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Abstract Ceramides (CERs) in the upper layer of the skin,
the stratum corneum (SC), play a key role in the skin barrier
function. In human SC, the literature currently reports 11
CER subclasses that have been identified. In this paper, a
novel quick and robust LC/MS method is presented that
allows the separation and analysis of all known human SC
CER subclasses using only limited sample preparation. Be-
sides all 11 known and identified subclasses, a 3D multi-
mass chromatogram shows the presence of other lipid
subclasses. Using LC/MS/MS with an ion trap (IT) system,
a Fourier transform-ion cyclotron resonance system, and a
triple quadrupole system, we were able to identify one of
these lipid subclasses as anew CER subclass: the ester-linked
w-hydroxy fatty acid with a dihydrosphingosine base (CER
[EOdS]).BE Besides the identification of a new CER sub-
class, this paper also describes the applicability and robust-
ness of the developed LC/MS method by analyzing three
(biological) SC samples: SC from human dermatomed skin,
human SC obtained by tape stripping, and SC from full-
thickness skin explants. All three biological samples showed
all known CER subclasses and slight differences were ob-
served in CER profile.—van Smeden, J., L. Hoppel, R. van
der Heijden, T. Hankemeier, R. J. Vreeken, and J. A. Bouwstra.
LC/MS analysis of stratum corneum lipids: ceramide profil-
ing and discovery. J. Lipid Res. 2011. 52: 1211-1221.

Supplementary key words liquid chromatography ® mass spectrome-
try ® sphingolipids ® human skin lipids ® normal-phase liquid chroma-
tography e atmospheric pressure chemical ionization mass
spectrometry ® identification ® 3D multi-mass chromatogram

The outermost layer of mammalian skin, the stratum
corneum (SC), consists of corneocytes embedded in a
lipid matrix. This layer serves as the main barrier for diffu-
sion of substances across the skin. As the lipid matrix is the
only continuous pathway in the SC, the composition and
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organization of these lipids are of major importance for a
competent skin barrier function (1-4). The major lipid
classes in human SC are cholesterol, free fatty acids, and
ceramides (CERs). In particular, the CERs have drawn
much attention and several reported studies demonstrate
that changes in CER composition may play a role in an
impaired skin barrier (5-11). The various CERs consist of
a sphingoid base linked via an amide bond to a fatty acid.
Both variations in the fatty acid carbon chain and the
sphingoid base architecture result in a large number of
CER subclasses with a wide variation in chain length distri-
bution. The molecular architecture of these subclasses is
depicted in Fig. 1. Over the years, important information
about CER composition in human SC has been obtained
using high performance thin layer chromatography
(HPTLC) in conjunction with NMR. This resulted in a
gradual increase in the number of identified subclasses. By
use of these methods, nine different human CER sub-
classes have been identified in the SC of healthy human
skin (12-16). As HPTLC is easily accessible, it is still fre-
quently used in various fields with respect to skin lipid re-
search to determine the CER subclasses in human SC (11,
17, 18). However, these approaches are very time consum-
ing and a high quantity of material is required, which is
not always available. The application of LC/MS results in a
much more detailed profile of each individual subclass us-
ing only small quantities of material (19-28). Besides their
important role in human skin, CERs are also key molecules
with respect to cell signaling, growth, differentiation, and
apoptosis (29-38). Also in these research areas, the intro-

Abbreviations: amu, atomic mass unit; APCI, atmospheric pressure
chemical ionization; CER, ceramide; FT-ICR, Fourier transform ion cy-
clotron resonance; HPTLC, high performance thin layer chromatogra-
phy; IT, ion trap; LOD, limit of detection; LOQ, limit of quantification;
NPLC, normal-phase liquid chromatography; SC, stratum corneum;
S/N, signal-to-noise ratio; TQ, triple quadrupole.
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Fig. 1. Ceramide structures. Four possible sphingosine related
chains (S, sphingosine; dS, dihydrosphingosine; H, 6-hydroxy-
sphingosine; P, phyto-sphingosine) are linked via an amide bond to
cither of three different fatty acid components (N, nonhydroxy
fatty acid; A, a-hydroxy fatty acid; EO, esterified w-hydroxy fatty
acid) resulting in, theoretically, 12 different CER subclasses. The
literature has reported the presence of all but CER [EOdS] in
human SC. R represents one of the three different fatty acid chains.

duction of MS has shown a tremendous boost in the iden-
tification of CERs in biological matrices.

