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ABSTRACT

The outermost layer of the skin, the stratum corneum (SC), acts as the natural physical barrier. The SC consists of
corneocytes embedded in a crystalline lipid matrix consisting of ceramides, free fatty acids and cholesterol.

Although phospholipids are frequently present in topical formulations, no detailed information is reported on
the interactions between phospholipids and SC lipids. The aim of this study was to examine the interactions
between a model phospholipid, dipalmitoylphosphatidylcholine (DPPC) and synthetic ceramide-based mixtures
(referred to as SC lipids).

(Perdeuterated) DPPC was mixed with SC lipids and the lipid organization and mixing properties were ex-
amined. The studies revealed that DPPC participates in the same lattice as SC lipids thereby enhancing a hex-
agonal packing. Even at a high DPPC level, no phase separated pure DPPC was observed.

When a DPPC containing formulation is applied to the skin surface it must partition into the SC lipid matrix
prior to any mixing with the SC lipids. To mimic this, DPPC was applied on top of a SC lipid membrane. DPPC
applied in a liquid crystalline state was able to mix with the SC lipids and participated in the same lattice as the
SC lipids. However, when DPPC was applied in a rippled gel-state very limited partitioning of DPPC into the SC
lipid matrix occurred. Thus, when applied to the skin, liquid crystalline DPPC will have very different inter-
actions with SC lipids than DPPC in a (rippled-)gel phase.

1. Introduction

Several therapeutic and cosmetic formulations for topical skin
health applications on the market contain phospholipids, most com-
monly phosphatidylcholine (lecithin). In general liquid crystalline
phosphatidylcholine is utilized to form liposomes although phospholi-
pids are also used as natural emulsifiers [1]. Very little information has
been reported describing the interaction between phospholipids (par-
ticularly conformationally ordered phosphatidylcholine) and skin bar-
rier lipids. In this work the interaction between dipalmitoyl phospha-
tidyl choline (DPPC) and two skin barrier lipid models was examined
using Fourier transform infrared spectroscopy (FTIR) and X-ray dif-
fraction. DPPC was selected as it is one of the most frequently used
phospholipids and exists in an ordered gel phase at skin physiological
temperatures (~32 °C).

The skin is composed of several morphologically distinct layers. The
upper layer of the skin is the stratum corneum (SC). Human SC is a
10-15 pm thick layer consisting of corneocytes in a lipid matrix, which
is responsible for the primary skin barrier function. The corneocytes are
flat hexagonal-shaped dead cells, covalently linked together by cor-
neodesmosomes, and filled with keratin filaments, bound water and
hygroscopic molecules known as natural moisturising factor [2]. The
free volume between corneocytes is filled with three major classes of
lipids; free fatty acids (FFAs), ceramides (CERs) and cholesterol (CHOL)
[3]. As the extra-cellular lipid domains form a continuous structure in
the SC, molecules diffusing across the SC always have to pass through
the lipid regions. For this reason, the SC lipids play an important role in
skin barrier function and the arrangement of the lipids in lamellar do-
mains is a key process in the formation of the skin barrier. X-ray dif-
fraction studies of human SC have shown that the lipids are arranged in
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two crystalline lamellar phases with repeat distances of 6 (short peri-
odicity phase, SPP) and 13 nm (long periodicity phase, LPP), respec-
tively [4]. The 2-dimensional crystalline packing of the lipid methylene
groups is mainly orthorhombic, although a fraction of lipids also ex-
hibits a hexagonal packing. The SC lipid domains are also very im-
portant when studying and interpreting the interaction of exogenous
compounds with the SC. Several studies have reported on a range of
interactions between chemical penetration enhancers and a range of
emollient molecules with SC lipids [5-7].

While the SC is comprised of only three major lipid classes, the
composition is very complex at the sub-class and species level. To date
approximately 17 CER subclasses and 3 FFA subclasses have been
identified in human SC [8-11]. Furthermore, each of these subclasses
has a wide variation in chain length distribution. Consequently there
are more than 1000 chemically distinct lipids in the SC. Recently we
observed that a less complex well-defined lipid composition consisting
of a limited number of CER subclasses, CHOL and the most abundant
FFA assembles in both the LPP and the SPP [12] while adopting a
predominantly orthorhombic packing at room temperature [12,13].
This has also been encountered in many other mixtures prepared with
CERs, in which the mixing properties were strongly affected by lipid
chain length distribution [14-16].

In this work, three or four component mixtures were selected that
are able to form either the SPP or the LPP, respectively. For these
mixtures we used synthetic ceramides. To determine the interactions
between DPPC and SC lipids, the lipids were mixed with gradually in-
creasing level of (perdeuterated) DPPC. We observed that high levels of
DPPC are able to mix with the SC lipids and appear to participate in the
same lattice as the SC lipids. To examine the partitioning of DPPC in a
preformed SC lipid layer, a DPPC layer was placed on top of a SC lipid
membrane and the partitioning and mixing of DPPC with the SC lipids
was examined as a function of the DPPC phase behaviour (rippled gel
phase or liquid crystalline (La)phase) [17]. These studies show that
DPPC in liquid crystalline phase can partition into the SC lipid mem-
brane and “mix” with the SC lipids.

