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structures. The organization of these lipids are directly cor-
related to the barrier properties of the skin, which are evi-
dent by the alterations observed both in the composition 
and organization of the SC layer of diseased skin (2–8). 
Understanding the organization of these lipids enables im-
proved insights into the differences between healthy and 
diseased SC.

The lipid matrix is primarily composed of ceramides 
(CERs), cholesterol (CHOL), and FFAs in a 1:1:1 molar 
ratio (9). The lipid subclass composition is highly complex 
and contains a wide range of different lipids. In the case of 
the CERs, 18 subclasses have been identified in human SC 
(10), and each of these subclasses have additionally shown 
a large variation in their carbon chain length. A large varia-
tion in FFA chain length is also present in the SC (11–13). 
X-ray diffraction studies have revealed that the SC lipids 
are arranged as two coexisting lamellar phases with repeat 
distances of approximately 13 and 6 nm, which are referred 
to as the long-periodicity phase (LPP) and short-periodicity 
phase (SPP), respectively (14). The LPP is unique to the 
skin barrier and is assumed to be an important factor in its 
barrier capability (15). In parallel, the lateral packing also 
affects the permeability of the skin. The lipids in the SC 
layer are primarily packed in an orthorhombic structure, 
with a smaller population forming a less densely packed 
hexagonal or liquid phase (16).

With the use of model systems, previous work has identi-
fied the relative positions of several of the lipid subclasses 
(17–19). CERs with a nonhydroxyl C24 acyl chain linked to 
a C18 sphingosine (NS) and FFAs were located in the cen-
tral region of the LPP trilayer structure, while CHOL re-
mained exclusively in the outer region (18). CER EOS is 
uniquely positioned in both the outer and interior regions, 
with the head groups present at the boundary of the unit 
cell, while the carbon chain extends to the central head 
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The skin’s principal function as a controlled interface 
between the body and external environment is to impede 
substances from entering the body while preventing desic-
cation from within. The barrier is located in the outermost 
layer of the skin, the stratum corneum (SC). The SC con-
sists of dead corneocytes encased in a lipid matrix that is 
often compared structurally with a brick wall (1). The lipid 
matrix is the only structure that extends entirely through 
the SC, and as a result understanding the skin’s barrier is 
of great interest. The lipids can implement such an effec-
tive barrier due to their highly ordered crystalline lamellar 
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group region, where the linoleate moiety resides. This 
knowledge has enabled the construction of a lipid LPP 
model (S1). However, in the proposed LPP models it re-
mains ambiguous how the lipid subclasses are arranged in 
their respective regions. In addition, the conformation of 
the CERs remains uncertain. The dual alkyl chains of the 
CERs can be arranged either as an extended lipid or back 
on themselves in a hairpin structure (Fig. 1).

In this study, we focused on the specific interactions be-
tween CER NS and FFA chains in the LPP unit cell using 
Fourier-transform infrared spectroscopy (FTIR) analysis by 
partial deuteration of these chains. A simple lipid model 
system consisting of two CERs, CHOL, and five FFAs that 
form the LPP exclusively was used to study whether these 
lipids mixed together or formed isolated domains in the 
LPP. These models were compared with a simple lamellar 
bilayer (LB) structure to determine whether the amount of 
carbon interactions between selectively deuterated lipids in 
the LPP is different from that of a normal bilayer system. 
We determined that between selected FFAs and CERs they 
would preferentially interact with one another in the LPP 
unit cell. In addition, these interactions identified the con-
formation of the CER NS and the location of shorter-chain 
FFAs in the LPP.

MATERIALS AND METHODS

Materials
The structures of the synthetic lipids used in this study are pre-

sented in Fig. 2. The synthetic CER EOS, with an acyl carbon 
chain length of 30, and NS (C24), with a deuterated fatty acid 
moiety (referred to as d47-NS), were provided by Evonik (Essen, 
Germany). Palmitic acid (C16), stearic acid (C18), arachidic acid 
(C20), behenic acid (C22), lignoceric acid (C24), CHOL, acetate 
buffer salts, and deuterated water were obtained from Sigma-
Aldrich Chemie GmbH (Schnelldorf, Germany). The perdeuter-
ated FFAs (dFFAs) with chain lengths of C18 and C20 were 
purchased from Cambridge Isotope Laboratories (Andover, MA). 
The dFFAs with chain lengths of C16 and C22 were obtained from 
Larodan (Malmö, Sweden). dFFA with a chain length of C24 was 
obtained from Arc Laboratories BV (Apeldoorn, the Nether-
lands). All solvents used were of analytical grade and supplied by 
Labscan (Dublin, Ireland). The water was produced by a Milli-Q 
water filtration system (Millipore, Burlington, MA) with a resistiv-
ity of 18 M cm at 25°C.

