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A B S T R A C T   

The stratum corneum's lipid matrix is a critical for the skin's barrier function and is primarily composed of ceramides (CERs), cholesterol (CHOL) and free fatty acids 
(FFAs). The lipids form a long periodicity phase (LPP), a unique trilayer unit cell structure. An enzyme driven pathway is implemented to synthesize these key lipids. 
If these enzymes are down- or upregulated as in inflammatory diseases, the final lipid composition is affected often altering the barrier function. In this study, we 
mimicked down regulation of enzymes involved in the synthesis of the sphingosine and CER amide bond. In a LPP lipid model, we substituted CER N-(tetracosanoyl)- 
sphingosine (CER NS) with either i) FFA C24 and free sphingosine, to simulate the loss of the CER amide bond, or ii) with FFA C24 and C18 to simulate the loss of the 
sphingosine headgroup. Our study shows the lipids in the LPP would not phase separate until at least 25% of the CER NS is substituted keeping the lateral packing and 
conformational ordering unaltered. Neutron diffraction studies showed that free sphingosine chains localized at the outer layers of the unit cell, while the remaining 
CER NS head group was concentrated in the inner headgroup layers. However, when FFA C18 was inserted, CER NS was dispersed throughout the LPP, resulting in an 
even distribution between the inner and outer water layers. The presented results highlight the importance of the CER NS headgroup structure and its interaction in 
combination with the carbon chain invariability for optimal lipid arrangement.   

1. Introduction 

The barrier function of the skin is essential for terrestrial life; it 
prevents both the penetration of external substances and water loss from 
within [1]. This barrier is maintained by the outermost layer of the skin, 
the stratum corneum (SC). This layer is composed of corneocytes 
embedded in an extracellular lipid matrix [2]. The lipid matrix forms the 
only continuous structure through the SC and is therefore a key 
component of the barrier function [3,4]. 

The major lipid classes in the SC's extracellular lipid matrix are 
ceramides (CERs), cholesterol (CHOL) and free fatty acids (FFAs). In 
healthy SC, these lipids are present in an approximately equi-molar 
ratio. The SC lipids form two co-existing lamellar structures with 
repeat distances of ~13 and ~6 nm, referred to as the long and short 
periodicity phases (LPP and SPP) [5–7] respectively. These phases 
maintain a dense lipid packing, primarily an orthorhombic phase, but 
with smaller lipid subpopulations packed in the lesser dense hexagonal 
and fluid phases [8,9]. Both the lamellar organization and lipid density 
are critical for an optimal barrier function [10] and are sensitive to the 

lipid composition. The LPP is a unique structure only found in the SC. It 
is a centrosymmetric trilayer lamellar structure, where the lipid sub-
classes localize within particular sublayers [11]. 

The lipids in the SC are obtained primarily by de novo synthesis at 
the epidermis [12]. The de novo synthetic pathway of the lipids in the 
matrix is controlled by a series of enzymes. The downregulation of en-
zymes can affect the final composition of SC lipids, and this can seriously 
compromise the lipid packing and barrier function. A key group of en-
zymes in this pathway are ceramide synthases, which are responsible for 
the attachment of the acyl chain to the sphingoid base to create the twin- 
chained N-acyldihydrosphingosine, which is a precursor to CERs. The 
ceramidase enzymes have the reverse function, cleaving the CER amide 
bond and producing a sphingoid base and fatty acid products that are 
involved with the desquamation of the skin [13]. Ceramidase is found 
upregulated in aged skin [14], and bacteria-derived ceramidase is linked 
with atopic dermatitis [15,16]. The activity of ceramide synthases and 
ceramidase, therefore, can change the ratio of sphingosine and FFAs in 
comparison with CERs in healthy SC. 

In this study, we sought to investigate the effect on the LPP structure 
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of a reduced CER concentration, due to enhanced degradation or 
inhibited synthesis, by mimicking the downregulation of enzymes 
involved in the de novo synthesis of SC lipids. A simple LPP model was 
used to compare the lamellar organization, lateral packing, and lipid 
localization. In this system CER N-(tretracosanoyl)-sphingosine (CER 
NS) was partially substituted with FFA C24 and free sphingosine C18 
(Sphingo-sub), to investigate the CER amide bond's relevance for the 
lipid arrangement within the unit cell of the LPP (Fig. 1). Then, to 
further examine the importance of headgroup moiety for the LPP lipid 
arrangement and stability, a similar model was prepared wherein CER 
NS was partially substituted with FFA C24 and FFA C18 (FFA-sub). We 
show that there are no changes in the lateral packing or lamellar orga-
nization when up to 25% of the non-acyl CER NS is substituted with 
either variant; there are differences seen in the lipid loci, however, with 
the free sphingosine tails locating primarily in the outer layers of the LPP 
unit cell. We show too that in the FFA-sub model, the FFA C18 does not 
localize to a particular region within the unit cell, and this results in a 
more even distribution of the CER NS head group between the inner and 
outer water regions of the LPP. The significance of these observations 
with respect to the LPP stability is discussed. 