2. Experimental section
2.1. Materials

Two synthetic CERs were used in our studies: 1) N-(omega-lino-
leyloxyacyl) sphingosine (abbreviation CER EOS) with an acyl chain of
30 carbon atoms and a sphingosine of 18 carbons, 2) a non-hydroxy
acyl chain sphingosine (abbreviation CER NS). The acyl chain is 24
carbons and the sphingosine 18 carbons. For the molecular architecture
of the CERs, see Supplement S1. The CERs were kindly provided by
Evonik (Essen, Germany). Lignoceric acid (FA24) and CHOL were ob-
tained from Sigma-Aldrich Chemie GmbH (Schnelldorf, Germany).
DPPC and perdeuterated DPPC was purchased from Avanti Polar Lipids
(Alabaster, AL). Nuclepore polycarbonate filter disks with pore size of
50 nm were obtained from Whatman (Kent, UK). All solvents were of
analytical grade and supplied by Labscan (Dublin, Ireland). The water
used was of Millipore quality produced by Milli-Q water filtration
system.

2.2. Preparation of the model lipid mixtures

The SC lipid mixtures were prepared using equimolar ratios of
CER:CHOL:FA24. The CER consisted either of two CER subclasses, CER
EOS and CER NS in a molar ratio of 40:60 (referred to as CER EOS/NS)
or a single CER subclass, CER NS. Mixtures were prepared with a gra-
dual increased level of (perdeuterated) DPPC varying in a molar ratio
between CER:CHOL:FA24:DPPC = 1:1:1:0 to 1:1:1:4.

In preparing the model lipid mixtures, the appropriate amount of
individual lipids was dissolved in chloroform:methanol (2:1) at a final
concentration of 5mg/ml and sprayed under a stream of nitrogen on a
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AgBr window using a Linomat IV (Camag, Muttenz, Switzerland). The
Linomat device makes use of a Hamilton syringe (100pl) and me-
chanics to spray a programmable volume of sample solution on either
nucleopore filter disks (X-ray diffraction) or a AgBr window (Fourier
transform infrared spectroscopy, FTIR). With the y-axis arm, the li-
nomat is capable of spraying lipids in a rectangular shape. The spraying
flow rate is 5.0 ul/min under a stream of nitrogen gas at a movement
speed of 1 cm/s. After spraying, the lipid samples were equilibrated for
10 min at 85 °C. Then the mixture was cooled in approximately 30 min.
Subsequently, the lipid layer was covered with 25 pl of a 50 mM acetate
buffer (prepared with DO for FTIR studies) at pH 5. After buffer ap-
plication, the sample was kept at 37 °C overnight to obtain a full hy-
dration [18].

2.3. Fourier transform infrared spectral measurements

All spectra were measured on a Varian 670-IR FTIR or a Biorad
FTS4000 FTIR spectrometer (Cambridge Massachusetts) equipped with
a broad-band mercury cadmium telluride detector. The detector was
cooled by liquid nitrogen. The sample cell was closed by two AgBr
windows. The sample was under continuous dry air purge starting 1 h
before the data acquisition. The spectra were measured in transmission
mode. Each measurement consisted of a co-addition of 256 scans in a
time period of 4min. The resolution was 1cm™'. The thermotropic
response was examined by increasing the sample temperature at a
heating rate of 0.25°C/min resulting in a 1°C temperature rise per
recorded spectrum until a temperature of 90 °C was reached. The soft-
ware used was Resolutions Pro 4.1.0. from Varian.

2.4. Small-angle x-ray diffraction measurements

Small-angle x-ray diffraction (SAXD) was used to obtain information
about the lamellar organization (i.e., the repeat distance of a lamellar
phase). The scattering intensity I (in arbitrary units) was measured as
function of the scattering vector q (in reciprocal nm). The latter is de-
fined as q = (4utsin®) /A, in which 0 and A are the scattering angle and
wavelength, respectively. From the positions of a series of equidistant
peaks (q,), the periodicity (d) of a lamellar phase was calculated using
the equation d = 2nm/ q,, with n being the order number of the dif-
fraction peak. One-dimensional intensity profiles were obtained by
transformation of the 2D SAXD detector pattern from Cartesian (x,y) to
polar (p,0) coordinates and subsequently integrating over 6. All mea-
surements were performed at the European Synchrotron Radiation
Facility (ESRF, Grenoble) using station BM26B [19]. The wavelength of
the X-ray and the sample-to-detector distance were 0.1033nm and
2.1 m, respectively. The diffraction data were collected on a PILATUS
1M detector (1043 X 981 pixels) and 172 um spatial resolution. The
calibration of this detector was performed using silver behenate and
aluminium oxide. The lipid membrane was mounted parallel to the
primary beam in a sample holder with mica windows. All the diffrac-
tion data were collected for about 5min at 25 °C.