With respect to human SC, two novel CER subclasses
were reported recently (39), showing that the number of
subclasses in human SC is still expanding. However, sev-
eral of the LC/MS methods currently reported cannot
analyze all CER subclasses in a single run. Also, almost all
LC/MS methods reported so far are time consuming; mul-
tiple sample preparation steps are necessary and many
methods require a solid phase extraction step beforehand.
Moreover, the total analysis time of a single sample always
exceeds 20 min and often more than 1 h, which is less at-
tractive for analysis of a large number of samples. There-
fore, the aims of our study were to i) minimize analysis
time to allow quick sampling and analysis of total CER con-
tent, ) use a minimal number of sample preparation steps
to keep the method accessible while minimizing degrada-
tion during these steps, and #¢) maintain a high CER sen-
sitivity. To achieve these goals, we decided to use a normal
phase liquid chromatography (NPLC) setup in combina-
tion with an atmospheric pressure chemical ionization
(APCI) source. Regarding CER analysis, this choice offers
some advantages over the commonly used reverse-phase
LC combined with ESI-MS, such as i) considerably lower
ion suppression (40-42), i) APCI experiments are usually
performed at higher flow rates compared with ESI, allow-
ing for a shorter analysis time (43), and ) APCI permits
the use of a nonpolar mobile phase, enhancing the ioniza-
tion efficiency for nonpolar compounds, i.e., CERs (in
particular the higher mass subclasses) (21, 44).

Analysis of human SC CERs using this developed method
resulted in the appearance of new lipid classes in a 3D-
chromatogram. To obtain structural information about
some of these new species, we performed fragmentation
(MS/MS) on relevant ions (see Table 3), which led to the
identification of one new CER subclass. The robustness of
the LC/MS method was also demonstrated by measuring
CERs from three different biological matrices: extracted
lipids of isolated SC from native human skin, SC harvested
with tape-strips, or SC obtained from the outgrowth of full-
thickness human skin explants, referred to as the human
skin explant model (45). We chose these three different
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biological matrices to demonstrate the applicability of this
methodology for future studies.

MATERIALS AND METHODS

CER classification

In this paper, we use the most recently introduced CER classi-
fication system according to Motta et al. (46), which was extended
by Masukawa et al. (39). The CERs consist of either a sphingosine
(S), a phyto-sphingosine (P), a 6-hydroxy sphingosine (H) or a
dihydrosphingosine (dS) base. This base is chemically linked to
either a nonhydroxy fatty acid (N), a-hydroxy fatty acid (A), or
an esterified w-hydroxy fatty acid (EO). Current literature re-
ports 11 different CER subclasses, viz., CERs denoted by [NS],
[NdS], [NP], [NH], [AS], [AdS], [AP], [AH], [EOS], [EOP],
and [EOH]. Figure 1 gives an overview of the molecular struc-
tures of all known CER subclasses. With respect to the fragmenta-
tion studies of CER species in this report, a more detailed
nomenclature is used and shows as well, in parentheses, the num-
ber of carbon atoms for the specific ester, fatty acid, or carbon
chain. For example, CER [E(18:2)O(30)S(18)] corresponds to a
CER species containing a C,g sphingosine carbon backbone
linked via an amide bond to a w-hydroxy triacontanoic acid,
which is ester-linked to a linoleic moiety.

Chemicals

Ethanol (EtOH), isopropyl alcohol (IPA), methanol (MeOH),
and n-heptane of HPLC grade or higher were purchased from
Biosolve (Valkenswaard, The Netherlands). HPLC grade chloro-
form was obtained from Lab-Scan (Dublin, Ireland). Ultra puri-
fied water was prepared using a Purelab Ultra purification system
(Elga Labwater, High Wycombe, UK). Trypsin and trypsin inhibi-
tor were purchased from Sigma-Aldrich Chemie Gmbh (Stein-
heim, Germany). Synthetic CER [N(24)dS(18)] was purchased
from Avanti Polar Lipids (Alabaster, AL). All other synthetic
CERs were kindly provided by Cosmoferm (Delft, The Nether-
lands): CER [EOS] (E(18:2)0(80)S(18)), CER [NS] (N(24)
S(18)), CER [NP] (N(24)P(18)), CER [AS] (A(24)S(18)), CER
[AP] (A(24)P(18)), and CER [EOP] (E(18:2)O(30)P(18)).

Isolation of SC from human skin, tape stripping, and
cultured full-thickness explants

Within 24 h after surgery, residual subcutaneous fat was re-
moved from the skin. The preparation of human SC was per-
formed according to the procedure described by Nugroho et al.
(47). In short, skin was stretched on Styrofoam and dermatomed
to a thickness of around 300 pm (Deca Dermatome, DePuy
Healthcare, Leeds, UK). Then, the skin was put on Whatman fil-
ters soaked in a solution of 0.1% trypsin in 150 mM PBS solution
pH 7.4 (8 g/L NaCl, 2.86 g/L Na,HPO,, 0.2 g/L KH,PO,, 0.19
g/L KCl). After overnight storage at 4°C, the skin was incubated

TABLE 1. Applied LC gradient setup of a single run

Time (min) A/B(%/ %)
0.00 93/7
2.50 93/7
2.55 90/10
5.00 90/10
10.00 50/50
10.50 93/7
12.00 93/7

