phase signs for both protiated mixture and mixtures con-

taining the deuterated lipids could then be determined from the linear plot

of the structure factors versus D2O/H2O. This was done in such a way that

the difference between 100 and 8% D2O gives the correct phase sign for the

water-layer structure factor at that particular diffraction order. This proce-

dure was carried out for both protiated and deuterated samples. A more

detailed description is given elsewhere (8,9,37).

Finally, the SLD profile across the unit cell r(x) was calculated by

Fourier reconstructions:

rðxÞ ¼ F0 þ 2
Xhmax

h¼ 1

Fhcos

�
2:p:h:x

d

�
: (6)

Here, x is the direction normal to the unit cell surface and x¼ 0 is the center

of the unit cell. The value F describes the average scattering density per
0

unit volume and has to be calculated to put the data on an absolute scale.

The term F0 was calculated by using the chemical composition and the

mass density of the sample (5,38). The level of CHOL dissolved in the

LPP is ~20 mol % of the total lipid mixture (unpublished work); therefore

this level was used to determine the F0 value. To obtain the uncertainty in

the F0 value, we calculated F0 when CHOL level varied between 10 and

25 mol %. It appeared that the effect on the F0 value was negligible. The

data were then put on a relative-absolute scale (6,30,39,40) using the

following procedure: The known neutron SLDs of deuterium and hydrogen

were used to scale the differences in such a way that the area differences

between the SLDs are equal to the SLD of the deuterium label, for example,

a 47-deuterium difference in case of DFFA C24. The difference density

profile was then constructed by subtracting the protiated profile from the

deuterated profile.
RESULTS

Neutron diffraction pattern

The neutron diffraction pattern of the three different model
membrane mixtures studied show at least nine diffraction
Biophysical Journal 108(11) 2670–2679
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orders attributed to the LPP. A typical one-dimensional
diffraction pattern of intensity versus q plot for CERPRO

mixture is provided in Fig. 2, showing the various diffrac-
tion orders. All diffraction peaks show a slight peak asym-
metry due to the large size of the sample in comparison to
the distance to the detector. This is most clearly visible for
high-intensity peaks at lower q values. No additional phases
were observed apart from crystalline CHOL domain. The
reflection from the crystalline CHOL peak is observed at
q ¼ 0.18 Å and does not interfere with the diffraction orders
of the LPP. The one-dimensional diffraction plots for the
CERDCER NS and CERDFFA C24 mixtures are provided in
the Fig. S1 in the Supporting Material.

The repeat distance of all the samples was calculated
from the series of equidistant peaks using known q values
of the peak positions obtained by a least-square fitting and
is provided in Table 2 with their uncertainties. The mean
repeat distance of all the samples was calculated to be
129.4 5 0.5 Å. The mosaic spreads of the lipid lamellae
were determined from the neutron rocking curves by calcu-
lating the full width at half-maximum of a Gaussian fit and
appeared to be ~0.19 5 0.03�.
Hydration levels of the LPP model mixture

When hydrating the lipid mixtures, only a small increase in
the level of hydration was observed, ~2 water molecules per
lipid molecule (27). Therefore, when increasing the D2O/
H2O ratio, only a moderate increase in the neutron scattering
signal was noticed, as shown in Fig. 3. However, the signal/
noise in our neutron diffraction measurements was sufficient
to discriminate between the protiated and the partly deuter-
ated mixtures.
Determination of the phase signs

To determine the water phase signs of the amplitudes of the
different diffraction orders, the contrast variation method
was used. If we assume that the headgroups are located
close to the boundary of the unit cell, the H2O should be
8 100
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located close to the headgroup regions and thus also close
to the unit cell boundaries. As a result, it is expected that
the absolute values of the structure factors will increase
when gradually increasing the D2O/H2O. On the assumption
that water is located in the headgroup regions, in our phase-
determining procedure, we systematically varied the phase
signs of the various diffraction orders, initially for the first
six orders. After having selected those phase-sign combina-
tions that resulted in the most realistic water profiles, in the
next step we varied systematically the remaining three phase
signs (seven up to nine orders). When assuming the water is
located at the boundary of the unit cell at the positions of the
headgroups, the most realistic phase signs of water we
selected is contained in the combination�þ�þ�þ�þ�
for the first nine diffraction orders. Combination of these
phase signs with the absolute values of the Fourier ampli-
tudes resulted in the location of water not only at the bound-
ary of the unit cell (two regions), but also at two regions
inside the unit cell at a position of ~20 Å from the unit
cell center. Considering the location of water in these four
regions, the water profile was fitted assuming a Gaussian
distribution, which results in the similar phase signs
(Fig. S2). When changing one of the phase signs of the
weak diffraction orders (i.e., fourth, fifth, eighth orders),
the change in the net water distribution profile is minor
because the contribution of these phase signs to the water
SLD is limited (Fig. S3 A). On the contrary, when changing
one of the high intensity phase signs (i.e., second, third,
sixth orders), a different water profile is observed (see
Fig. S3 B), resulting in an unrealistic water distribution.
This is the case for changing each of the phase signs of
the high-intensity diffraction peaks. The phase signs of the
weak-intensity peaks are with some uncertainty, but do not
really contribute to the overall SLD profiles.