2. Materials and methods 

2.1. Materials 

Synthetic linoleate esterified omega-hydroxyacyl-sphingosine (CER 
EOS C30), and N-(tetracosanoyl)-sphingosine (CER NS C24) with 
sphingoid chain lengths of C18, were all kindly donated by Evonik, 
Essen, Germany. CER nomenclature was used based on the definitions 
from Motta et al. [17]. Stearic acid (C18), lignoceric acid (C24), 
cholesterol (CHOL) and D2O (99.9%) were purchased from Sigma- 
Aldrich Chemie GmbH, Schnelldorf, Germany. Partially deuterated 
CER NS (CER NS-d7), and partially deuterated free sphingosine 
(sphingosine-d7), were deuterated at the three-terminal carbons of the 
sphingosine chain, while deuterated FFA C18 (FFA C18-d35), was 
deuterated along the entire acyl chain. Both the d7 and d35 deuterated 
lipids were purchased from Avanti Polar Lipids, Alabama, USA. The 
partially deuterated CER NS (CER NS-d47) was deuterated along the 
entire acyl chain and was kindly provided by Evonik, Essen, Germany. 
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 with a resistivity of 18 MΩ cm at 25 ◦C. 
Nucleopore polycarbonate membranes, with 0.05 μm pore size were 
purchased from Whatman, Kent, UK. 

2.2. Lipid matrix models 

The lipid composition used as our model comprised CER EOS, CER 
NS, CHOL and FFA C24 in a 0.4:0.6:1:1 molar ratio and mimics several 
aspects of the lipid organization in the SC, including the formation of the 
LPP and a primarily orthorhombic lateral packing. This composition 
mimics the lamellar organization and lateral behaviour of more complex 
models while remaining simple enough for clear data interpretation 
[18]. The CER EOS concentration was increased from native concen-
trations (around 12%) to 40 mol% of the CER content, to ensure the LPP 
would form exclusively [19,20]. This elevation does not affect the LPP's 

structure [19]. 
The lipid composition was then changed by substituting a single CER 

NS with a FFA C24 and either free sphingosine (x% Sphingo-sub) or FFA 
C18 (x% FFA sub), with x representing the percentage of CER NS 
substituted. In all models, the carbon chain number and length remained 
consistent. For the small angle neutron scattering (SANS) measure-
ments, CER NS-d7, CER NS-d47, FFA C18-d35 and sphingosine-d7 were 
substituted into the model, replacing their protiated counterparts. A 
complete list of samples with lipid composition are present in Table 1. 

2.3. X-ray diffraction measurements 

A total of 1 mg of the desired lipid composition was prepared in 
chloroform:methanol (2:1 v/v) to a concentration of 5 mg/mL. This was 
sprayed at 14 μL/s onto polycarbonate membranes under a steady 
stream of nitrogen over an area of 1 × 3 mm, using a y-axis adapted 
Camag Linomat IV sample applicator (Muttenz, Switzerland). Samples 
were equilibrated at 85 ◦C for 30 min and then cooled to room tem-
perature. Samples were hydrated in an oxygen-free, 84% relative hu-
midity environment for 5 days at room temperature. 

Small-angle X-ray diffraction (SAXD) measurements were performed 
at the NCD-SWEET beamline at the ALBA synchrotron (Barcelona, 
Spain). The wavelength was set at 0.999 Å. The Pilatus 1 M detector was 
set at a distance of 2.148 m from the sample, and had a pixel array of 
981 × 1043, with each pixel being 172 × 172 μm2. The experimental 
setup was calibrated with silver behenate. The samples were measured 
for 20 s at 23 ◦C. The one-dimensional intensity profiles were obtained 
by integrating from the beam centre over a 90◦ segment. Samples were 
measured in duplicate. Peak position was fitted with a Pearson7 function 
in Fityk [21], and the repeat distance (d) was determined through least 
square fitting. 

2.4. FTIR measurements (Varian) 

Samples were prepared with a method similar to that described in 
Section 2.3, but with 1 mg of sample sprayed onto a AgBr window, over 
an area of 10 × 10 mm. Samples were hydrated in a 100% humidity 

Fig. 1. Schematic of CER NS (left) split along the amide bond (red dashed line) to form FFA C24 (top right) and sphingosine (bottom right).  

Table 1 
Model compositions used in this study.  