Solvent A corresponds to 100% heptane; Solvent B contains 50%
heptane, 25% isopropanol, 25% ethanol.
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Fig. 2. NPLC-APCI-MS total ion current of (A) equimolar (250 fmol/CER) synthetic human CER mixture
containing CER [EOS], [NS], [EOP], [NP], [AS], and [AP]; (B) crude lipid extract of human SC (abbrevia-
tions as in Fig. 1). Peaks noted with * contain other SC lipid classes (e.g., triglycerides, cholesterol) and do

not interfere with the CER analysis.

for 1 h at 37°C followed by peeling off the SC from the epidermis.
The SC was washed once in a 0.1% trypsin inhibitor in PBS pH
7.4 solution and twice in water and stored in a dry argon gas-
containing environment to inhibit oxidation of the SC lipids.
Lipids from the full-thickness skin explants model were also col-
lected; six cultured samples were combined into two pools of
three samples and treated analogous to the samples obtained
from surgical skin described above, excluding the dermatome
step. Lipids obtained from tape stripping were harvested accord-
ing to the following procedure: tape stripping (area 4.5 cm®) was
performed on the ventral forearm of a healthy volunteer (male,
age 33). Ten consecutive Poly(phenylene sulfide) tape strips
(Nichiban, Tokyo, Japan) were taken at the same spot. All tapes
were pressed to the targeted skin (450 g/cmz) and peeled off
with tweezers in one fluid stroke using alternating directions for

each tape strip. The 5th to 8th tape strips were selected for lipid
extraction. The tapes were punched to an area of 2 cm®, and each
punched area was put separately in a glass vial filled with 1 ml
chloroform-MeOH-water (1:2:1/2). All vials were stored at —20°C
under argon atmosphere.

Lipid extraction

Lipids from tape strips, SC isolated from dermatomed human
skin, and cultured full-thickness skin explants were all extracted
according to the method of Bligh and Dyer (48) with some small
modifications described by Thakoersing et al. (49). Briefly, liquid-
liquid extraction of the lipids from either human SC or tape
strips was performed sequentially using three different ratios of
solvent mixtures of chloroform-MeOH-water (1:2:1/2 ; 1:1:0 ;
2:1:0). A solution of 0.25 M KCI was added to extract polar lipids.

TABLE 2. Accurate mass LC/MS analysis and LOD/LOQ values of 6 synthetic ceramides

Ceramide Main ion measured Main ion mass measured (amu)® LOD (fmol)/' LOQ (fmol)}'
E(18:2)O(30)S(18) [M+H—H20]+ 994.953 9 29
E(18:2)O(30)P(18) [M+H]" 1030.974 1 5
N(24)S(18) [M+H—H2O]+ 632.634 13 45
N(24)P(18) [M+H]" 668.655 18 60
A(24)S(18) [M+H—H2O]+ 648.629 28 94
A(24)P(18) [M+H]" 684.650 19 64
N(24)dS(18) [M+H]" 652.661 6 21

amu, atomic mass unit; LOD, limit of detection, defined as signal-to-noise ratio (S/N) = 3; LOQ, limit of

quantification, defined as S/N = 10.
“Measured with FT-ICR MS, resolution 100.000.

" Measured with TQ MS: resolution full width at half maximum = 0.7 amu.

LC/MS profiling and discovery of stratum corneum ceramides 1213
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After drying to N, gas, lipids were dissolved in a solution of
heptane-chloroform-MeOH: (95:2.5:2.5). Regarding the lipids
isolated from SC of dermatomed skin, 1 ml of solvent was appropri-
ate to obtain a proper sample concentration for optimal LC/
MS analysis. SC lipid samples obtained from the four tape strips
were pooled prior to drying and afterwards resolved in 0.1 ml to
concentrate the lipids. Lipids extracted from cultured full-thick-
ness skin explants were also resolved to a final volume of 0.1 ml.

CER analysis by LC/MS

NPLC was performed using a binary gradient solvent system of
heptane (solvent A) and heptane/IPA/EtOH (2:1:1, solvent B)
using a flow rate of 0.8 ml/min (see Table 1 for detailed gradient
description). Separation was performed using a polyvinyl alcohol
(PVA)-Sil column (PVA-bonded column; 5 pm particle size, 100
x 2.1 mm i.d.) purchased from YMC (Kyoto, Japan). The HPLC
(Alliance 2695, Waters Corp., Milford, MA) was coupled to one
of several mass spectrometers, depending on the aim of the study.
Additional details on the individual studies are described below.
In general all mass spectrometers were equipped with an APCI
source set to 450°C. Synthetic CERs had a final concentration
ranging from nanomolar up to micromolar, depending on the
experiment. Biological samples were concentrated to a final total
lipid concentration around 0.1 mg/ml, determined by weighing.
The injection volume of all samples was set to 10 pl. The analysis
was performed using Thermo Finnigan Xcalibur software (ver-
sion 2.0).