The next step was to calculate the phase signs of the
various diffraction orders of the LPP, keeping the difference
between the structure factors of 100% D2O and 8% D2O in
agreement with the correct phase signs for the water (Fig. 3).
The linear fit of the structure factors with respect to the
different D2O/H2O ratios demonstrate that the SLD profile
100

1
2
3
4

5
6
8
9

)

FIGURE 3 Linear fitting of the relative structure

factor amplitudes as a function of D2O/H2O ratio

for all the different diffraction orders of the LPP

lipid membrane for (A) CERDCER NS mixture and

(B) CERDFFA C24 mixture. The numbers in the plots

indicate the various diffraction orders.
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is centrosymmetric. The structure factor amplitudes with
their uncertainties and the corrected phase sign assignments
for various diffraction orders at different D2O/H2O ratios are
provided in Table S1.

Note here that systematic consideration was given to all
other possible phase sign combinations (as detailed in the
Supporting Material), and by this means established that
the combination determined as described above, although
not uniquely defined, is correct in all essential details, giving
confidence that the LPP model reported here is accurate and
reliable.
Neutron SLD profiles of the model membrane

The neutron SLD profiles in the unit cell of the protiated and
partly deuterated samples were then constructed using the
phase signs in combination with the structure factors by us-
ing Eq. 6. The profiles constructed at 8 and 100% D2O/H2O
for the CERPRO mixture are provided in Fig. 4. The differ-
ence between the 100 and 8% D2O/H2O indicated the water
profile. From the water profile (Fig. 4, bottom), four distinct
regions of elevated scattering density are observed—two at
the border, and two inside of the unit cell, indicating the
position of the hydrophilic headgroups in these regions.
The headgroup regions were fitted assuming Gaussian
distributions in order to determine their exact position in
the unit cell. The results show that the outer headgroup
regions are located at 64.7 5 0.4 Å from the center of the
A

B

FIGURE 4 The relative SLD profiles of the CERPRO mixture hydrated

and measured at 8% (A, dashed line) and 100% D2O (A, solid line) with

neutron diffraction at 100% RH. (B, solid line) Difference profile showing

the water SLD. The four headgroup regions in the water profile are clearly

visible, indicating a three-layer arrangement in the LPP.
unit cell, whereas the second submaxima are located at
21 5 0.3 Å from the unit cell center, indicating the water
hydrations in these regions when considering the D2O/
H2O contrast.

The SLD profiles of the unit cell of the LPP for
the CERDCER NS or CERDFFA C24 mixture are provided in
Fig. 5. The difference density profiles for the unit cell of
the CERDCER NS and the CERDFFA C24 were obtained by
subtracting the density profile of the CERPRO either from
the CERDCER NS profile or from the profile of CERDFFA

C24 (Fig. 5, bottom). The difference density profiles indicate
the position of deuterated CER NS and deuterated FFA C24
in the LPP unit cell. From the difference density profile, it is
evident that the CER NS and FFA C24 are located in the
central part of the unit cell. However, an increment in the
density near the unit cell border indicates that a proportion
of CER NS and FFA C24 are also located close to the outer
border of the unit cell.
DISCUSSION