Model Composition Ratio 

0% Sub CER EOS:CER NS:CHOL:FFA C24 0.4:0.6:1:1 
25% Sphingo- 

sub 
CER EOS:CER NS:Sphingosine:CHOL: 
FFA C24 

0.4:0.45:0.15:1:1.15 

50% Sphingo- 
sub 

CER EOS:CER NS:Sphingosine:CHOL: 
FFA C24 

0.4:0.3:0.3:1:1.3 

75% Sphingo- 
sub 

CER EOS:CER NS:Sphingosine:CHOL: 
FFA C24 

0.4:0.15:0.45:1:1.45 

100% Sphingo- 
sub 

CER EOS:Sphingosine:CHOL:FFA C24 0.4:0.6:1:1.6 

25% FFA-sub CER EOS:CER NS:FFA C18:CHOL:FFA 
C24 

0.4:0.45:0.15:1:1.15 

50% FFA-sub CER EOS:CER NS:FFA C18:CHOL:FFA 
C24 

0.4:0.3:0.3:1:1.3 

75% FFA-sub CER EOS:CER NS:FFA C18:CHOL:FFA 
C24 

0.4:0.15:0.45:1:1.45 

100% FFA-sub CER EOS:FFA C18:CHOL:FFA C24 0.4:0.6:1:1.6  
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environment in deuterated acetate buffer (pH = 5) at 37 ◦C for >15 h. 
FTIR spectra were measured with a Varian Bio-Rad Excalibur FTIR 
spectrometer (Cambridge, MA), combined with a liquid nitrogen cooled 
broad-band mercury cadmium telluride detector. During measurements, 
air moisture was purged with dry air. Data were collected at a resolution 
of 1 cm− 1 by the coaddition of 256 spectra over 4 min. Samples were 
measured over a wavenumber range of 500–4000 cm− 1. The thermo-
tropic behaviour was measured in the range of 10–100 ◦C at a 1 ◦C in-
terval, resulting in a heating rate of 0.25 ◦C/min. The spectra were 
deconvoluted using the full-width half-maxima value of 4 cm− 1 and an 
enhancement factor of 1.7. Data were processed with Agilent resolution 
pro (Agilent Technologies, CA, USA). Linear regression fitting was used 
to determine the mid-transition temperature. Samples were measured in 
duplicate. 

2.5. Neutron diffraction measurements 

2.5.1. Sample preparation 
Neutron diffraction samples were prepared by a method similar to 

that described above, but with 10 mg of lipids prepared and sprayed 
onto a silicon wafer over an area of 40 × 13 mm. Samples were equili-
brated at 70–75 ◦C for 30–60 min to ensure lipid chain melting while 
preventing lipid film contraction and were then cooled back to room 
temperature. Before measuring, the samples were hydrated in D2O/H2O 
mixtures at ratios of 100:0, 50:50 and 8:92 (v/v) in 100% relative hu-
midity, initially for ~18 h, at 32 ◦C. Once measured, samples were hy-
drated to the next water ratio for at least 8 h at 32 ◦C, to ensure complete 
solvent exchange within the LPP. 

2.5.2. Measurements at LARMOR 
The lipid arrangement when 25% of the CER NS in the model was 

substituted with sphingosine and FFA C24 (25% Sphingo-sub), was 
measured with the time-of-flight SANS Larmor instrument at the ISIS 
neutron and muon source (Rutherford Appleton Laboratory, UK). Sam-
ples were measured using neutrons with wavelengths of 1 ≤ λ ≤ 13 Å at 
a fixed incident angle of 2.5◦. The incoming beam size was 1 × 30 mm, 
while the 3He tube detector was set at a 2θ angle of 5◦ at a distance of 
4.4 m from the sample. The detector covers an area of 664 × 600 mm 
with a pixel size of 4 × 8 mm. The SANS patterns were normalized for 
the profile of the incident wavelength spectrum using a measurement of 
the direct beam on the detector and an upstream monitor. After nor-
malisation the data were reduced to normalized intensity vs. q by 
diffraction focusing [22], using the Mantid framework [23]. This 
culminated in a q range of 0.032 to 0.991 nm− 1. 

A custom made hydration chamber was utilized to ensure the sam-
ples remained fully hydrated throughout the measurement. Samples 
were measured for 160–200 μAmp h of accelerator proton charge (~4–5 
h) at 25 ◦C at each hydration depending on the signal to noise ratio. 
Scattered data were background subtracted using the Mantid software 
and the peaks fitted using the Fityk software, a software that offers more 
control for overlapping peak fitting [21]. 