Lipid model composition
The model lipid mixtures were prepared from synthetic CERs, 

CHOL, and FFAs in an equimolar ratio for the LPP system. The 
lipid ratios for the LB models are described in Table 1. The CER 

composition in the LPP model consisted of EOS and NS. CER NS 
was selected, with CER EOS, due to its capability to form the LPP. 
To ensure that the LPP was exclusively formed, the CER EOS level 
was set to 40 mol% of the total CER concentration (20, 21). The 
FFA composition was prepared from five FFA subclasses with car-
bon chain lengths of C16, C18, C20, C22, and C24 at molar ratios 
of 1.8, 4.0, 7.6, 47.8, and 38.8, respectively, a composition similar 
to SC (11).

Lipid model preparation
The appropriate amount of lipids was dissolved in a chloro-

form-methanol (2:1; v/v) solution at concentrations 5 mg/ml. 
Subsequently, 0.75 mg of lipids were sprayed on mica over an area 
of 0.2 × 0.5 cm2 for the small-angle X-ray diffraction (SAXD) sam-
ples or 1.5 mg of lipids on AgBr windows over an area of 1 × 1 cm2 
for FTIR measurements. Samples were sprayed using a Camag 
Linomat IV sample applicator (Muttenz, Switzerland). Once 
sprayed, the samples were slowly heated to either 85°C for LPP sam-
ples, or 120°C for LB samples, to ensure the samples had melted. 
Samples were left at this temperature to equilibrate for 10 min, and 
then the samples were slowly cooled back to room temperature, af-
ter which the equilibration cycle was repeated. The sample was then 
subsequently hydrated in deuterated acetate buffer for FTIR mea-
surements, or sodium bromide solution for X-ray measurements, 
at 100% relative humidity at 38°C for >15 h prior to measurement.

FTIR measurements
The FTIR setup consisted of a Frontier FT-IR spectrometer 

(PerkinElmer, Buckinghamshire, UK) equipped with a broad-
band mercury cadmium telluride detector cooled with liquid ni-
trogen. The sample was purged continuously under dry air that 
started 10 min before the measurement and continued up to 
the end of the experiment. A spectrum at a given temperature was 
averaged between 77 individual measurements that were collected 
in absorbance mode at a resolution of 1 cm1 over 4 min. To mea-
sure the phase transition in relation to the temperature, the sam-
ple was heated at a rate of 0.25°C/min to measure a 1°C increase 
per recorded spectrum. The spectra were collected between 0 and 
90°C using the Spectrum TimeBase software (PerkinElmer). The 
spectra were processed in Spectrum and plotted using in-house 
Enthought Canopy scripts. To accurately determine the peak po-
sition of the scissoring () vibrations, the peaks were measured 
after calculating the second derivative. At least two samples were 
prepared and measured for each experimental condition.

SAXD measurements
SAXD measurements were taken at the European Synchrotron 

Radiation Facility. The wavelength was set at 1.033 Å, and the de-
tector distance was fixed at 2.16 m. A Pilatus 1M detector was 
used; the sensor was a reverse-biased silicon-diode array consisting 
of 981 × 1043 pixels, 172 × 172 m2 in size. The calibration was 
performed using silver behenate. Samples were measured for 90 s 
at 25°C. The 1D intensity profiles were determined by integrating 
the 2D pattern along the Cartesian and polar coordinates with the 
scattering angle (). The scattering intensity (I) was measured as 
a function of the scattering vector q, which is proportional to  
and the wavelength  of the X-ray beam and is calculated accord-
ing to Bragg’s law as follows:

 4  sin
= q
π θ
λ

 (Eq. 1)

When in the lamellar phase, a series of peaks at equal distances to 
one another are observed. The d-spacing (dn) of the lamellar 
phase can be calculated asFig. 1. Extended and hairpin conformations of CERs.
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 2
=n

n

n
d

q

π  (Eq. 2)

with n as the order number of the diffraction peak located at position 
qn. Each sample was prepared and measured at least in duplicate.