The lipids present in the SC form two crystalline lamellar
phases, the LPP and SPP (24,25), which contribute promi-
nently to the skin barrier function. This is why it is crucial
to obtain more information on the arrangement of the lipids
within the unit cells of these phases. Previously, using
neutron diffraction we were able to determine the molecular
arrangement of the most abundant lipid molecules present in
the unit cell of the SPP (27,30). Based on these calculations,
a detailed molecular model for the SPP has been proposed in
which the CER NS hydrocarbon chains are interdigitating
and the short length of CHOL compensates for the extended
FFA having a chain length of 24 carbon atoms. Studies are
documented in the literature focusing on the phase behavior
of lipid mixtures including 3–5 lipid components (1–3,41).
Although these mixtures are often referred to as SPP, their
repeat distances are nevertheless somewhat smaller than
typical SPP repeat distance of between 50 and 60 Å. In a
few studies, CER EOS was also present in the lipid mix-
tures. Despite the presence of CER EOS, these lipid mix-
tures do not form the LPP or require a hydrated state of
the lipids to form the LPP—a situation not anticipated in
our previous studies (3,41,42). Perhaps a mismatch in the
chain length of CERs and/or FFA, a different ceramide
composition, and/or a difference in thermal history may
contribute to a reduced formation or even the absence of
the LPP (43).

Furthermore, some of these lipid mixtures showed multi-
ple lamellar phases and thus, phase separation. Despite their
short repeat distances and multiple lamellae formation,
these studies are very useful because they provide important
information concerning the lipid arrangement and molecu-
lar interaction of lipids. As far as the LPP is concerned, as
of this writing, very little is known about the detailed molec-
ular arrangement of the lipid molecules in the unit cell.
Biophysical Journal 108(11) 2670–2679
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FIGURE 5 Neutron SLD profiles of the LPP

model membranes in the direction normal to the

unit cell surface. (A) Model membrane mixture

for CERDCER NS and (B) for CERDFFA C24. (Top,

dashed lines) Profiles of the protiated sample.

(Top, solid lines) Deuterated profiles of the model

mixture. (Bottom plots, solid lines) Difference pro-

files were obtained by subtracting the protiated

profile from the deuterated profiles, which indicate

the position of the corresponding deuterated lipid

molecules in the LPP unit cell.
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In another study, using molecular modeling of vitreous skin
section, an asymmetric arrangement of ~11 nm repeating
unit of the lipid matrix has been presented (44). This con-
trasts with our previous findings that the LPP has a repeat
distance varying between 12 and 13 nm, with a symmetric
electron density distribution with four distinct headgroup re-
gions, indicative of a three-layer arrangement in the unit cell
of the LPP (31,32).

In our studies, using neutron diffraction together with
isotopic (H/D) substitution, we also demonstrate a symmet-
ric arrangement of the unit cell, based on a linear relation-
ship between the structure factor amplitudes and the D2O/
H2O ratios. However, for understanding the skin barrier,
knowledge on the localization of the molecules within
the unit cell is also crucial. In this study, our aim was to
determine the localization of lipid classes in the unit cell
of the LPP. In the first series of studies, we decided to focus
on two highly abundant lipid subclasses in the lipid mix-
tures as well as in the SC (33,34), namely CER NS
(C24) and FFA C24:0. To the best of our knowledge, these
are the first neutron diffraction experiments reported for the
localization of the lipid molecules within the unit cell of
the LPP.
Choice of the CER composition in the model
lipid mixtures

The natural abundance of CER EOS in the human and pig
SC is ~10 mol % of the total level of CERs (33,45–48),
which enables the formation of both the LPP and SPP, in
human and pig SC (24,25). When examining the lipid orga-
nization of the mixtures prepared with isolated human
CERs, pig CERs, or a synthetic CER mixture mimicking
the pig CER composition, the phase behavior is very
similar (33,49): The lipids assemble in the LPP and SPP
with very similar repeat distances and the lamellar phases
transform to a disordered state between 60 and 75�C.
Also, in a previous study, we combined the intensities of
various diffraction orders of the LPP in the diffraction
Biophysical Journal 108(11) 2670–2679
curves of mixtures prepared from isolated and synthetic
CERs and demonstrated that one constructed continuous
Fourier transform calculated from a mixture prepared
with isolated CERs fitted all the experimental Fourier
factors obtained from for the various mixtures (32). Using
the same set of phase angles, we showed that the Fourier
factors calculated from the various orders of the diffraction
curves obtained with pig SC and SC from human skin
equivalents (having similar CER composition as native
human SC) fitted to the same continuous Fourier transform
(32). This demonstrates that not only is the phase behavior
of these systems similar, but the electron density profiles
within the unit cell as well. The electron density profiles
serve as a fingerprint of the lipid arrangement in the unit
cell and therefore it is expected that the lipid arrangement
in the unit cell of the LPP in these lipid mixtures mimic
closely that in SC.