Profiling of CERs in synthetic and biological mixtures

Profiling of CERs in synthetic mixtures as well as in samples
from dermatomed skin, tape strips, and full-thickness skin
explants was performed with the LC system described above
coupled to a triple quadrupole (TQ) mass spectrometer (TSQ
Quantum, Thermo Finnigan, San Jose, CA) equipped with an
APCI source operated in the positive ion mode. The temperature
of the source heater was set to 450°C and the heated capillary was
set to 250°C. The capillary voltage was maintained at 3 kV and the
discharge current was set to 5 pA. The flow rates of the nitrogen
sheath and auxiliary gas were set to 0.4 and 2.4 1/min, respec-
tively. To obtain a full CER profile including all CER chain

lengths, the scan range was set from 600-1200 atomic mass units
(amu). The resolution full width at half maximum was set to 0.7
amu. The analysis time was set to 8 min with an additional 4 min
of column washing and equilibration afterwards, leading to a to-
tal run time of 12 min. Synthetic CERs were used for develop-
ment of the method, fragment analysis (see below), and limit of
detection/limit of quantification (LOD/LOQ) determination.
Regarding the development of the method, an equimolar syn-
thetic mixture of 250 fmol/CER was prepared and analyzed. For
LOD/LOQ determination, a range from micromolar to nano-
molar was used, resulting in amounts on-column ranging from
picomol to femtomol levels.

Identification of CER using (LC/)MS/MS

Fragmentation spectra (MS/MS) of synthetic CERs and hu-
man SC CERs were obtained using an ion trap (IT) system
(LCQ Deca, Thermo Finnigan) combined with a Surveyor LC
system (Thermo Finnigan). Synthetic CERs were infused (in
chloroform-methanol 2:1) using a postcolumn low dead volume
T-piece at a rate of 5 pL./min while maintaining a continuous
flow of solvent A:B (93:7), as described above, at 0.8 ml/min.
The normalized collision energy for MS/MS was set between
40% and 70%, depending on the specific fragments, which ap-
peared to be indicative of a specific CER structure (more detail
below). The sheath gas and auxiliary gas were set to consecu-
tively 50 and 5 AU, which were slightly different settings com-
pared with the setup used for general profiling of CERs
described earlier but showed better results with respect to frag-
mentation of CERs. The scan time was set to 50 ms. All other
parameters were similar to the setup of the TQ system described
above. A drawback of MS/MS using an IT system is the limita-
tion of the scan range that can be selected once the parent ion
is set; in our studies, species over 1020 amu were fragmented.
Using the IT system described above, the product scan range
resulted in a low-mass cut-off at m/z 285 amu. Because we also
wanted to acquire information on fragments in the range be-
tween 250 and 280 amu, MS/MS was performed on the TQ sys-
tem, analyzing in the product scan mode while the collision
energy was set to 40V. All other parameters were identical to the
setup described for the TQ system.
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Fig. 3. Three-dimensional multi-mass chromatogram of dermatomed human SC. Positive ions of CER spe-
cies using NPLC-APCI-MS. X-axis shows the retention time. Y-axis represents the m/z ratio (in amu). Z-axis
depicts the relative intensity of the CER species. Classes noted by A, B, or * are unknown species. The inset
in the upper right corner shows the range in which the various chain lengths of every CER class were

observed.
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High mass accuracy analysis

Accurate mass analysis of all synthetic CERs as well as the un-
identified species observed in the lipid mixture isolated from na-
tive human SC was performed using a Fourier transform-ion
cyclotron resonance (FT-ICR) system (LTQ FT Ultra, Thermo
Electron) interfaced with a Surveyor LC pump and injector sys-
tem equivalent to the one used for MS/MS analysis described
above. The analysis time was set to 100 ms for mass accuracy up
to four digits (deviation <lppm) and the resolution was set at
100.000. All other parameters were comparable to the setup used
for fragment analysis described above.

RESULTS AND DISCUSSION

Analysis and optimization of HPLC-APCI-MS

Prior to analysis of biological samples, the method was
developed and optimized for all six synthetic CERs, result-
ing in applied parameters, which were described in the
Materials and Methods section (Profiling of CERs in syn-
thetic and biological mixtures). To analyze each individual
synthetic CER with uniform chain length, NPLC was cho-
sen over reverse phase LC because this mode allows for
separation of individual CER subclasses. We chose to use a
PVA column as it has advantages in terms of separation
and peak shape compared with commonly used silica and
diol columns (50, 51). Although ESI is mainly used for the
analysis of CERs, the APCI mode is also used frequently.
The latter permits a higher flow rate (in our studies, 0.8
ml/min) that results in a significantly shorter elution time
of the CERs (43), thereby decreasing the overall LC/MS
analysis time. The total ion chromatogram of the synthetic
CERs is provided in Fig. 2A and shows that with this high
flow rate, the CER subclasses are excellently separated. Be-
cause APCI was used, only single positively charged ions
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were present and could, under our conditions, be identi-
fied as either [M+H]" or [M+H—H2O]+ ions. The LOD and
LOQ of all six synthetic CERs were determined and are
listed in Table 2. These were calculated from ion extracted
chromatograms obtained from full scan MS (m/z 600-1200
amu). The LOD and LOQ were defined by the signal-
to-noise ratio (S/N), being 3 and 10, respectively.