2.5. Dynamic measurements

In addition to the mixing of DPPC and SC lipids in the organic
solvent and subsequently spraying this mixture onto the support, the
ability of DPPC to penetrate into a SC lipid membrane was also as-
sessed. To examine this, DPPC was sprayed on one AgBr window using
the same method as described above. The CER EOS/NS:CHOL:FA24
equimolar mixture was sprayed on another AgBr window. The skin lipid
mixture was equilibrated at elevated temperatures (85 °C) and cooled to
room temperature. Subsequently both, the skin lipid mixture and the
DPPC, were hydrated overnight at 37 °C using an acetate buffer (pH 5).
The excess water was removed and the two windows were sealed in the
FTIR sample cell. The temperature of the cell was increased to either 32
or 37 °C, after having reached this temperature, the membrane was kept
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Fig. 1. The CH, stretching thermotropic response of the A) equimolar CER EOS/NS:CHOL:FA24 mixture, B) equimolar CER NS:CHOL:FA24 mixture and C) Perdeuterated DPPC. Both skin
lipid mixtures exhibit two shifts in CH, stretching frequencies indicating two transitions at around 35 and 60 °C: the orthorhombic to hexagonal and hexagonal to liquid phase transition.
The CD, stretching thermotropic response of DPPC indicates only one shift at around 32 °C. D) The X-ray diffraction curve of the equimolar CER EOS/NS:CHOL:FA24 mixture, the
reflections attributed to the LPP with a repeat distance of 12. 3nm are located at q value of 0.50, 1.00,1.50 and 2.00 nm ! and E) The X-ray diffraction curve of the equimolar CER
NS:CHOL:FA24 mixture, the reflections attributed to the SPP with a repeat distance of 5.3 nm are located at g-values of 1.17 and 2.34 nm ~*. The X-ray diffraction curve of hydrated DPPC
is provided in panel F. A strong reflection is observed at 1.1 nm ~*, indicating a repeat distance of 5.8 nm.

at a fixed temperature for 12 or 24 h. Subsequently, FTIR spectra were
recorded between 0 and 90 °C as described above.

3. Results

3.1. Mixing of DPPC with SC lipids: interaction of DPPC with lipids that
assemble in the LPP

3.1.1. Skin lipid mixtures and pure DPPC

FTIR studies were performed using either CER EOS/NS:CHOL:FA24,
CER NS:CHOL:FA24 mixture or pure DPPC. First CH, symmetric
stretching bands were monitored as a function of temperature. These
bands are a signature for the conformational ordering of the lipids. The
thermotropic response of the CH, stretching vibrations between 0 and
90 °C of both SC lipid compositions and perdeuterated DPPC are pro-
vided in Fig. 1. In both mixtures at 10 °C the CH, stretching vibration
wavenumber is around 2848.9cm™!, indicating an all-trans con-
formation of the chains [20,21]. The orthorhombic to hexagonal phase
transition is indicated by a small shift (less than 1 cm™ 1) in wave-
number between 30 and 40 °C. The hexagonal-liquid phase transition is
detected by a large shift (larger than 3cm™?) in the stretching fre-
quencies at much higher temperatures. The midpoint temperature of
the orthorhombic to hexagonal transition are 35°C and 30 °C for the
CER EOS/NS:CHOL:FA24 and CER NS:CHOL:FA24 mixtures, respec-
tively. For the hexagonal to liquid phase the mid-transition temperature
is 73.3°C and 64°C for the CER EOS/NS:CHOL:FA24 and CER
NS:CHOL:FA24 mixtures, respectively. The thermotropic response of
the CD, stretching frequencies of perdeuterated DPPC is also provided
in Fig. 1: Only a strong shift occurs with a midpoint transition at around
36 °C indicating a rippled-gel to liquid phase transition [17]. The long
range ordering of the SC lipids are also plotted in Fig. 1. The X-ray
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diffraction curve of CER EOS/NS:CHOL:FA24 shows a large series of
reflections (1st, 2nd, 3rd, 4th,5th, 6th and 7th order) attributed to the
LPP. Two additional peaks are attributed to phase separated CHOL. The
repeat distance of the LPP calculated from the positions of the reflec-
tions is 12.3nm. The X-ray diffraction curve of CER NS:CHOL:FA24
reveals three diffraction peaks attributed to the SPP with a repeat dis-
tance of 5.3 nm, The repeat distance was calculated from the positions
of the diffraction peaks and was 5.8 nm.

3.1.2. Mixing of (perdeuterated) DPPC with SC lipids: interaction with SC
lipids that assemble in the LPP

Lipid mixtures with a gradual increase in DPPC level were ex-
amined. First we focused on the transition temperature of the hex-
agonal-liquid phase transition determined by the CH, and CD, sym-
metric stretching vibrations monitored between 0 and 90°C.
Perdeuterated DPPC was mixed with the SC lipids at ratios varying
between CER EOS/NS:CHOL:FA24:DPPC 1:1:1:0.2 and 1:1:1:4 as de-
picted in Fig. 2. The wavenumbers of the CH, symmetric stretching
vibration were increased at 10 °C compared to the 1:1:1:0, except for
the 1:1:1:0.6 M ratio, see Table 1, while the midrange temperature of
the hexagonal to liquid phase-transition is lower than in the 1:1:1:0 M
ratio. Furthermore, as shown by the CH, and CD, thermotropic re-
sponse curves, the hexagonal to liquid phase transition of DPPC and SC
lipids occurs in the same temperature regions, while no shift in CD,
wavenumber is observed at 35 °C, the rippled-gel to liquid phase tran-
sition of pure perdeuterated DPPC. This is a first indication that DPPC is
mixing with the SC lipids.