In this study we wanted to form exclusively the LPP
to avoid any overlap in diffraction peaks of CHOL and
the diffraction peaks attributed to the SPP. Therefore,
the CER EOS level was elevated in the mixture from
15 mol % (that we normally use) to 40 mol % of the
CERs (50). At this CER EOS level, the lipids form only
the LPP. Furthermore, when using this level, the LPP peaks
are well separated from the diffraction peaks of crystalline
CHOL.
Neutron diffraction pattern

In our samples the lipids form stacks of lamellae oriented
approximately parallel to the silica support. Using neutron
diffraction, we were able to measure nine diffraction orders
attributed to the LPP with a repeat distance of 129.5 5
0.4 Å. The seventh-order diffraction peak was not detectable
in the spectra, indicating that the continuous membrane
form factor is zero at this point. The diffraction pattern
showed also the presence of diffraction peaks attributed to
crystalline CHOL. These peaks did not interfere with those
of the LPP.
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Arrangement of DCER NS and DFFA C24 in the
LPP unit cell

When considering the SLD profiles of CERPRO, CERDCER NS,
and CERDFFA C24, a high density is located at the boundaries
of the unit cell, suggesting that the headgroups of the
lipids are located at the boundaries of the unit cell whereas
the hydrocarbon chains extend toward the center. Such
arrangements are often observed in phospholipid bilayers
(51,52). However, a second and third submaximum are
also observed inside of the unit cell, located at �21 Å
and þ21 Å from the unit cell center, indicating that other
high-density regions are also present inside of the unit
cell, most probably the location of headgroups in these re-
gions. This demonstrates that the unit cell of the LPP con-
sists of three lipid layers that correspond to the three-layer
electron density profile obtained by x-ray diffraction with
high-electron-density headgroup regions at 20 Å from the
center of the unit cell (32). This illustrates its believed-
unique arrangement.

In the SLD profiles for both CERDCER NS and CERDFFA C24,
an elevated SLD is observed at the center of the unit cell.
This elevated SLD is attributed to the deuterated hydrocar-
bon chains of CER NS or FFA (see Fig. 5), which probably
partially interdigitate. The distance between the two inner
headgroup regions is 42 5 0.6 Å, which is in agreement
with this interdigitation. Besides an elevated density in the
center of the unit cell, in the difference SLD profiles, at
the border of the unit cell, an elevation in the SLD is also
observed. This suggests that a proportion of the CER NS
and FFA C24 are also located at the border of the unit cell
with their headgroups at the unit cell border and the hydro-
carbon chains extending in the direction of the center of the
unit cell.

The arrangement of the acyl chains of CER NS and FFA
C24 inside the central layer in the unit cell of the LPP might
be different from the arrangement of the SPP reported
earlier (27,30). In the case of the SPP where the repeat dis-
tance of the unit cell is 54 Å, interdigitation of the acyl
chains of CER NS and the FFA occurs and CHOL compen-
sates for the long FFA chains that extend beyond the center
of the bilayer. The position of CHOL in the LPP is not
known yet. It is unlikely that the majority of CHOL is
located in the central lipid layer of the unit cell of the
LPP, as our study shows that the acyl chains of CER NS
and FFA C24 are dominant in this layer. In a previous study
(31) it was shown that CHOL is preferentially located near
the outer sides of the 130 Å unit cell, and it was proposed
that this unit cell contains two bilayers with CHOL asym-
metrically distributed in each bilayer. This may correspond
to a position of CHOL in the two outer layers of the LPP.
The position of CHOL in the LPP unit cell will certainly
be a subject of future studies. As of this writing, it is not
known whether the CER NS is in a hairpin or in a fully
extended arrangement in the LPP. If the CER NS is in a
hairpin arrangement, the headgroup of the CER NS should
be located very close to the two outer lipid layers at the
boundary of the inner membrane headgroup regions, while
in an extended arrangement there is more freedom for the
acyl chains to interdigitate in order to fulfill the requirement
of a layer thickness of only 42 Å. Fig. 6 displays the sche-
matic representation of the possible arrangement of CER
NS and FFA C24 in the LPP unit cell. In the figure, the
CER NS and FFA C24 are shown in a symmetric hairpin
arrangement.
Comparison with previously obtained x-ray
diffraction results

The neutron SLD profile we obtained here (e.g., for proti-
ated sample) is very similar to the x-ray diffraction electron
FIGURE 6 Neutron SLD profiles of CERDCER NS

(dashed line) and CERDFFA C24 (solid line) mixtures

hydrated and measured at 100% D2O/H2O.