This LC/MS method shows several advantages over oth-
ers with regard to analysis time, sample preparation, and
sensitivity. Qualitative analysis as well as relative compara-
bility studies may be carried out easily. However, complete
quantitative analysis of CERs is only possible when the ef-
fect of different ionization efficiencies between CER sub-
classes and chain lengths has been studied. Moreover, ion
suppression effects (although they are expected to be of
limited effect during APCI-MS) as well as sample prepara-
tion effects should also be taken into account. Ideally,
each analyte should have its own isotopically labeled inter-
nal standards (Clg, NIB, and D? isotopes) added at differ-
ent stages of the sample preparation and the analysis. This
should allow for correction of the mentioned effects re-
sulting in quantitative data of these CERs. However, such
internal standards are not, or very limitedly, available.
Therefore, a practical approach is to use a limited number
of such standards that correct for these effects per CER
subclass. Future studies will include several of these stan-
dards to make this assay (semi-) quantitative. The use of
several nonisotopically labeled internal standards to cor-
rect for chain length and CER subclass regarding human
SC is described in the literature only once (23).

CER analysis of human SC

To separate and analyze the CER subclasses from iso-
lated human SC, a crude human SC lipid mixture was

Fig. 4. Average mass spectrum (retention time
range: 2.1-2.7 min; positive ion mode) of unidenti-
fied lipid class, performed by high mass accuracy FI-
ICR MS. C-numbers correspond to the theoretical
total number of carbon atoms the species should bear,
i.e., the chain length of the proposed CER [EOdS].

C78
1181.151

1200
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Fig. 5. MS/MS spectra of synthetic CERs using an ion trap (IT) system: (A) CER [N(18)S(24)]; (B) CER [N(18)dS(24)]; (C) CER
E(18:2)0(30)S(18)1; (D) human SC CER subclass [EOS] C70, parent m/z 1050.9 amu; (E) unknown human SC CER, parent m/z 1052.9 amu.
Because of the low m/z cut off and range limitations of MS/MS using an IT system (see text), a triple quadrupole (TQ) MS was used to
obtain fragment ion spectra in the low mass range (250-300 amu) of human SC CER [EOS] (D) and the unknown CER (E).
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injected using an identical setup as was used for synthetic
CERs. The CER total ion chromatogram of the human SC
sample is shown in Fig. 2B and shows elution and group
separation of all CER subclasses within 8 min. The chro-
matographic resolution of the peaks was considerably
lower compared with the synthetic CER mixture. This,
however, can be fully explained by the presence of a wide
range of both fatty acid and sphingosine chain lengths in
each CER subclass, resulting in a relatively broad chro-
matographic peak per class; the total carbon chain length
of the CER has a small effect on the polarity of the species
thereby changing the retention time slightly. For example,
both synthetic [N(18)P(24)] and its human SC counter-
part elutes at 4.10 min and show similar peak shapes (Fig.
2A and supplementary Fig. I). However, human CER [NP]
with a total chain length of 54 carbon atoms elutes at 3.72
min, whereas a total chain length of 40 shows a retention
time at 4.18 min. This illustrates that the distribution in
total number of carbon atoms results in the broadening of
the total ion current peak as depicted in Fig. 2B. Neverthe-
less, this apparent ‘loss in resolution’ can be fully over-
come by adding the m/z axis as a third dimension. The
peaks that did show overlap in the human CERs total ion
current chromatogram can therefore easily be distin-
guished in the 3D multi-mass chromatogram as shown in
Fig. 3. This plot shows each separated CER class with mul-
tiple peaks from which each total carbon chain length
could be derived. From this 3D plot, the variation in chain
lengths and, therefore, the slight difference in polarity
(i.e., retention time) can be seen clearly. An overview of
the total carbon chain lengths of all CER subclasses is
listed in the inset of Fig. 3. The calculated total chain
length distribution is in line with those reported by Masukawa
et al. (20). However, due to the high sensitivity of our
method and the specific tuning for high mass CERs, it
shows an even broader range of chain lengths for, in par-
ticular, the ‘EO’ subclasses. This results in the detection of
CER subclasses with molecular masses over 1,100 amu cor-
responding to very long total carbon chain lengths up to
76 carbon atoms.