For more detailed information on the lateral packing and mixing
properties we primarily focused on the CH, and CD, scissoring vibra-
tions. If the CH, scissoring band is a singlet, the lipids form either a
liquid or a hexagonal lateral packing and the peak position is at
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Fig. 2. The CH, and CD, symmetric stretching vibrations of CER EOS/NS:CHOL:FA24 with increasing level of perdeuterated DPPC. A) CER EOS/NS:CHOL:FA24:DPPC = 1:1:1:0.2, (B)
CER EOS/NS:CHOL:FA24:DPPC = 1:1:1:0.6, (C) CER EOS/NS:CHOL:FA24:DPPC = 1:1:1:1 and (D) CER EOS/NS:CHOL:FA24:DPPC = 1:1:1:4.

Table 1

The CH, symmetric stretching vibrations at 10 °C together with the midrange transition
temperatures (Tm) of the hexagonal to liquid transition for the CER EOS/
NS:CHOL:FA24:DPPC mixtures.

CER EOS/NS:CHOL:FA24:DPPC  DPPC mole CH, stretching Tm (°C)
fraction (em ™V

1:1:1:0.2 0.063 2849.1 66.4

1:1:1:0.6 0.167 2848.7 62.9

1:1:1:1 0.250 2849.6 67.1

1:1:1:4 0.571 2850.1 63.2

1467 cm ™~ '. When lipids form an orthorhombic packing, chains in
scissoring modes interact via a short-range coupling resulting in a
broadening or splitting of the contours [20]. When maximal splitting
occurs, indicating domains containing at least 100 lipids adopting an
orthorhombic packing, the peak positions are at 1463cm™' and
1474 cm™'. When deuterated chains are intercalated in the orthor-
hombic lattice, no coupling occurs between the deuterated and pro-
tiated chains. This enhances the formation of a single scissoring contour
in the IR spectrum at 1467 cm ™~ '. Therefore, these modes can be used to
determine whether deuterated chains participate in the same lattice as
the protiated ones that form an orthorhombic x-y plane lattice.

In Fig. 3 the scissoring frequencies of the CH, scissoring modes are
shown for the equimolar mixture CER EOS/NS:CHOL:FA24. A clear
splitting of the peaks was observed at low temperatures demonstrating
that the orthorhombic packing is prominently present in this mixture. A
transition occurred between 32 °C and 42 °C: in this temperature region
the two scissoring frequencies turned into a single scissoring mode at
1467 cm ™ *, indicative for an orthorhombic-hexagonal phase transition.
After addition of perdeuterated DPPC resulting in a CER EOS/
NS:CHOL:FA24:DPPC composition of 1:1:1:0.2M ratio, there was
hardly no change in the CH, scissoring contours in the spectrum. In-
creasing the level of perdeuterated DPPC to a ratio of 1:1:1:0.6 resulted
in the appearance of a central weak peak at 1467 cm ™~ '. Simultaneously
the intensity was reduced of the two scissoring frequencies at 1463 and
1473 cm ™! at low temperature compared to the scissoring contours in

the spectrum of the 1:1:1:0.2 mixture. This indicates that DPPC is at
least partly participating in the same lattice as the SC lipids. The slight
asymmetry in the intensity of the peaks may indicate that a part of the
lipids are in a distorted orthorhombic packing [22]. A further increase
in the level of perdeuterated DPPC increased the intensity of this central
contour compared to that in the spectrum of the 1:1:1:0.6 mixture. The
spectrum of CER EOS/NS:CHOL:FA24:DPPC at a ratio of 1:1:1:4 de-
picted a strong contour at 1467 cm ™!, while the areas of the two bands
attributed to the orthorhombic lateral packing were further reduced.
Interestingly, the temperature region of orthorhombic to hexagonal
phase transition was very similar in all mixtures.

These studies demonstrate that DPPC is at least partly participating
in the same lattice as the SC lipids. However, whether this lattice is only
orthorhombic or that lipids also participate in a hexagonal lateral
packing cannot be deduced from these spectra. In order to determine
this we also examined the infrared spectrum of the fully protiated
mixture in a molar ratio of CER EOS/NS:CHOL:FA24:DPPC = 1:1:1:0.8.
The scissoring vibrations are provided in Fig. 3F. This spectrum shows a
central contour with a maximum at 1467 cm~ ! due to a hexagonal
lateral packing. In addition, the two contours at 1463cm™! and
1473 cm ™! are also present. Obviously there is a coexistence of two
phases: a fraction of lipids that adopts an orthorhombic packing, while
another fraction assembles in a hexagonal packing.

3.2. Mixing of (perdeuterated) DPPC with SC lipids: interaction with lipids
assembled in the SPP

The data are provided in the Supplement S2. Briefly, the CD, and
CH,, shifts indicate a mixing very similar to that presented for the lipids
forming the LPP. When focusing on the scissoring vibrations at a high
perdeuterated DPPC level a single peak at 1467 cm ™! is observed de-
monstrating the nearly absence of skin lipid domains in an orthor-
hombic packing.
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Fig. 3. Scissoring vibrations in the infrared spectra of CER EOS/NS:CHOL:FA24:DPPC mixtures with gradual increase in perdeuterated DPPC level. The spectra were measured between 0

and 90°C. (A) CER EOS/NS:CHOL:FA24 = 1:1:1,

(B) CER EOS/NS:CHOL:FA24:DPPC = 1:1:1:0.2,

(C) CER EOS/NS:CHOL:FA24:DPPC = 1:1:1:0.6, (D) CER EOS/

NS:CHOL:FA24:DPPC = 1:1:1:1 and (E) CER EOS/NS:CHOL:FA24:DPPC = 1:1:1:4 and (F) CER EOS/NS:CHOL:FA24:DPPC 1:1:1:0.8 (protiated). The dashed lines are scissoring vibrations

after a rise in temperature of 10 °C.