2.5.3. Measurement at D16 
The lipid arrangement measurements when 25% of the CER NS was 

substituted with FFA C24 and C18 (25% FFA sub) were performed on the 
D16 neutron diffractometer at the Institut Laue-Langevin (Grenoble, 
France). The measurement and data analysis procedure have been 
described previously [11,18,24]. In brief, the incoming slit-collimated 
beam (wavelength 4.49 Å) was set to 30.2 mm vertically and 3.0 mm 
horizontally. The diffraction patterns were measured in reflection mode, 
with the sample positioned 0.955 m from the 320 × 320 mm 3He de-
tector with a spatial resolution of 1 × 1 mm. Each samples were mounted 
in an aluminium humidity chamber [25], maintained at 25 ◦C and 
measured for a total of 5 to 6 h depending on the signal to noise ratio. 
Samples were rotated (Ω) between 0.05 and 10.2◦ at detector angle (γ) 
11◦ (Ω = 0.05–2.25◦) and 12◦ (Ω =1.8–10.2◦), at 0.05◦ steps to cover the 

first 9 diffraction orders. For each diffraction order, the scans measured 
at the specular angle and ± 0.1◦ (culminating to a total of 5 Ω steps), 
were averaged together and fitted. The scattering data were reduced, 
background subtracted, and the peaks fitted using the data processing 
software LAMP [26], peaks were fitted using Fityk. 

While converting the data from scattering angle (2θ) into q-spacing, 
a rearranged Bragg equation was used; 

q = (4π sinθ)/λ (1) 

When in the lamellar phase, a series of peaks at equal q-distances to 
one another are detected, and the repeat distance (d) of the lamellar 
phase can be calculated from the positions of the peaks as. 

d = 2nπ/qn (2) 

with n as the order number of the diffraction peak located at position 
qn. 

2.5.4. Scattering length density calculations 
Using the intensity vs q curves, the scattering length density (SLD) 

profile can be calculated. This method has been described previously 
[18,24,27]. In brief, diffraction orders were fitted with a Pearson7 
function, in Fityk, to determine the scattering intensity (I). The structure 
factor amplitude (|Fn|) for each order was calculated as: 

|Fn| = An
̅̅̅̅̅
LI

√
(3)  

and due to the high degree of orientation in the sample, the Lorentz 
correction (L) can be calculated as L = n. An is the correction factor for 
sample absorption, which is calculated [28] as: 

An =
1

̅̅̅̅̅̅
sinθ
2μl

√ (
1 − e

− 2μl
sinθ

) (4)  

where μ refers to the linear attenuation coefficient, and l is the sample 
thickness. 

Due to the lost phase sign, typical of diffraction experiments, the 
phases need to be determined. The LPP has been identified as centro-
symmetric in previous work [11]. This is shown by the linear variation 
of the structure factors (Fn) as a function of the D2O:H2O ratio (varied as 
100:0, 50:50 and 8:92) (see Figs. S1 & S2 for the results obtained for the 
protiated and deuterated samples, respectively). To calculate the SLD 
profile of water in the LPP unit cell, the Fn of the sample hydrated at 8:92 
D2O:H2O was subtracted from the sample hydrated at 100:0 D2O:H2O. 
The correct phase determination was identified by the water molecules 
located primarily at the unit cell boundary at the same position as the 
head groups. For calculating the SLD profile of water, the phase signs for 
the first 9 diffraction orders of the non-deuterated LPP sample were 
assigned as − ,+,− ,+,− ,+,− ,+,− . This combination locates the water 
molecules at the expected unit cell border, and with a second maximum 
at approximately 2.1 nm from the unit cell centre. These phase signs 
match with those previously reported for water in the LPP [11,24,27]. 

Using the Fn value, the SLD profile across the unit cell (ρ(x)) was 
calculated by Fourier reconstruction: 

ρ(x) = F0 + 2
∑nmax

n=1

(

Fncos
2πnx

d

)

(5)  

where x is the unit cell co-ordinate measured in the direction normal to 
the lamellar surface, and x = 0 is taken as the centre of the unit cell. The 
amplitude of the zero order structure factor (F0) is equal to the scattering 
length density per unit volume of the sample and is calculated for each 
composition [29]. 

In order to determine the signs of the phases to calculate the SLD 
profiles for the various lipidic components of the LPP, the phase signs of 
the Fn at 8:92 D2O:H2O were determined with reference to Figs. S1 and 
S2. The reason for the use of 8:92 D2O:H2O hydrated sample is that at 
this level, the net contribution from the water is negligible. For the non- 
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deuterated, the 25% FFA sub model with d-FFA-C18, and the sphingo- 
sub model with sphingo-D7 compositions, the phase signs were deter-
mined as − ,+,− ,+,− ,+,− ,+,− . For the samples involving the 25% 
Sphingo-sub model with deuterated CER NS-D7 and CER NS-d47, the 
phase signs were determined as − ,− ,− ,+,− ,+ and +,+,− ,+,− ,+, 
respectively. For the 25%FFA-sub model, the phase signs for CER NS-D7 
and CER NS-D47 were obtained as − ,− ,− ,+,− ,+,− ,+,− and 
+,+,− ,+,− ,+,+,+,− , respectively. 