MS/MS of the unknown CER class

Besides 11 CER subclasses known to be present in hu-
man SC, Fig. 3 also shows the presence of other lipid sub-
classes, marked as *, A, and B, which are unidentified so
far. Currently, four sphingoid base chains and three acyl
chain variations have been indentified in CERs isolated
from human SC, which results in, theoretically, 12 differ-
ent CER subclasses (Fig. 1) (23, 39). CER [EOdS] has
been previously observed by gas-liquid chromatography in
pig skin and epidermal cysts as a variant of CER [EOS] (16,
52). However, its presence in human SC as a separate sub-
class has never been confirmed and recent literature on
human SC only mentions 11 different subclasses, not
pointing out CER [EOdS]. Therefore, our aim was to seek
for the presence of this CER subclass [EOdS] in the 3D
mass chromatogram. Becuase this CER bears an esterified
fatty acid, its m/z value should be in the range of other
[EO] subclasses (i.e., over 900 amu). Figure 3 depicts two

unidentified lipid classes located in this high m/z range, A
and B. To obtain more information about the unknown
classes, LC-FT-ICR MS was used to determine the m/z of all
peaks of both unidentified classes with high mass accuracy.
From the high mass accuracy data it was concluded that
the masses of the unidentified group labeled B in Fig. 3
correspond to the theoretical masses of the CER subclass
[EOdS], and a combined mass spectrum of this unknown
lipid class is shown in Fig. 4, including the accurate masses
and the total number of C-atoms the species should bear.
Another indication that this unidentified lipid class may
correspond to CER [EOdS] was obtained from the ob-
served elution/retention times: It is expected that CER
[EOdS] elutes prior to the [EOS] subclass, as [NdS] and
[AdS] both elute prior to their unsaturated nonhydroxy
and w-hydroxy sphingosine analogs, [NS] and [AS] re-
spectively. This expectation is in accordance to the elution
sequence of the unknown CER class and CER [EOS].
Therefore, both on the basis of the close agreement be-
tween the theoretical mass of the expected compound and
the observed exact mass with matching elemental formu-
lae as well as their relative retention times, there is a strong
indication that this unknown subclass is indeed the CER
[EOdS].

To confirm the hypothesis that this unknown CER sub-
class is indeed the proposed CER [EOdS], MS/MS experi-
ments were performed to obtain structural information on
the fragments of both known as well as the unknown CERs.
Because no synthetic variant of CER [EOdS] is commer-
cially available, synthetic CERs, viz. [N(24)S(18)], [N(24)
dS(18)], and [E(18:2)O(30)S(18)], were fragmented to
obtain product ions that could be characteristic for their
structure. This data was compared with that reported
before (39, 53-58). Following the synthetic CERs, CER
fragment-ions of relevant human SC were analyzed. Subse-
quently, the above derived fragmentation reactions were
used to identify fragments of the unknown SC CER sub-
class. The results of these fragmentation studies are shown
in Fig. 5 A-E and Table 3 and will be explained below. [It
is not in the scope of this publication to fully interpret the
observed spectra and identify all observed (fragment-)
ions, as this requires additional studies.]

When focusing on the synthetic CER N(24)S(18) (Fig.
5A), very characteristic fragments were observed for both
the sphingosine base as well as the fatty acid chain, which
have also been reported in earlier studies (39, 54, 56, 58).
In particular, fragments at m/z 252.3, 264.3, and 282.2
amu corresponding to [(M+H)-(FA chain)-CH;OH]",
[(M+H)-(FA chain)-H,O]", and [(M+H)-(FA chain)]’,
respectively, are descriptive for a sphingosine base of 18
carbon atoms. Also, a fatty acid chain of 24 carbon atoms
shows typical fragments at m/z 368.3 and 392.4 amu,
which can be recognized as [(M+H)-(Sphingosine
chain)]” and [(M+H)-(C;sH;,OH)]", respectively. Also,
fragments without individual chain length information
were observed; ions at m/z 602.4 and 614.6 amu, match-
ing, respectively, [(M+H)—HQO—CH30H]+ and [(M+H)-
H,O]" ions, are also present in Fig. 5A. Subsequently,
MS/MS experiments were conducted on CER [N(24)
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dS(18)], resulting in the mass spectrum shown in Fig. 5B.
Again, fragments corresponding to the fatty acid chain
and the sphingosine base were observed (54, 56, 58); the
fatty acid related fragments of CER [NdS] are similar to
their CER [NS] counterparts (m/z 368.3 and 392.4 amu).
This is expected because both structures contain a non-
hydroxy fatty acid and are therefore identical. Fragments
related to the sphingosine base are shifted +2 amu (m/z
254.3, 266.3, and 284.2 amu). This is also in agreement as
CER [dS] contains one degree of saturation less, i.e., two
hydrogen atoms more. Hereafter, the more complicated
CER [EOS], consisting of a sphingosine base 18 carbon
atoms long and a fatty acid chain 30 carbon atoms long
with a linoleic acid moiety esterified to it, was studied.
Fragmentation of this CER resulted in a mass spectrum
present in Fig. 5C. Because this CER also bears a sphin-
gosine base, fragments with respect to the sphingosine
chain are similar to CER [NS] and CER [NdS] (viz., ions
at m/z 252.3, 264.3, 282.2 amu). The fragments at m/z
450.5, 730.7, and 964.9 amu correspond to fragments re-
lated to the fatty acid chain. The MS/MS spectrum of
CER [EOS] contains additional fragments compared
with CER [NS] and [NdS] because the esterified linoleic
acid may fragment as well. Fragments at m/z 696.7 and