RESULTS

The LPP model was measured with various deuterated 
lipid-component substitutions to enable isolated lipid acyl 
chain measurements to investigate the lipid interactions. 
The X-ray diffraction curve of the fully protiated synthetic 
LPP (LPP-CH2) shows eight orders (Fig. 3A). The LPP has 
a periodicity of 12.9 nm. Simliar to native SC, a proportion 
of the CHOL in the sample had phase separated.

The thermotropic phase behavior was determined via 
both the  and symmetric stretching () vibrations of the 
lipid alkyl chains (Fig. 3B, C). In the  region, the peak 
splitting occurred from the close proximity of neighboring 
highly organized lipid CH2 alkyl chains, which enables 
short-range coupling interactions. It is these coupling in-
teractions that induced the observed peak splitting. As 
the temperature increased, a transition from the ortho-
rhombic to hexagonal phase was observed, as shown in the 
 thermotropic response curve (Fig. 3B) and indicated by 
the formation of a single central peak at the expense of the 
two orthorhombic peaks. The single peak is a product of a 
small increase in the spacing between the lipid alkyl chains. 
The increase in the lipid spacing can occur when the lipids 
pack either in the hexagonal or fluid phase. The greater 

Fig. 2. The molecular structure of the lipids used in this investigation. The protiated lipids include CER EOS (C30), CER NS (C24), FFAs 
C16–C24, and CHOL. The deuterated moieties are highlighted in bold.

TABLE 1. Sample composition used in this experiment

Sample Name CER FFAs

LPP-CH2 EOS/NS C16/C18/C20/C22/C24
LPP-dNS EOS/d47-NS C16/C18/C20/C22/C24
LPP-dFFAs EOS/NS d31-C16/d35-C18/d39-C20/d43-C22/d47-C24
LPP-dNS/dC24 EOS/d47-NS C16:0/C18:0/C20:0/C22:0/d47-C24
LPP-dNS/dFFAs EOS/d47-NS d31-C16/d35-C18/d39-C20/d43-C22/d47-C24
dFFA — d31-C16/d35-C18/d39-C20/d43-C22/d47-C24
LB-dNS/dC24 (6:4) d47-NS d47-C24
LB-dNS/dFFA (3:5) d47-NS d31-C16/d35-C18/d39-C20/d43-C22/d47-C24

The deuterated labeled lipids (d) are highlighted in bold. All LPP samples additionally contained CHOL in an 
equal molar ratio to CERs and FFAs, while the lipid ratios in the LB samples are expressed in the table.
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lipid distances prevent the lipids’ acyl chain from coupling 
with their neighbors, which prevents the peak splitting ef-
fect. In the thermotropic response curve of the  region 
(Fig. 3C), the orthorhombic to hexagonal phase transition 
temperatures are observed by a slight increase in the peak 
wavenumber, which occurs at temperatures between 34 
and 40°C. In contrast, the hexagonal to fluid phase transi-
tion is observed at temperatures between 60 and 69°C. The 
greater wavenumber increase during this phase transition 
indicated a larger amount of disorder in the lipid chains 
(ordered to a liquid-state transition).

To focus on the alkyl chain interactions suspected to 
be present in the central region of the LPP (S1), the acyl 
chain of CER NS and/or FFAs was selectively deuterated in 
a series of four samples to investigate their interactions 
(Table 1). To determine the degree of integration of the 
deuterated lipids with the protiated lipids, the chain melt-
ing behavior was observed by their  vibrations with FTIR 
(Fig. 4). The phase transition temperatures for all four 
partially deuterated samples in the LPP did not deviate 
from the fully protiated sample (Fig. 3C). In addition, both 
the protiated and deuterated components of each sample 
melted to form the liquid phase at the same temperature 

range as the fully protiated sample (60–69°C); thus, the 
deuterated lipid substitution in the LPP samples did not 
indicate that phase-separated domains were present, and 
instead the partially deuterated lipids remained integrated 
with the protiated lipids.