To identify the location of the deuterated moieties of the lipids, the 
8% D2O:H2O SLD profile on the non-deuterated SLD profiles was sub-
tracted from the 8% D2O:H2O SLD profile containing the deuterated 
material, leaving only the scattering due to the deuterated moiety. 

The ‘relative absolute’ scale was then calculated by determining the 
scaling factor from the difference in the scattering area between the 
protiated and deuterated profiles [11,30,31]. A description on 

converting to relative absolute scale has been previously provided [18]. 
In short, the peak height (SLDheight) and area (SLDarea) for a deuterated 
peak in the SLD profile are determined and the corrected height is 
calculated as the difference in the scattering length densities of the 
protiated and deuterated versions (SLDdiff). In this study, we used the 
CER NS d7 peaks as it is the most defined of the peaks that we measured 
in both of our diffraction measurements. The correction is calculated as 

SLDcorrected =
SLDheight*SLDdiff

SLDarea
(6)  

Using the SLDcorrected value the scaling factor can be determined by 
dividing with SLDheight. 

Fig. 2. SAXD curves of samples with (A) 0, (B) 25, (C) 50, (D) 75 and (E) 100% CER NS substitution with FFA C24 and free sphingosine. Samples were measured at 
23 ◦C. The Arabic numbers indicate the LPP diffraction orders. * indicates the crystalline CHOL orders and # indicates the unknown peak at 1.18 nm− 1. All additional 
peaks are attributed to the phase separated structures. Inset: An enhanced image of curves between 2.4 and 4 nm− 1. (F) LPP repeat distance against the amount of 
CER NS substitution with FFA C24 and free sphingosine. Error is calculated as the standard deviation between the repeat measurements. 
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3. Results 

3.1. The effect of increasing chain separation 

To determine the effect of CER amide bond loss on the LPP lamellar 
formation, CER NS was substituted with a free sphingosine (C18) and a 
FFA C24 (the Sphingo-sub models) and measured with SAXD. The de-
gree of substitution varied between 25% and 100%. The SAXD curves 
(Fig. 2A–E) show that a long periodicity phase remained for all CER NS 
concentrations measured, with the repeat distance increasing from 12.5 
± 0.2 nm, 12.6 ± 0.05 nm, 12.6 ± 0.05 nm, 13.0 ± 0.0 nm, and 13.9 ±
0.05 nm when 0, 25, 50, 75 and 100% of the CER NS was substituted, 
respectively (Fig. 2F). At 0% and 25% CER NS substitution, the LPP and 
crystalline CHOL were the only lipid structures that formed. As CER NS 
concentration decreased to 50% of the original content, a peak at 1.18 
nm− 1 (d = 5.3 nm) is visible. A similar profile is seen at 75% CER NS 

substitution, with a stronger peak at 1.18 nm− 1 (Fig. 2D, #), indicating 
that a larger proportion of the lipids are forming the new structure in the 
sample. When 100% of the CER NS is substituted, many additional peaks 
were present (Fig. 2E). When the CER NS concentration is reduced 
within the sample, the peak intensity of the crystalline CHOL (*) in-
creases, implying a higher fraction of phase separated CHOL. This may 
be attributed to the decreased fraction of lipids forming the longer 
periodicity phase in the samples. At 100% substitution, the 13.9 nm 
repeat distance is long, which implies that it may no longer be an LPP. 

SAXD measurements were also performed on the FFA-sub models, 
where the CER NS is substituted with a FFA C18 and FFA C24 molecule. 
Here the component acyl chains of the CER NS are replaced by the free 
species and the characteristic sphingosine head group is removed which 
will thus affect the headgroup interactions within the lamellae. 
Fig. 3A–D shows the SAXD curves for samples where 25, 50, 75 and 
100% of the CER NS is substituted resulting in repeat distances of 12.5 ±

Fig. 3. SAXS curves of hydrated samples with (A) 25, (B) 50, (C) 75 and (D) 100% CER NS substitution with FFA C24 and C18. Samples were measured at 23 ◦C. The 
Arabic numbers indicate the LPP diffraction orders. * indicates the crystalline CHOL order, and # indicates the additional unknown phase with an initial peak at 
approximately 1.18 nm− 1. All additional peaks are attributed to the phase separated structures. Insert: an enhanced image of curves between 2.2 and 4 nm− 1. (E) LPP 
repeat distance against the amount of CER NS substitution with FFA C24 and FFA C18. Error is calculated as the standard deviation between the repeat 
measurements. 
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0.05 nm, 13.0 ± 0.1 nm, 14.1 ± 0.1 nm, and 14.3 ± 0.05 nm, respec-
tively (Fig. 3E). Similar to the sphingosine-substituted models, only the 
LPP and crystalline CHOL had formed at 0% and 25% CER NS substi-
tution. When increased to 50% and 75% substitution, a structure with a 
first order located at 1.18 nm− 1 is present (# in Fig. 3C). Fig. 3C shows 
that the CHOL and 4th order LPP peak overlap in the 75% FFA-sub 
model. When 100% of the CER NS was replaced, the repeat distance is 
longer and the repeat peak intensities are significantly changed, 
implying that the longer phase is no longer an LPP. Moreover, there are 
additional peaks seen, suggesting that additional phases have formed, 
after the loss of all the CER NS in the model. As with the Sphingo-sub 
models, when more of the CER NS is substituted, the amount of CHOL 
that is phase separated as crystalline CHOL increases, (as indicated by 
the relative increase in intensity of the crystalline CHOL peaks, 
Fig. 3A–D,*). An alternative explanation would be that at 100% sub-
stitution the LPP is no longer formed and that a longer periodicity 
structure is formed instead – as seen in samples prepared with CER EOS 
[32,33]. 