A schematic of the DCER NS and DFFA C24 are

also presented showing one possible arrangement

within the LPP unit cell.
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density profile obtained previously (32). When comparing
the neutron SLD profile with the x-ray electron density pro-
file, both profiles exhibit four distinct regions either elevated
in electron density or elevated in the neutron SLD. In the
electron density profile, this elevated density is located at
the positions of the headgroups of the lipids, while in the
neutron SLD profile of the CERPRO, the maxima are related
to the localization of water. When comparing these profiles,
the water and lipid headgroups are located in the unit cell at
very similar positions. Because the x-ray and neutron
diffraction results were independently analyzed, our results
demonstrate that indeed a trilayer structure of the LPP is
most likely the arrangement with headgroup regions located
at the unit cell border and at ~21 Å from the center of the
unit cell.
CONCLUSIONS

Our studies reveal that SC lipid mixtures prepared with an
elevated CER EOS level form the LPP lipid lamellae as
found in human SC. The ~130 Å repeating unit of the
LPP demonstrates that the arrangement of lipids involves
a trilayer structure with the CER NS and FFAC24 being pre-
sent mostly in the center of the unit cell with a substantial
interdigitation in that region. However, in order to conceive
full molecular details of the LPP, the arrangement of two
other important building blocks of the LPP, namely CER
EOS and CHOL, is required to fully understand the arrange-
ment of the lipids in this phase. As of this writing, these
studies are in progress.
SUPPORTING MATERIAL

Three figures and one table are available at http://www.biophysj.org/

biophysj/supplemental/S0006-3495(15)00411-7.
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3. Schröter, A., D. Kessner, ., R. H. H. Neubert. 2009. Basic nanostruc-
ture of stratum corneum lipid matrices based on ceramides [EOS] and
[AP]: a neutron diffraction study. Biophys. J. 97:1104–1114.

4. Engelbrecht, T. N., A. Schroeter, ., R. H. H. Neubert. 2011. Lipo-
philic penetration enhancers and their impact to the bilayer structure
of stratum corneum lipid model membranes: neutron diffraction studies
Biophysical Journal 108(11) 2670–2679
based on the example oleic acid. Biochim. Biophys. Acta. 1808:2798–
2806.

5. Harroun, T. A., J. Katsaras, and S. R. Wassall. 2006. Cholesterol hy-
droxyl group is found to reside in the center of a polyunsaturated lipid
membrane. Biochemistry. 45:1227–1233.

6. Wiener, M. C., and S. H. White. 1991. Fluid bilayer structure determi-
nation by the combined use of x-ray and neutron diffraction. II.
‘‘Composition-space’’ refinement method. Biophys. J. 59:174–185.

7. Zaccai, G., J. K. Blasie, and B. P. Schoenborn. 1975. Neutron diffrac-
tion studies on the location of water in lecithin bilayer model mem-
branes. Proc. Natl. Acad. Sci. USA. 72:376–380.

8. Worcester, D. L., and N. P. Franks. 1976. Structural analysis of hydrat-
ed egg lecithin and cholesterol bilayers. II. Neutrol diffraction. J. Mol.
Biol. 100:359–378.

9. Franks, N. P., and W. R. Lieb. 1979. The structure of lipid bilayers and
the effects of general anaesthetics. An x-ray and neutron diffraction
study. J. Mol. Biol. 133:469–500.

10. Pebay-Peyroula, E., E. J. Dufourc, and A. G. Szabo. 1994. Location of
diphenyl-hexatriene and trimethylammonium-diphenyl-hexatriene
in dipalmitoylphosphatidylcholine bilayers by neutron diffraction.
Biophys. Chem. 53:45–56.

11. Wertz, P. W., M. C. Miethke, ., D. T. Downing. 1985. The composi-
tion of the ceramides from human stratum corneum and from come-
dones. J. Invest. Dermatol. 84:410–412.

12. Ponec, M., A. Weerheim, ., P. Wertz. 2003. New acylceramide in
native and reconstructed epidermis. J. Invest. Dermatol. 120:581–588.

13. Masukawa, Y., H. Narita,., K. Kita. 2008. Characterization of overall
ceramide species in human stratum corneum. J. Lipid Res. 49:1466–
1476.

14. Weerheim, A., and M. Ponec. 2001. Determination of stratum corneum
lipid profile by tape stripping in combination with high-performance
thin-layer chromatography. Arch. Dermatol. Res. 293:191–199.