In the orthorhombic phase, when a sample is partially 
deuterated, the  vibrations of the CH2 and CD2 alkyl 
chains cannot interact due to their large vibrational energy 
difference (CH2: 1,470 cm1; CD2: 1,090 cm1). Thus, 
if these lipids were neighboring one another, the observed 
peak splitting would be lost. As a result, the width of the 
peak splitting is proportional to the same isotopic chain 
domain size (23–25). In terms of the samples, with the ad-
dition of partially deuterated material in the orthorhombic 
phase, a single  peak indicates that the isotopic equivalent 
chains had not exclusively aggregated together but instead 
mixed with the protiated lipid chains (22).

The  peak splitting was examined at 1°C to ensure the 
maximum amount of lipids were packed in the orthorhom-
bic phase. The CER dNS interactions in the LPP-dNS 
sample are shown in Fig. 5A. The sharp single CD2 peak 
observed demonstrates that the CER NS CD2 acyl chains 
were unable to interact with other neighboring CD2 CER 

Fig. 3. LPP-CH2 analysis. A: SAXD curve at 25°C. Both the LPP (numbered) at q values of 0.49, 0.97, 1.47, 1.97, 2.47, 2.97, 3.47, and 3.96 
and CHOL single-crystal peaks (*) at q values of 1.86 and 3.74 nm1 are detected in the sample. B, C: Thermotropic analysis of the  and  
vibrational energy from FTIR analysis, respectively, highlighting the lateral phase transition temperatures by the loss of the peak split or an 
increase in the peak’s wavenumber.
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NS alkyl chains, implying that the CD2 chain was in a  
CH2-rich environment. Thus, it can be concluded that the 
deuterated acyl chain of CER NS was dispersed from one 
another in the LPP and did not form isolated domains.

Figure 5B shows the  CH2 vibrations of the remaining 
protiated alkyl chains for the LPP-dNS sample. The lipids 
that remained protiated included the CER EOS, CER NS 
sphingosine moiety, CHOL, and FFAs. Due to the large num-
ber of protiated alkyl chains in the sample, they could inter-
act, resulting in a peak splitting of 9.1 cm1. This splitting 
was narrower compared with the fully protiated sample 
peak split of 10.8 cm1 (Table 2, Fig. 6A). In addition, the 
shape of the doublet also changed. Figure 6A shows the 
splitting curve of the LPP-CH2 sample when the lipids were 
in the orthorhombic phase. In contrast, the CH2 splitting 
observed in LPP-dNS showed a shallower minima between 
the split peaks, signifying that CH2-CD2 interactions were 
present. These results confirm that the deuterated acyl 
chains of CER NS partly disrupted CH2 interactions by mix-
ing with the protiated chains in the LPP.

When the FFAs were deuterated (LPP-dFFAs), the CD2  
peak was broader (Fig. 5A) compared with the LPP-dNS 
sample, which indicated a larger number of CD2-CD2 chain 
interactions. The increase in the peak width was small, 
and no peak splitting was observed, implying a large pro-
portion of the CD2 chains also interacted with CH2 lipids, 

thus signifying FFAs were also mixed with the other proti-
ated lipids within the sample. The LPP-dFFAs CH2 splitting 
(Fig. 5B) formed a plateaued maximum. This was due to 
the higher relative intensity of the CH2-CD2 central peak. 
The width of the peak splitting decreased compared with 
LPP-dNS (6.2 and 9.1 cm1, respectively), which showed 
a greater proportion of mixed isotope interactions were 
present in the LPP-dFFAs sample compared with the LPP-
dNS sample. As such, this demonstrates that the FFAs were 
not aggregated into isolated lipid domains in the LPP.