3.2. No changes in the lateral packing and conformational ordering after 
the substitutional loss of CER NS 

SAXD data showed phase separation occurring at ≥50% CER NS 
substitution. To further investigate the apparent indifference when 25% 
of CER NS was substituted with FFA C24 and either sphingosine or FFA 
C18, the conformational ordering and lateral lipid organization were 
examined with FTIR spectroscopy. The conformational ordering is 
determined by the position of the CH2 symmetric stretching mode 
(νCH2, 2845–2855 nm− 1), and the thermotropic response for the 0% sub 
model is presented in Fig. 4A. The thermotropic response curves for the 
0% sub, 25% Sphingo-sub and the 25% FFA-sub samples were similar as 
shown in Fig. S3, and at 24 ◦C the νCH2 were similar with values of 
2848.9, 2848.7 and 2848.7 cm− 1 respectively, the lower wavenumber 
values indicating highly ordered chains. As the temperature was 
increased the average hexagonal phase mid-transition temperature for 
the three models remained similar at 40.2 ± 1.0, 37.5 ± 0.6, and 39.4 ±
1.1 ◦C for the 0% sub, 25% Sphingo-sub and the 25% FFA-sub, respec-
tively. Further heating showed that the fluid phase mid-transition was 
also similar between the models at temperatures of 69.9 ± 1.5, 69.8 ±
0.8, and 70.7 ± 0.6 ◦C, respectively. Comparing the behaviour of the 
25% Sphingo-sub and 25% FFA-sub samples, the substitution had no 
noticeable effect on the lipid conformational ordering behaviour. The 
orthorhombic domain size and inter-chain interaction can be probed by 
the splitting in the CH2 scissoring mode (δCH2, 1460 to 1480 cm− 1) 

peaks. Fig. 4B shows that the peak maxima at 1462 and 1473 cm− 1 did 
not shift and that the peak shape did not change, implying there was no 
significant difference in the lateral packing between the 0, 25% Sphingo- 
sub and 25% FFA-sub samples. 

3.3. Head group moiety dictates the location of the lipids within the LPP 

To further probe if there was any change in the LPP structure in the 
25% Sphingo-sub and 25% FFA-sub models, the lipid arrangement in the 
unit cell of the LPP was investigated with SANS. Similar to the SAXD 
curves, the intensity vs q curves for all models demonstrated that the 
only lamellar structure present was the LPP, with the only additional 
structure being phase separated crystalline CHOL. The repeat distances 
were determined by least square fitting of all peak positions. The mean 
repeat distance determined for the 25% Sphingo-sub model was 12.6 ±
0.1 nm, while the mean repeat distance for the 25% FFA-sub model was 
12.6 ± 0.1 nm. 

To determine the structure of the LPP, the water profile was deter-
mined by subtracting the SLD profile intensity, in relation to the position 
within the unit cell (x), when hydrated with a solvent of 100:0 D2O:H2O, 
from the SLD profile intensity calculated when hydrated in a 8:92 D2O: 
H2O solvent. Fig. 5A shows the water to be located at the unit cell 
boundary at 2.2 nm from the centre of the unit cell, demonstrating the 
characteristic trilayer structure of the LPP. To determine whether a 
rearrangement of the lipids had occurred as a result of the substitution of 
some of the CER NS, each of the chains of the remaining CER NS fraction 
had either the sphingosine chain or the acyl chain deuterated to provide 
both positional and conformational information (hairpin versus linear 
conformation). The location of the deuterated chains was determined by 
the subtraction of the SLD profile for the non-deuterated sample from 
that of the profile for the sample involving deuterated lipid, both hy-
drated in 8% D2O solvent. 