3.3. Influence of DPPC on the long range ordering of the CER EOS/
NS:CHOL:FA24 mixture

Besides the packing and ordering of the hydrocarbon chains, the
long range ordering is also important. For this reason X-ray diffraction
patterns were measured and the results are provided in Fig. 4. Already
at a molar ratio of 1:1:1:0.2 phase separation occurred. The X-ray dif-
fraction curve shows the 1st, 2nd, 3rd and 4th order diffraction peaks
attributed to the LPP with a repeat distance of 12.5 nm, slightly longer
compared to that of the 1:1:1:0 mixture being 12.3 nm. Two additional
peaks indicate a second phase. Assuming that these are attributed to a
lamellar phase, the repeat distance is around 6.05nm. Furthermore,
crystalline cholesterol is present indicated by two other reflections. At a
ratio of 1:1:1:0.6 the repeat distance of the LPP is further increased to
12.7 nm. The 2nd order diffraction peak of the LPP is slightly asym-
metric suggesting that another peak, most probably attributed to a
DPPC-rich phase, is also present at approximately the same position.
The reflections based on phase separated CHOL are reduced in intensity
compared to that in the diffraction pattern of the 1:1:1:0.2 mixture. A
further increase in DPPC content to an equimolar ratio increased the
repeat distance of the LPP further to 12.9 nm. The 2nd order peak at-
tributed to the LPP is very high in intensity compared to the 1st, 3rd
and 4th order diffraction peak of this lamellar phase. This again sug-
gests that another diffraction peak is present at the same position as
that of the 2nd order peak of the LPP attributed to another phase. No
phase separated CHOL could be detected. A further increase in the level
of DPPC resulted in a disappearance of the reflections attributed to the
LPP. The width of the diffraction peaks at half maximum is clearly in-
creased demonstrating a less ordered long range ordering [23].
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3.4. Influence of DPPC on the long range ordering of the CER
NS:CHOL:FA24 mixture

The data are provided in the Supplement S2. Briefly, upon mixing
with DPPC besides the SPP, a 2nd lamellar phase was formed. At very
high DPPC levels the SPP disappeared.

3.5. Partitioning of DPPC into skin lipid mixtures prepared from CER EOS/
NS:CHOL:FFA

As from the above results it is clear that DPPC and protiated SC
lipids are partly participating in the same lattices, studies were per-
formed in which the experimental set-up more closely resembles the
topical application of a DPPC on the skin surface. In these studies a
hydrated DPPC membrane and an hydrated equimolar CER EOS/
NS:CHOL:FA24 SC lipid layer were sandwiched between two IR win-
dows. This two-layer system was first equilibrated at 32°C for 12h
keeping DPPC in a hexagonal packing. After equilibration the thermo-
tropic response was measured between 0 and 90 °C. The CH, and CD,
symmetric stretching frequencies are provided in Fig. 5A. The CD,
symmetric stretching frequencies shift at around 35°C from 2089 to
2093 cm ™! indicating phase separated DPPC: perdeuterated DPPC is
not partitioning into the skin lipid membrane. In the next study the
equilibration temperature was shifted to 37 °C at which DPPC is in a
liquid state (see Fig. 1) and the SC lipids are primarily in a hexagonal
packing. The system was equilibrated for either 12 or 24 h. Again by
monitoring the thermotropic response of the CH, and CD, stretching
vibrations, mixing of DPPC with the SC lipids was examined. From
Fig. 5B and C, it is obvious that equilibration at 37 °C results in a certain
degree of mixing of DPPC with the SC lipids. After 12h equilibration,
there is a shift in the CD, symmetric stretching vibrations in the spec-
trum at around 35°C from 2089 cm ™! to 2092cm ™!, but this shift



G.S. Gooris et al.

BBA - Biomembranes 1860 (2018) 1272-1281

2 A 2 B
S, Kt
> ! 2
£ 2
g 5
= 3 E
I
L4
Il s 6 7
0 1 2 3 4 0 1 2 3 4
q[nm] q[nm]
i C D
i
El El
S5, B3,
2 2
2 2
c =
i3 [}
= €
3
1 4 ii
0 i 2 3 4 0 ) 1 2 3 4
qlnm™] q[nm]

Fig. 4. The X-ray diffraction patterns of A) CER EOS/NS:CHOL:FA24:DPPC in a 1:1:1:0.2M ratio, B) CER EOS/NS:CHOL:FA24:DPPC in a 1:1:1:0.6 M ratio, C) CER EOS/
NS:CHOL:FA24:DPPC in a 1:1:1:1 M ratio and D) CER EOS/NS:CHOL:FA24:DPPC in a 1:1:1:4 M ratio. 1, 2, 3 and 4 denotes the four diffraction peaks attributed to the LPP. I and i refer to
another phase, most probably a DPPC rich phase. The additional peak close to the 3rd order of the LPP in panel A is attributed to an unknown phase.