In the LPP-dNS/dC24 sample, both the CER NS acyl 
chain and FFA C24 acyl chains were deuterated. These 
chains showed a visible CD2 peak split with a splitting width 
of 4.6 cm1. This peak was wider compared with the LPP-
dNS and LPP-dFFA (Fig. 5A). The formation of a split peak 
implied there was an increase in the CD2-CD2 interaction 
ratio, equating to a larger CD2 domain, at the expense of 
CD2-CH2 interactions. The deuteration molar percentage 
in both LPP-dNS/dC24 and LPP-dFFA samples was similar 
(32.9% and 33.3%, respectively); thus, the difference  
observed in the  peak width and shape shown in Fig. 5A 
occurred due to a selective interaction between the acyl 
chains of the CER NS with FFA C24, indicating they were in 
a similar position in the unit cell of the LPP. However, 
when measured against the maximum splitting value, as 
determined in a fully deuterated chain dFFA sample 

Fig. 4. Thermotropic  vibration curves for LPP-dNS (A), LPP-dFFAs (B), LPP-dNS/dC24 (C), and LPP-dNS/dFFAs (D). Both the CH2 
(black circle) and CD2 (gray square) lipids melted over the same temperature range, implying that the deuterated lipids were integrated with 
the protiated lipids in the LPP.
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(7.6 nm; Fig. 6B), the splitting length remained shorter 
and the splitting shape was poor. This indicated that there 
was still protiated chains interacting with the deuterated 
chains. In contrast, the width and shape of the CH2 splitting 
shown in Fig. 5B did not significantly change when com-
paring LPP-dNS/dC24 and LPP-dFFA. Both samples had the 
same  CH2 peak width (6.2 nm; Table 2) and peak shape; 
the lack of difference between these samples implies that a 
similar number of CH2-CH2 and CH2-CD2 interactions 
were present at the same extent in each of these samples.

CD2 peak splitting for LPP-dNS/dFFA was well-defined, 
with a deep minima, indicating a drastic reduction of CD2-
CH2 interactions compared with that observed in the other 
LPP samples. In addition, the splitting value was the closest  
to the maximum CD2 peak splitting measured (6.6 and  
7.6 nm, respectively; Table 2). In combination with the 
deep minima between the split peak, a reduction in the 
CD2-CH2 interactions was observed. The deeper minima 
between the split peaks arose from the deuterated CER NS 
acyl chains and the deuterated FFAs, including the shorter 
chains, interacting with one another.

The LPP-dNS/dFFAs sample’s CH2 interactions included 
the CER EOS, CHOL, and CER NS chain, which formed 
a single broad peak (Fig. 5B). CHOL was incapable of in-
teracting with neighboring alkyl chains in an equivalent 

manner as the other lipids in the LPP due to its short-
branched alkyl chain. The single broad CH2 peak implies 
that some CH2 interactions between the CER EOS and 
CER NS was experienced; however, due to the absence of 
peak splitting, no large protiated domains consisting of 
only CER EOS and CER NS chains were present.

Spitting effects due to CER NS protiated chain
Removing all of the fully protiated molecules from the 

partially deuterated LPP samples left only CER NS and 
FFAs, which were mixed at the same molar ratios found in 
the LPP-dNS/dC24 and LPP-dNS/dFFAs samples (6:4 and 
3:5, respectively). The only protiated chains in these sam-
ples were the sphingosine groups of the CER NS and thus 
resulted in much higher CD2 concentrations in the LB 
compared with the LPP samples. SAXD analysis identified 
the formation of one or two lamellar structures of various 
repeat distances in each of the samples, evident by the mul-
tiple peaks that were present at q = 1  1.5 nm1 (S2). The 
 vibrations of the LB samples (S3) showed that both the 
CD2 and CH2 chains melted at the same temperature, 
showing that the lipids were mixed together while forming 
multiple lamellar structures.

In the LB-dNS/dC24 sample the CD2  peak did not split 
(Fig. 7A); instead, a single sharp peak was observed, imply-
ing a limited number of CD2-CD2 interactions. In contrast, 
when the FFA content was increased in the LB-dNS/dFFA 
sample, a split of 7.6 cm1 was measured (Fig. 7A, Table 2), 
which matched the maximum splitting width measured in 
the dFFA sample. However, the minima between the split 
peaks was much shallower for the LB-dNS/dFFA sample 
compared with the fully deuterated dFFA and LPP-dNS/
dFFA samples, indicating a larger number of CH2-CD2 in-
teractions. Conversely, the CH2  peak did not split, but 
a broad peak was observed for both LB-dNS/dC24 and 
LB-dNS/dFFA despite the large difference in the CER-FFA 
ratio between these samples (Fig. 7B). As a result, within 