First, we present the 25% Sphingo-sub model. The green curve in 
Fig. 5B shows that the peak corresponding to the terminal d7 moiety of 
the sphingosine chain of the CER NS (CER NS-d7) is located exclusively 
at 4.6 nm from the centre of the LPP. The peak for the deuterated acyl 
chain of CER NS, shows that this is primarily located in the centre of the 
unit cell (Fig. 5B, red curve). This indicates that the CER NS is arranged 
in a linear fashion with the CER headgroup located primarily at the inner 
water region. In this case, the acyl chains are located at the centre of the 
unit cell, while the sphingosine chain of the CER NS is extended to the 
outer layers of the LPP. The location of the free sphingosine chain was 
also determined using sphingosine-d7. The loci of the terminal carbons 
of the free sphingosine-d7 (Fig. 5A, black curve), are positioned at 4.6 

Fig. 4. A) νCH2 thermotropic response curve for 0% sub model. The mean value is presented, the error is calculated as the standard deviation. B) δCH2 curves for 0% 
sub (black), 25% Sphingo-sub (green), and 25% FFA-sub (red) models at 20 ◦C, no difference is visible between the models. 
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nm from the unit cell centre, and a similar position is found for the CER 
NS-d7 sphingosine chain, albeit that the peak intensity is lower in this 
case due to the lower degree of deuteration. 

The LPP mean repeat distance of the 25% FFA-sub model was 12.6 ±
0.1 nm, and aside from phase separated crystalline CHOL, was the only 
lamellar structure present in the system. Fig. 6 shows the SLD profiles for 
the LPP having this lipid composition. Similar to Fig. 5, Fig. 6A (blue) 
shows the water to be located at the unit cell boundary at 2.1 nm from 
the cell centre. The position of the terminal sphingosine chain of CER 
NS-d7 is located 4.2 nm from the centre of the LPP unit cell, while the 
acyl chain of CER NS-d47 is more evenly distributed between the central 
and outer lipid layers of the unit cell than in the 25% Sphingo-sub 
model. These positions imply that the CER NS in the centre remains in 
an extended conformation while a larger proportion of the CER NS has 
migrated to the outer regions when compared to the 25% Sphingo-sub 
model (see Fig. 5B). It is not known whether the CER NS in the outer 
region is in an extended or hairpin conformation. The SLD profile of the 
free FFA C18 shows no regions of higher SLD intensity throughout the 
unit cell implying the FFA C18 is distributed evenly throughout. 

4. Discussion 

4.1. The importance of sphingosine headgroup for lipid arrangement 

Our results show that with decreasing levels of CER NS, an increasing 
fraction of the lipids does not form the LPP. However, this did not occur 
when 25% of CER NS was substituted suggesting below this level the LPP 
structure remains insensitive to the CER NS loss. In the 25% Sphingo-sub 
model, the CER NS is primarily arranged with the headgroup in the inner 
headgroup region with its acyl chain in the central alkyl chain layer and 
the sphingosine chain in the outer alkyl layers. The free sphingosine acyl 
chain tail end was also located in the outer alkyl chain layer of the LPP. 

This implies that the sphingosine headgroup can be located either in the 
inner or outer head group regions. However, as most of the CER NS is in 
the inner head group region, the sphingosine headgroup is most likely 
located in the outer headgroup region located at the unit cell boundary. 
This change in lipid arrangement is shown in Fig. 7. 

In the 25% FFA-sub model, where 25% of the CER NS was substituted 
with FFA C24 and C18, a difference in the LPP lipid arrangement was 
observed. This included a redistribution of CER NS, wherein the acyl 
chains are located at both the inner and outer bilayers of the LPP when 
compared to the other model that had a strong bias for the CER NS head 
group being located in the headgroup region with the acyl chain in the 
inner lipid layer of the LPP. It was also observed that the FFA C18 is 
equally distributed throughout the LPP in contrast to the free sphingo-
sine in the 25% Sphingo-sub model that remained in the outer layers of 
the LPP. The change in lipid arrangement it presented in Fig. 7. 

In terms of the location and conformation of CER NS in an equimolar 
lipid class ratio of 1:1:1 CER:CHOL:FFA (with 40% CER EOS and 60% 
CER NS in the CER mixture), the CER NS headgroup has previously been 
reported to be located within the inner head group region and to a lesser 
extent at the unit cell boundary of the LPP [18,24]. In the central 
headgroup region, the CER NS is exclusively in an extended conforma-
tion, and this was also seen in the 25% Sphingo-sub and 25% FFA-sub 
models. 

Our results show that the sphingosine head group plays a crucial role 
in directing the sphingosine carbon chains into the outer head group 
regions, and when free sphingosine is still present CER NS does not have 
to compensate. However, when the sphingosine moiety is replaced by a 
fatty acid, CER NS needs to compensate and distributes more homoge-
neously in the LPP unit cell. CER head groups are known to have a 
significant effect on the LPP and SPP behaviour, and this includes an 
influences on the packing density, lipid miscibility, and hydrogen 
bonding strength [20,34,35]. To our knowledge, no studies have 

Fig. 5. SLD profile of 25% Sphingo-sub, where CER NS is substituted with FFA C24 and free sphingosine. A) The water profile, indicating the position of the water 
molecules (blue), and the terminal position of the free sphingosine (d7, black). B) The terminal position of the CER NS's sphingosine chain (d7, green), and the length 
of the acyl chain (d47, red). 