extends over a very wide temperature interval and at the temperature
region at which the hexagonal-liquid phase transition of the SC lipids
occurs (around 60-70 °C), again a stronger shift in the CD, frequency
occurs. This demonstrates that a fraction of the DPPC is mixing with the
SC lipids. Extending the equilibration period to 24h (at 37 °C) and
subsequently measuring the thermotropic response, the CD, stretching
frequencies show that the DPPC phase transition occurs in the same
region at which the hexagonal-liquid phase transition of the protiated
lipids occurred. As between the equilibrium temperatures of 32 °C and
37 °C, two phase changes occur 1) DPPC is in a hexagonal phase at 32 °C
and in a liquid phase at 37 °C, and 2) the SC lipids transform from an
orthorhombic to a hexagonal lateral packing. As it is known that the
DPPC:CHOL mixture forms a liquid-ordered phase, DPPC:CHOL in a
2:1 M ratio was equilibrated with the SC lipids at 32 °C for 24 h [24].
Again, the FTIR spectra were monitored between 0 and 90 °C. The CH,
and CD, thermotropic responses are provided in Fig. 5D. No shift in the
CD, stretching vibrations similar to that in a DPPC:CHOL spectrum (not
shown, but a steady increase in CD, stretching frequencies between 20
and 80 °C having a value of 2093 cm ™~ ! at 60 °C), instead the CD, shift
occurred in the same temperature region as the CH, shift of the SC
lipids.
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4. Discussion

As there is almost no information describing the molecular inter-
actions of specific phospholipids with SC lipids, while phospholipids
(particularly lecithin) are frequently used in topical formulations, it was
decided to study the interaction between pure DPPC and synthetic well-
defined SC lipid mixtures. DPPC was selected as this is a frequently used
phospholipid, it has excellent physico-chemical properties to study the
interactions with SC lipids and perdeuterated DPPC is commercial
available. In the present studies we used two simple SC lipid mixtures:
i) CER EOS/NS:CHOL:FA24 with a CER composition of 40% CER EOS
and 60% CER NS. This composition forms only the LPP and ii) CER
NS:CHOL:FA24 forming only the SPP. We chose for these compositions
as this allowed us to study the interaction of DPPC with each of the
lamellar phases separately. When reducing the level of CER EOS to
around 10-15%, a similar level of all acyl-CERs as present in SC, the
two lamellar phases coexist in the lipid mixture, in which each of the
lamellar phases is very similar to those in the present study (see
Supplement S4). Until now self-assembling of SC lipids into only the
LPP was reported with multi-component mixtures [25-27]. However, in
the present study for the first time we show that the LPP can be formed
with only a 4 component system in the absence of other lamellar
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Fig. 5. CH, and CD, symmetric stretching vibrations after equilibration of perdeuterated DPPC on a skin lipid membrane at A) 32 °C for 12h, B) 37 °C for 12h, C) 37 °C for 24 h. D) CH,
and CD, symmetric stretching vibrations after equilibration of a mixture of DPPC:CHOL at the skin lipid membrane at 32 °C for 24 h.
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Fig. 6. A model of the induced changes in phase behaviour when increasing the DPPC level in lipids forming initial the long periodicity phase (LPP) or the short periodicity phase (SPP).
The ratios provided are the ratios between CER (EOS/NS or NS): CHOL:FA24:DPPC. The red head-groups indicate perdeuterated DPPC. The blue head-groups refer to the SC lipids.

phases. The repeat distance as well as the intensity distribution of the
diffraction peaks are very similar to that reported for the complex
system consisting of 5 CER subclasses and a broad distribution of fatty
acid chain lengths [12] suggesting that not only the repeat distance, but
also the electron density distribution in the repeating unit is very si-
milar in the simple and complex systems. In a previous study using a
similar composition this was not observed [27]. This may be due to
either the presence of cholesterol sulfate, or a different equilibration
procedure. The former is highly unlikely: a low level of cholesterol
sulfate comparable to that in healthy skin does not affect the lamellar
phases [28]. The effect of DPPC on the lipid phase behaviour and a
comparison with penetration enhancers is discussed below. To facilitate
the discussions a schematic view of the observed phase behaviour with
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increasing amount of DPPC in the skin lipid mixtures is provided in
Fig. 6.

4.1. Mixtures prepared with (perdeuterated) DPPC and SC lipids

There are a number of publications reporting the phase behaviour of
DPPC:CER:CHOL mixtures and sphingomyelin:CER:CHOL mixtures.
Concerning the latter the focus is often the competition between CHOL
and CER, both being hydrophobic components with small head groups
that are able to interact with the amide group of sphingomyelin forming
a network of hydrogen bondings. These studies are of interest as these
interactions play a role in the formation of rafts in cell-membrane
systems. An excellent review describing these mixtures has been
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published recently [29]. In DPPC and CER mixtures favourable inter-
actions have been reported between the two lipid classes at low CER
levels [30]. Interactions of saturated levels of CER and CHOL in POPC
(1-palmitol-2-oleylphosphatidylcholine) bilayers were also examined
[31] and it was reported that the solubility of CHOL in the DOPC bi-
layer reduced when increasing the CER level demonstrating a strong
interaction between the hydrophobic CER and the hydrophilic phos-
pholipid [31]. Important to mention is that in these studies the CER
molecular architecture was slightly different from those in the present
studies: shorter CER chain lengths and when brain CER were used, a
fraction of the chains are unsaturated.