Fig. 5. FTIR peak splitting of the LPP samples at a composition of 
CER (EOS/NS; 0.4:0.6)/CHOL/FFA in a molar ratio of 1:1:1 at the 
CD2  vibrational energy (A) and CH2  vibration energy (B) for when 
the CER NS was deuterated [LPP-dNS (—)], the FFAs were deuter-
ated [LPP-dFFAs (---)], both CER NS and the FFA C24 were deuter-
ated [LPP-dNS/dC24 (-·-·-·)], and CER NS and all the FFA chain 
lengths were deuterated [LPP-dNS/dFFAs (···)]. Samples were mea-
sured when the lipids were in the orthorhombic phase at 1°C.

TABLE 2.  Splitting values for CD2 and CH2 vibrations at 1°C

Sample CD2 Splitting Width (cm1) CH2 Splitting Width (cm1)

dFFA 7.6 —
LB-dNS/dFFA 7.6 —
LB-dNS/dC24 0 —
LPP-CH2 — 10.8
LPP-dNS/dFFAs 6.6 —
LPP-dNS/dC24 4.6 6.2
LPP-dFFAs 3.8 6.2
LPP-dNS — 9.1

Fig. 6. Maximum peak splitting of the  vibration. A: To measure 
the maximum CH2  splitting, the fully protiated LPP-CH2 samples 
were measured, with a peak splitting value of 10.8 cm1. B: The CD2 
maxima vibrations were measured as 7.6 cm1 using the fully deu-
terated dFFA sample. Samples were measured when the lipids were 
in the orthorhombic phase at 1°C.
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the LB structure, it seems that the CER sphingosine chains 
did not aggregate together but were dispersed between the 
perdeuterated chains.

DISCUSSION

In this study, the use of FTIR enabled the identification 
of alkyl chain interactions and domain size between equiva-
lent isotopic chains in the orthorhombic phase (23). Based 
on the extended splitting and deep minima between the 
split peaks of the CD2  vibrations, the results indicate that 
the CER NS acyl chains and FFAs preferentially mixed with 
one another in the LPP phase. By comparing the CD2  vi-
brations of the LPP-dNS/dC24 with the LPP-dNS/dFFA, 
we identified that a range of FFA chain lengths were pres-
ent in the central region of the LPP.

The use of simple model systems
Model systems are ideal samples for investigating various 

aspects of the SC, including the contribution of lipid sub-
classes and structural information. A wide array of models 
have been developed that can mimic the SC of native skin. 
Combining isolated CERs, CHOL, and FFAs, the structures 
in the SC of native skin can be accurately reproduced (26, 
27). Additional studies with synthetic CERs mimicking the 
pig CER composition have revealed a very similar phase 
behavior (28, 29). We recently showed that with only CER 
EOS (linoleate-esterified -hydroxyl C30 acyl chain linked 
to a C18 NS) and CER NS (nonhydroxy C24 acyl chain 
linked to a C18 NS base) can form the LPP. The use of 
synthetic CERs has an additional advantage of specifically 
reproducing particular traits of interest for further study. 
One such example is when the CER composition consists 
of 15 mol% CER EOS and 85 mol% CER NS together with 
CHOL and FFA, it can mimic the phase behavior in native 
SC: the lipids assemble into mixed LPP/SPP with a pre-
dominant orthorhombic packing. If the concentration of 

CER EOS is increased to 40 mol% of the CERs, the LPP is 
exclusively formed with a similar repeat distance and inten-
sity distribution of the diffraction peaks, demonstrating the 
electron density distribution in the unit cell that matches 
the LPP in the complex systems (20, 21, 29).

The lipid models derived from synthetic CERs can range 
from simple models containing the minimal number of 
lipid subclasses to highly complex models containing many 
different lipid subclasses. These models can reproduce dif-
ferent aspects of the lipid organization, including the la-
mellar phase [SPP (30) or LPP (17, 18)] and lateral packing 
[orthorhombic or hexagonal phase (31–34)], or mimic the 
lipid matrix barrier capabilities against a particular drug 
model compared with native SC (35–37). These simpler 
models can simultaneously provide unambiguous informa-
tion on the interactions between lipid-specific subclasses. 
In consideration of the similarities between isolated and 
simple CER compositions, in terms of the structure and 
properties, lipid models can offer many advantages when 
studying the SC lipid matrix.