714.7 amu indicate the loss of a linoleic moiety with and
without the loss of a water molecule, respectively.
Subsequently, MS/MS spectra of the human SC variant
of CER [EOS] were studied to confirm that their fragmen-
tation is in agreement with these observations. The precur-
sor ion of CER [E(18:2)O(34)S(18)] at m/z 1050.9 amu
was fragmented and the result is shown in Fig. 5D. Indeed,
fragments corresponding to the loss of the fatty acid chain,
the sphingosine chain, as well as fragments without the es-
ter chain were observed (see Table 3). In addition, frag-
ments showed individual chain lengths of either the fatty
acid or sphingosine chain. The characteristic sphingosine
fragment of m/z 264.3 amu, for example (C18 sphin-
gosine), also showed fragments of m/z 292.3 and 320.3
amu (respectively, C20 and C22). The same phenomenon
was observed for esterified fatty acid fragments like 730.7
and 758.7 (C48 and C50). Finally, we performed MS/MS
on the hypothesized CER [EOdS] observed in human SC.
Because human CER contains various chain lengths in a
single subclass, the precursor ion of the proposed CER
[E(18:2)O(34)dS(18) ], at m/z1052.9 was selected for frag-
mentation studies. This precursor ion should, following
observations described above, lead to fragments best com-
parable to the CER [E(18:2)O(34)S(18)] counterpart.

TABLE 3. Overview of MS fragments of both synthetic and biological ceramides and its structural correlation

Loss of functional group

gﬁ[}i‘?;ig: Molecular structure including locations of possible fragmentation (::Y';i) Ho FA clhain Sph ghain CH;OH CWH‘;HOH E;ter ch%_in
252 X X
CasHg7 (0] 264 X X
[N(24)S(18)] T----\-ﬁa 2 282 X
Parent ion = 651 HaN 368 X
(synthetic) /\ZII(-;OH 392 : : X
7 602
CaaHzr OH 615 XX
633 X
254 X X
C23H47\fo 266 X X
(N(24)d5(18)] founfy 2 e N
8
Parent \0n_:653 HaoN e OH 368 X
(synthetic) /\4/\[/; 299 X
CisHa 617 XX
OH 635 X
252 X X
264 X X
282 X
450 X X
[E(18:2)0(30)S(18)] 468 X X
Parention = 1013 697 XX X
(synthetic) 715 X X
731 X
965 X X
977 XX
995 X
264/292/3207 7 X X
o 282° X
A= s s Caban~ 0 450 X X
parE’l?iSC\]nc—T?bSI s 0% "H\Nf 2 468/496 X X
_ 2NoH 697 XX X
(human SC) e /J\ 715/743/771° X X
el OH 731/759% X
1033 XX
o 266/280/294/3227 7 X X
[EQdS] (proposed) N\/=\/=\/V\/\)3Lo’\/ CaHtzn i 731/759° i "
parent ion = 1053 " H.N
(human SC) 73 X X
. 791 X X
me2me] 1035 XX

Dotted lines with their corresponding numbers depict the location of fragmentation, viz. which functional group is lost. The variables m and n
located in the molecular structure indicate variations in chain length. FA chain, fatty acid chain; Sph chain, sphingosine chain. X indicates that the
particular functional group is lost for that particular mass. XX means that functional group is lost twice.

“Indicates these fragments were measured using a triple quadrupole (TQ) system. All other fragments are observed using an ion trap (IT) mass

spectrometer.

" Indicates that besides this particular m/z value, values that lost the same functional group but show different masses were observed. This is due
to the variation in total chain length in human SC, so a different length in carbon backbone results in mass peaks located exactly one or more CH,
masses shifted. For example, fragment m/z 280 amu lost the same functional group as 266 amu; the only difference is the chain length of the fatty

acid backbone, which is one CHy group longer.
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Figure 5E shows the MS/MS spectrum obtained from this
precursor ion. Very indicative fragments, which were ob-
served in both CER [EOS] as well as in CER [NdS], also
appear in this spectrum, indicating that this unidentified
species indeed contains an esterified w-hydroxy fatty acid
moiety and also bears a dihydrosphingosine chain (i.e.,
266.3, 450.5, 730.7, 772.7, 790.8). This strongly supports
the hypothesis that the unknown CER class is indeed CER
[EOdS]. From Fig. 4, it can be concluded that the mass
range of this newly identified CER [EOdS] ranges from
m/z1015.0 to 1181.1 amu and corresponds exactly with a
CER [EOdS], having a total chain length ranging from 66
to 78 carbon atoms long. Besides, it is known from litera-
ture that the CERs containing an even number of carbon
atoms are more abundantly present than odd chain length
CERs (21, 23), which is also the case in our mass spectrum
of Fig. 4, again confirming that the unknown CER subclass
is CER [EOdS].