15. Simonetti, O., A. J. Hoogstraate, ., M. Ponec. 1995. Visualization of
diffusion pathways across the stratum corneum of native and in-vitro-
reconstructed epidermis by confocal laser scanning microscopy. Arch.
Dermatol. Res. 287:465–473.
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FIGURE S1: One dimensional neutron diffraction pattern of the model membrane for A) 
CERDCER NS and B) CERDFFA C24 mixtures hydrated and measured at 100% D2O/H2O. The 
various diffraction orders of the LPP are shown in Arabic numerals and CHOL peaks by 
means of an asterisk. 
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FIGURE S2: The Gaussian modeling simulation of the unit cell showing the distribution of 
the water molecules A) Simulated Gaussian water profile taking into consideration of nine 
diffraction orders of the LPP with a repeat distance of 130 Å. B) Calculated structure factors 
with their corresponding phase signs from the Gaussian fitting as a function of q (scattering 
vector). These phase signs are the selected phase combination (- + - + - + - + -) for the first 
nine orders. The calculations indicate that the water distribution at the border and inside of 
the LPP unit cell in our experimental results is indeed possible when considering these phase 
signs.    
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FIGURE S3: The relative SLD profiles of the CERPRO mixture at two different phase 
combination for the first nine diffraction orders. The figure title shows the corresponding 
phase signs used to generate these profiles. The profiles generated at 8% and 100% D2O/H2O 
are shown by dashed and solid lines (top) respectively. The difference profiles obtained by 
subtracting the 8% profiles from the 100% profiles, showing the location of the water 
molecules in the unit cell as presented by the solid lines of the bottom figures. The difference 
profile presented in figure A (derived by changing the phase sign of low intensity 4th 
diffraction order) is very similar to the water profile presented in this study (figure 4). In 
contrast figure B (changing the phase sign of high intensity 2nd diffraction order) results in a 
very different (unrealistic) water distribution. This indicates that the water profile is less 
sensitive towards the change of the phase sign of low intensity diffraction order compare to 
the high intensity diffraction order.      
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SUPPLEMENTAL TABLE S1: The structure factor amplitudes with their corresponding 
phase signs and the standard errors are presented for the different model mixtures hydrated 
and measured at different D2O/H2O ratios.  

 
 D2O 

% 
F1 F2 F3 F4 F5 F6 F8 F9 

 8 -2.84 ± 0.44 1.90 ± 0.38 -10.75 ± 0.21 2.22 ± 0.16 -1.04 ± 0.17 4.86 ± 0.24 0.92 ± 0.14 -0.97 ± 0.49 

CERPRO 50 -6.55 ± 0.80 4.81 ± 0.69 -13.43 ± 0.38 3.81 ± 0.29 -2.75 ± 0.31 6.59 ± 0.44 2.75 ± 0.25 -4.34 ± 0.89 

 100 -8.31 ± 0.37 6.00 ± 0.32 -17.87 ± 0.17 4.73 ± 0.13 -3.75 ± 0.14 10.11 ± 0.2 4.10 ± 0.11 -5.40 ± 0.41 

          

 8 -5.03 ± 0.20 12.41 ± 0.06 -3.98 ± 0.25 2.45 ± 0.03 -2.52 ± 0.23 2.51 ± 0.37 1.29 ± 0.08 -3.05 ± 0.22 

CERDFFA C24 50 -5.04 ± 0.36 14.35 ± 0.10 -6.75 ± 0.46 3.59 ± 0.05 -4.97 ± 0.41 3.81 ± 0.68 2.23 ± 0.14 -3.34 ± 0.40 

 100 -6.24 ± 0.16 16.32 ± 0.05 -11.57 ± 0.21 5.13 ± 0.02 -6.51 ± 0.19 7.59 ± 0.31 3.81 ± 0.06 -5.01 ± 0.18 

          

 8 1.66 ± 0.06 16.56 ± 0.06 -5.02 ± 0.19 1.98 ± 0.03 -2.83 ± 0.01 3.71 ± 0.17 1.29 ± 0.11 -3.06 ± 0.01 

CERDCER NS 66 1.18 ± 0.10 19.17 ± 0.17 -11.25 ± 0.52 4.18 ± 0.07 -5.48 ± 0.02 8.96 ± 0.46 2.24 ± 0.31 -5.47 ± 0.01 

 100 0.53 ± 0.09 21.12 ± 0.11 -13.63 ± 0.33 5.29 ± 0.05 -7.07 ± 0.01 10.92 ± 0.29 3.54 ± 0.19 -6.91 ± 0.01 
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