Arrangement of the lipids in the LPP Model
Mojumdar et al. (17, 18) have previously identified the 

location of deuterated components within a synthetic LPP 
unit lattice to construct a molecular model (S1). In this 
model, the CER NS fatty acid chains, CER EOS linoleic 
acid and FFA C24, were identified to reside in the center  
of the LPP unit cell, while CHOL and a small fraction of 
the FFA C24 and CER NS acyl chain was also present in the 
outer regions of the LPP. However, no indication of the 
lipid chain organization within their respective regions 
(mixed or separate domains) was reported. In this study we 
focused on the localization of FFAs and CER NS to iden-
tify the lipid organization. Table 3 shows the CH2-CD2 ratio 
of the LPP and LB samples. The bulky short alkyl chains 
of CHOL cannot interact with the neighboring lipids be-
cause of the longer linear chains of the other lipids; thus, 
any potential CHOL alkyl chain contributions were ex-
cluded from the CH2 total. If the lipids were distributed 
randomly in both the LPP and LB systems, then the same 
large number of CD2-CH2 interactions and a smaller num-
ber of CH2-CH2 interactions would be expected in both of 
these systems. However, the LPP  CD2 peak splitting was 
deeper and more defined compared with their LB sample 
counterparts despite the much higher CH2-CD2 group ra-
tio in the LPP sample. This indicates that the FFAs and the 
acyl chain of CER NS within the LPP colocalized with one 
another. Therefore, these results correlate with the LPP 
structure identified by Mojumdar et al. (18), where the 
CER NS and FFA are positioned primarily together in the 
central layer in the LPP unit cell.

Fig. 7. Peak splitting of LB samples at a composition of CER NS 
and FFA at the CD2  vibrational energy (A) and CH2  vibration 
energy (B) for LB-dNS/dC24 (6:4) (—) and LB-dNS/dFFA (3:5) 
(---). Samples were measured when the lipids were in the ortho-
rhombic phase at 1°C.

TABLE 3. CH2/CD2 group ratio when CER NS and FFAs were 
deuterated in the LPP and LB samples

Sample CH2/CD2 Ratio

LPP-dNS/dC24 2.20
LPP-dNS/dFFAs 1.07
LB-dNS/dC24 0.39
LB-dNS/dFFA 0.28
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Conformation of CER NS
The conformation of the double-chained CERs remains 

uncertain in model systems. CERs in a membrane can  
either be arranged in an extended conformation, with the 
chains pointing in opposite directions, or as a hairpin, with 
the chains pointing in the same direction (Fig. 1). In the 
LB system the bilayer is repeatedly symmetric; thus, the 
CER NS experiences the same environment regardless of 
its arrangement. Due to the similarity of the environment, 
no change in the  peak splitting would be observed for 
either conformation. In contrast, the CER NS chain in the 
trilayer LPP would experience different local environments 
depending on its conformation. In the LPP structure, FFAs 
and the acyl chain of CER NS are concentrated in the cen-
tral layer, while CHOL and CER EOS are concentrated in 
the two outer layers. If CER NS had adopted a hairpin 
structure, the protiated NS alkyl chain would be in the deu-
terated-rich center, increasing the CD2-CH2 interactions. 
In contrast, if extended, the protiated NS alkyl chain would 
be in the hydrogen-rich outer regions, and a reduction in 
the number of CD2-CH2 interactions would be expected.

The CD2  peak splitting in the LPP-dNS/dC24 and LPP-
dNS/dFFA samples were more defined, with deeper min-
ima points between the peaks, compared with their LB 
counterparts. The greater  peak splitting in the LPP sam-
ples implied that fewer mixed CD2-CH2 interactions and 
more CD2-CD2 interactions were present despite the higher 
CH2-CD2 molar ratio. The reduced CH2-CD2 and increased 
CD2-CD2 interactions indicates that most of the protiated 
NS chains were arranged out of the way of the deuterated 
chains, which could only be accommodated if the CER NS 
had arranged into an extended conformation.