Finally, we also hypothesized on the possible molecular
structure of the unknown lipid class noted as ‘A’ in Fig. 3.
Although we cannot make any firm conclusion because
no extensive MS/MS studies were performed, it can be
pointed out that this lipid species bears a mass in similar
ranges as the CER [EO] subclasses. Moreover, from the
early elution time, it can be concluded that this lipid class
is more apolar than all known CERs subclasses. Figure 6
shows the mass spectrum result of high mass accuracy
analysis performed on these species by FT-ICR MS, includ-
ing the respective molecular formulae for every peak ob-
served. These molecular formulae are quite conclusive, as
the difference between the observed and theoretical mass
is low, between —0.17 and 1.06 ppm. Although it is highly
speculative what the molecular structure of this lipid class
is, the arguments mentioned above, in combination with
the exact mass data, may point to a lipid structure compa-
rable to CER [EOdS] but with one OH-group less. More

extensive research and repeated measurements will ad-
dress this lipid in future studies.

Human skin CER analysis harvested by using tape strips

Our aim was to develop a method for CER analysis that
could also provide a CER profile when harvesting in vivo
SC using tape strips. Because tape strips usually contain
substantial amounts of contaminants, like polymers, most
of them are incompatible with LC/MS. To circumvent
these issues, we decided to use poly(phenylene sulfide)
tape strips obtained from Nichiban. These tape strips were
also used in studies for CER analysis by Masukawa et al.
(23, 39). After lipid extraction and the additional concen-
tration step (see Material and Methods), samples were in-
jected and the 3D CER profile is shown in Fig. 7. All the
CER subclasses with varying chain length distributions
could be identified and possible contaminants from the
tape did not interfere with the results. All known CER
classes can be observed in tape strip-harvested SC and only
minor deviations from the profile were observed. The na-
ture of these differences remains to be investigated in fu-
ture studies.

CER analysis of a human skin explant model

The extracted lipids from a cultured full-thickness skin
explants model were analyzed using the same method as
used for dermatomed skin and skin harvested from tape
strips. The results of the two individual pools were compa-
rable and one of these 3D multi-mass chromatograms is
presented in Fig. 7B. Although it is not the purpose of this
study to thoroughly investigate the exact differences be-
tween human skin and the cultured full-thickness skin ex-
plant model, from Fig. 7B it can be concluded that this
model contains several differences, including additional
lipid subclasses compared with native human skin, possi-
bly CERs.

100 970.953 m/z Composition Delta (ppm)
] ig5ee 900.876  C59 H114 04 N 0.92
90
] 008,985 914.891  C60H116 04 N 0.24
a0l 928.906  C61 H118 04 N -0.04
] 1027.016 942,922 CB2H120 04 N 0.15
707 956.938  CB3H122 04N 0.45
§ - 956.938 | 984.969 | 970.953 C64 H124 O4 N 0.32
E - . 984.969  CB5H126 04 N 0.32
% 50 914.891 998.985 C66 H128 O4 N 0.95
2 1013.001  C67 H130 04 N 0.65
3 40+ 1055.048
€ ] 1041.031 1027.016 CB8H13204N 0.30
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Fig. 6. Average mass spectrum (retention time range: 1.8-2.4 min; positive ion mode) of unidentified lipid class, performed by high mass
accuracy FT-ICR MS, including mass table with the differences (Delta) of the observed and theoretical mass of the proposed molecular

formulae in ppm (ppm).
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Fig. 7. Three-dimensional multi-mass chromatogram of (A) tape strips from human SC; (B) cultured full-
thickness skin explants. “A” respresent the same unknown lipid mass as was shown in human SC from der-
matomed skin (Figure 3). Compared with human SC from dermatomed skin, some lipid species in cultured
full-thickness skin explants show either higher abundance (noted by T), or did not show up in dermatomed
skin at all and might therefore possibly be different CER species (noted by *). Probable contaminants caused

by the tape strip are depicted as **.

CONCLUSION

In this paper, we describe a new method for effectively
profiling SC CERs with high sensitivity and only a very
limited number of sample preparation steps, making this
method very approachable for the analysis of different
sorts of SC samples. The high sensitivity of our method,
in particular for CERs with a higher mass range, resulted
in the detection of additional lipid classes of which one
could be identified as CER [EOdS]. This is the fourth
CER linoleic moiety esterified to a very long fatty acid
chain confirmed to be present in human skin by LC/MS.
We also successfully applied this method to CERs ex-
tracted from human SC harvested using tape strips. Be-
cause low quantities of lipids are obtained by tape
stripping, an LC/MS method with high sensitivity is re-
quired. Also regarding these tape strip samples, the de-
veloped method was robust enough to detect all CERs.
Finally, samples from a cultured full-thickness skin ex-
plant model could also be analyzed using this developed
method and sensitivity seems no issue. Future research
on CER analysis may benefit from this new method, show-
ing an easy, robust, quick, and sensitive method for anal-
ysis of these lipid species.Bli
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