4.1.1. Absence of pure DPPC domains

In the present studies when DPPC was mixed with SC lipids prior to
self-assembling of the lipid mixtures on a support, DPPC interacted with
SC lipids and even at very high DPPC level, no phase separated pure
DPPC was detected with FTIR. This was observed for mixtures prepared
with either CER EOS/NS:CHOL:FA24 or CER NS:CHOL:FA24. This high
miscibility may be enhanced by the strong interactions reported be-
tween DPPC and CER as mentioned above [29-31]. That no pure DPPC
domains are present can be inferred from the CH, and CD, stretching
vibrations: no shift in the CD, stretching vibrations was shown in the
spectra at a temperature of around 36 °C, the order-disorder transition
temperature of pure hydrated DPPC. Instead, a concerted transition
from hexagonal to liquid-phase occurred for the protiated SC lipids and
the perdeuterated DPPC at elevated temperatures. This demonstrates
that the SC lipids dictate the DPPC transition from hexagonal to liquid
phase even at very high levels of DPPC. Another interesting feature is
the sensitivity of the CH, symmetric stretching vibrations for the per-
deuterated DPPC mixtures: the presence of perdeuterated DPPC results
in general in an increase in the CH, stretching vibration compared to
the control. This may at least partly be caused by only the presence of
perdeuterated chains of DPPC affecting the CH, vibrations as described
previously using isotopic dilution experiments [32]. In addition DPPC
itself due to its bulky head group and short chain length may increase
the disordering of the protiated hydrocarbon chains.

The X-ray diffraction results demonstrate that DPPC and SC lipids
assemble into at least two phases. One phase is either the SPP or the LPP
(exception is the 1:1:1:4 M ratio) The additional phase is most likely a
DPPC-rich phase, in which also ceramides, fatty acids and cholesterol
may participate as no phase separated domains of DPPC could be
identified.

4.1.2. Mixing properties of DPPC and SC lipids

Focusing on the CH; scissoring vibrations, the results demonstrate
that DPPC and SC lipids participate in the same lattices. This was shown
for the CER EOS/NS:CHOL:FA24 as well as the CER NS:CHOL:FA24
mixtures. This conclusion is based on the formation of a central contour
in the CH, scissoring frequency region of the spectra and the absence of
the shift at around 36°C in the thermotropic responses of the CD,
stretching frequencies. As this central peak was also present in the fully
protiated sample, DPPC mixes with SC lipids thereby forcing a fraction
of the SC lipids to adopt a hexagonal packing. Besides the LPP or SPP,
the additional long range ordered phase was already present in the
1:1:1:0.2 composition of both the CER EOS/NS:CHOL:FA24:DPPC and
CER NS:CHOL:FA24:DPPC mixtures, while no clear hexagonal packing
was observed at these low DPPC levels. Therefore, the additional long
range ordering phase cannot directly be related to the hexagonal
packing. However, at higher DPPC levels most of the lipids adopting the
hexagonal packing are expected to be in the DPPC-rich phase.

Whether a fraction of DPPC forms together with the SC lipids a
dense orthorhombic packing cannot be concluded from the scissoring
frequencies. However, when focusing on the lipid mixture forming an
LPP, a gradual increase in the repeat distance was observed when in-
creasing the level of DPPC. Furthermore, only a clear scissoring band at
1467 cm ™! was detected in the scissoring frequency spectrum at a
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DPPC level higher than 1:1:1:0.6. These observations strongly suggest
that DPPC is at least partly incorporated in the unit cell of the LPP.
Participation of DPPC in the LPP is quite remarkable: the size of the
DPPC head group is very bulky compared to the CER head group and in
hydrated state DPPC attracts around 22 water molecules [33], while a
ceramide molecule attracts only 1 or 2 water molecules [34,35]. Fur-
thermore the chain length of DPPC is only 16 carbon atoms, while the
length of the fatty acid and acyl chain of CER NS is 24 carbon atoms.
The incorporation of the DPPC may be enhanced by the presence of the
linoleate moiety of CER EOS, as this unsaturated acyl chain is located
close to the inner head group regions in the unit cell of this phase and
the strong interaction between CERs and DPPC [26,31]. There was only
a very small gradual increase in repeat distance of the SPP when in-
creasing the DPPC level in the CER NS:CHOL:FFA mixture. In addition
no central CH, scissoring peak at 1467 cm ™ is formed at DPPC levels
below 1:1:1:0.6, while both the SPP and the orthorhombic packing
disappear at the CER NS:CHOL:FFA:DPPC ratio of 1:1:1:4. This may
indicate that the orthorhombic lateral packing is related to the SPP and
that the level of DPPC participating in the SPP is very limited. In
mixtures with high level of DMPC and low level of phytosphingosine-
based CERs, changes in repeat distances were reported [36]. However,
these were very different compositions.