Fig. 6. SLD profile of 25% FFA-sub, where 25% of CER NS is substituted with a FFA C24 and FFA C18. A) The water profile (blue) and the position of the entire 
carbon chain of the FFA C18 (black). B) The terminal position of the CER NS's sphingosine chain (d7, green), and the length of the acyl chain (d47, red). 
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previously reported the importance of the CER headgroup for lipid 
localization in the LPP. 

4.2. The importance of separating headgroup and carbon chain effect on 
the LPP 

In the 25% Sphingo-sub and 25% FFA-sub models, neither the 
lamellar organization nor lateral packing of the system were altered 
when compared to previously reported LPP structures [11]. During this 
study, we have ensured that the carbon chain length distribution 
remained the same for all the samples. Ordinarily, the carbon chain's van 
der Waal interactions have a strong stabilizing effect, particularly for 
skin lipids that contain long average chain lengths and this may explain 
the results obtained here. Carbon chain length effects on SC lamellar 
structures are important, and when the normal chain length composition 
is reduced, this can cause a range of effects including; an increased 
conformational disordering and lipid mobility [36], induced phase 
separation [37–40], reduced lipid density [41], and as a consequence an 
increased trans-epidermal water loss and thus a reduction in skin barrier 
[42,43]. In comparison, the small loss in headgroup interactions due to 
the decrease in the CER NS fraction is not sufficient to influence the lipid 
arrangement. 

4.3. CER intermediates in diseased skin may be underrepresented 

The organization of the lipid matrix of the SC is essential for the skin's 
barrier function. One common alteration found in diseased skin is an 
overall loss of CER concentration, which varies in severity. Reduced 
activity of ceramide synthases or an increase in ceramidase activity are 
underlying factors for the decrease in CER content and an increase in 
free sphingosine. While other synthetic pathway alterations that may 
also reduce CER content include a reduced activity of Glucocere-
brosidase [44] and Sphingomyelinase [45]. In these cases, the reduced 
production of CERs, which again results in the reduction of the overall 
concentration of CER, can increase the overall concentration of CER 
precursors. LC-MS is often used to determine the lipid composition of SC 
[46]. Typical LC-MS measurements can identify the CHOL, CER subclass 
(headgroup) and the carbon chain length of both CERs and FFAs. 
However, CER intermediates such as free sphingosine are also present in 
the skin [47] and can be easily overlooked since the methods particu-
larly developed for CER analysis are often not optimal for the detection 
of sphingosines [48,49]. This difficulty to detect sphingosine and other 
intermediate structures may explain the limited reports on this area. 
However, Toncic et al. [50] have identified an increase in the level of 
free sphingosine within the skin in patients with atopic dermatitis, 
partially within lesional skin. 

The observed mixed phases at substitutions of CER concentrations 
>25%, could be a mechanism of expelling the excessive amount of FFAs. 
This reduces the ratio found in the long periodicity phase, back to a 
similar value to before the substitution had occurred, to best accom-
modate for the LPP. However, this mechanism appears only to be valid 
up to a certain degree of substitution, and the structure can no longer be 
maintained once the substitution exceeds a certain level as seen in our 
100% sub samples. 

5. Conclusions 

The behaviour and structure of the SC lipid matrix are dependent on 
the lipid composition. Our results indicate that the presence of the 
sphingosine head group is important to have a similar distribution of 
CER NS compared to equimolar lipid models. However, there is still no 
change in lipid organization until 25%. Thus, our results indicate that an 
increased ceramidase activity or reduced ceramide synthase activity, 
does not lead to dramatic changes in the lipid phase behaviour of the 
ceramides as the free sphingosine would partially play the role of CER 
NS concerning its location. 

It was not until the sphingosine head group was removed that its 
importance in the CER NS localization and the need for the sphingosine 
head group at the boundary of the LPP unit cell was identified. With a 
strong increase in both short and long chain FFA concentration, a 
redistribution of CERs in the LPP may occur, and this is likely relevant 
for FFA rich skin diseases. 
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Fig. 7. Schematic diagram of the lipid arrangement of the LPP both unmodified (left) and when under ≤25% Amide bond loss, with the substitution of sphingosine 
(green) and FFA C24 (blue) with CER NS (top right). Or ≤25% Sphingosine headgroup loss, with the substitution of FFA C18 (red) and FFA C24 (blue) with CER NS 
(bottom right). 
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