Extended CERs are known to offer several advantages to 
the SC over the hairpin structure, including smaller polar 
head group cross-sections, reduced packing strain, and con-
necting adjacent lamellae, thus reducing permeable bound-
aries (38). The smaller polar head group cross-section 
would enable a greater packing density, which would en-
courage the barrier function (39, 40). The connection be-
tween lamellae layers would discourage swelling, even in 
the more fluid region in the center of the unit cell associ-
ated with the linoleate chain (21), hence further promoting 
the barrier function. An additional advantage of the linear 
structure would be the improved adaptability of the unit 
cell. The typical length of the LPP is 13 nm; however, due 
to the flexible necessity of the skin, the length may need to 
be able to temporarily accommodate slight differences in 
length. When in an extended conformation, the lipids can 
adjust the total length by adjusting the lipid angle along the 
basal plane of the lamellar phase. Angled linear CER con-
formations have been proposed for CER nonhydroxy phyto-
sphingosine (41, 42) and -hydroxy phytosphingosine (43).

Previous FTIR studies have investigated the confor-
mation of CER NS in an SPP (5.2–5.4 nm) consisting of a 
CER NS (C24)/CHOL/FFA mixture, of which the CER NS 
was in an extended conformation. The proposed model 
implied that the lipids were not randomly mixed between 
the bilayers (44). Techniques such as ruthenium tetroxide-
stained and cryo electron microscopy have not been able to 

definitively determine the conformation of the CERs 
within mammalian SC. The lipids have been observed to 
adopt an extended conformation between both the inter-
nal and external layers, connecting individual layers to-
gether (45,46). In addition, the lipids have also been 
reported to adopt the hairpin conformation (47). Previous 
simulation studies have attempted to model the CER be-
havior in the SC; however, these studies were limited by the 
system size and simulation time (48). The lipid conforma-
tion is not necessarily fixed; the chains can be rearranged via 
a chain-flip transition (49). The activation energy of this 
process is low enough to validate the presence of both or 
either conformations in the LPP regardless of the initial 
conformation. The energy requirement for a chain-flip tran-
sition is approximately half of a flip-flop transition (49); the 
activation energy for a simulated flexible lipid bilayer for a 
flip-flop was calculated to be 15 kJ/mol (50).

FFA distribution
The distribution of the FFAs in the LPP is of interest in 

understanding the stability of the LPP structure. The wider 
splitting of the  peaks of LPP-dNS/dFFA compared with 
LPP-dNS/dC24 illustrates that the deuterated domain 
size increased, which would have only occurred if the 
shorter FFAs were also present in the central region. 
These observations concur with the current theory, which 
states that FFAs increase the lipid density within the LPP 
by accommodating the different CER and CHOL struc-
tures into a single orthorhombic packed phase (51, 52) 
and thus would be assumed to be distributed throughout 
the LPP unit cell. Instead, the small amount of splitting 
length that is lost with the LPP-dNS/dFFA sample com-
pared with a fully deuterated acyl chained sample (dFFA) 
can be attributed to two main factors: the presence of the 
protiated CER EOS’s terminal linoleic acid in the central 
region (18) and isolated deuterated lipids in the outer 
layers of the LPP unit cell (18). In contrast, the single 
CH2  peak, which measures the interactions primarily in 
the outer region, may not split due to the CHOL disrupt-
ing possible CH2 interactions between CER EOS and 
CER NS chains.

In this study using FTIR and SAXD, we examined the 
local environment of the lipid alkyl chains within a simple 
LPP and LB model by selectively deuterating the lipid acyl 
chains and studying their local isotopic environment. The 
arrangement of these lipids were identified by the split 
peak properties when in the orthorhombic phase. The re-
sults revealed that the CER NS acyl chain and the FFAs are 
colocalized with one another within the central region of 
the LPP, correlating with previous models. In addition, 
when in the center, the CER NS adopted an extended con-
formation, removing the NS chain from the central region 
of the LPP. This extended arrangement of the CERs can 
potentially offer several advantages to the barrier function, 
facilitating 1) increased packing density, 2) inhibiting swell-
ing, and 3) enabling flexibility in the system. This infor-
mation would be beneficial in the future to examine the 
molecular localization of other molecules in the unit cell 
and to provide more insight into their interactions.
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