In the present study a limited number of CER subclasses with only a
30 or 24 carbon atom in the acyl chain only a single FA with a chain
length of 24 carbon atoms have been used. However, when using 5 CER
subclasses and 7 fatty acids differing in chain length between C16 and
C26, the lipids assemble in very similar lamellar phases with repeat
distances of 5.3 and 12.3nm [12,37]. Even when comparing the phase
behaviour between the simple synthetic mixtures and isolated CERs
mixed with CHOL and FFAs, a similar phase behaviour was observed. In
these mixtures a wide chain length distribution of the CERs is en-
countered [38]. A wider chain length distribution is expected to facil-
itate the mixing between DPPC and the SC lipid mixtures.

4.1.3. Comparison of DPPC with penetration enhancers and moisturisers

When comparing the interactions between DPPC and SC lipids with
those observed between penetration enhancers or moisturisers and SC
lipids, differences are detected. Penetration enhancers that are effective
in enhancing the transport of molecules across the SC, such as oleic
acid, oleyl-azone and dodecyl-azone frequently show phase separation,
in which enhancer-rich liquid domains are present in crystalline phases
[39-42]. These enhancers have either a short chain length or are un-
saturated. These chain characteristics plays a role in this phase beha-
viour. In contrast as an example a lipophilic moisturiser iso-
stearylisostearate increases the lattice density by mixing with the SC
lipids and thereby enhancing an orthorhombic packing and reducing
the permeability of water [43]. The small hydrophilic head group along
with the increased chain length may be responsible for creating the
dense structure. The interactions of the penetration enhancers and
moisturiser are different from those between DPPC and SC lipids. The
strong interaction between the head groups of DPPC CERs may facil-
itate the mixing between the lipids. However, the DPPC head group
architecture, especially its size [33], may play a role in enhancing the
formation of the hexagonal phase induced by DPPC.

4.2. Topical application of DPPC

The mixing of DPPC and SC lipids, although of interest to study,
does not mimic the situation when applying a topical formulation onto
the skin, as in the latter partitioning into the SC lipid matrix is required
prior to mixing. For this reason it was decided to perform studies in
which hydrated DPPC was placed directly on top of the model SC lipids.
Only when DPPC partitions into the skin lipid matrix, or the SC lipids
partition into the DPPC layer interactions between DPPC and SC lipids
will occur. As in these studies pure DPPC was used, in our settings at the
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start of the studies, the DPPC has the maximum driving force to par-
tition into the SC lipid matrix.

When applying DPPC on top of a SC lipid membrane, our studies
show that DPPC in a liquid crystalline state partitions into the SC lipid
membrane and subsequently interacts with the SC lipids.
Simultaneously, most probably, CHOL, FA24 and CERs partition into
the DPPC layer as well. The partitioning is quite fast as after 24 h no
phase separated DPPC remained. In contrast to DPPC in a liquid phase,
when DPPC was in a rippled-gel phase, almost no partitioning and
mixing occurred within a period of 24 h. In a previous study mixing
between two populations of vesicles prepared from either DPPC/CHOL
and skin lipids was examined and it was shown that mixing between
DPPC and skin lipid vesicles also occurred within 24 h [44]. This is very
similar to our results. However, in our studies there was a direct contact
between DPPC and the SC lipids and the composition of the SC lipids
was very different. As SC lipids undergo a transition from orthorhombic
to hexagonal packing between 32 °C and 37 °C [45,46], the difference in
interaction between SC lipids and DPPC at these temperatures may also
be attributed to the SC lipid orthorhombic-hexagonal phase change.
However, when applying DPPC:CHOL in a liquid ordered (L,) phase at
32°C on top of the SC lipids partitioning of DPPC occurred indicating
the ability to partition into the SC lipid matrix is mainly due to the
change in DPPC phase.

4.2.1. Consequences for the phospholipid containing topical formulations

When extrapolating our results to topical formulations, there are
two important issues, namely I) when phospholipids are applied in li-
quid (L, or L,) state onto the skin surface, partitioning of the phos-
pholipids into the SC lipid matrix can be expected thereby inducing a
hexagonal lateral packing. Increasing the fraction of lipids forming a
hexagonal packing in the SC will reduce the skin barrier as observed for
water, benzoic acid and hydrocortisone [18,47]. Whether indeed the
applied phospholipids will reduce the skin barrier depends on the
amount of phospholipids that will partition into the SC lipid matrix and
the subsequent penetration into the deeper layers of the SC establishing
a concentration gradient. Based on the expected higher abundance of
phospholipids in the superficial layers in the SC, it is likely that in this
layer a hexagonal packing will be more abundantly present than in the
deeper SC layers. When applying phospholipids in a gel phase in the
formulation, it is not expected to partition into the SC lipid matrix and
II) it has been reported and reviewed that differences in skin permea-
tion and skin lipid interactions occur between gel-state and liquid-state
liposomes topically applied onto skin [48,49]. The present study shows
that this may not only be due to a difference in fusion process of the
liposomes on the skin surface, but may also be caused by a difference in
the ability of single phospholipid species to partition into the ordered
SC lipid matrix. Although the work to date has focused on simplified
single component phospholipid systems it is certain that phospholipid
chain length and head group architecture also play a role in de-
termining the extent of interaction between topical phospholipids and
skin barrier lipids. Clearly further studies are necessary to improve our
understanding of the interaction between topically applied phospholi-
pids and SC lipids.
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