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Abstract The ceramides of the stratum corneum are
critical to maintaining the epidermal barrier function of
the skin. A number of skin diseases and disorders are
known to be related to impairments of the ceramide pattern.
Therefore, obtaining mass spectrometric profiles of the
nine ceramide classes known to exist aids our under-
standing of the underlying molecular mechanisms, which
should eventually lead to new diagnostic opportunities: for
example, the mass spectrometric profiles of patients suf-
fering from serious skin diseases such as atopic dermatitis
and psoriasis can be compared to those of healthy controls.
Previous work on mass spectrometric analysis of ceramides
relied mostly on GC/MS after hydrolysis and derivatiza-
tion. The introduction of ESI–MS and LC/ESI–MS has
provided new options for directly analyzing intact cer-
amides. However, some of the ceramide classes are not
accessible to ESI–MS. However, as shown in this work,
these limitations of GC/MS and ESI-MS can be overcome
using a new approach based on normal phase LC interfaced
with APCI–MS. Separation and online detection of the
stratum corneum ceramide classes became possible in one
run. Ceramide species with C26 and/or C28 fatty acid

chains were the most abundant ones in Cer [NP], Cer [NH],
Cer [AP], and Cer [AH]. The main component of Cer [AS]
was C16. The ω-esterified ceramide classes Cer [EOS],
Cer [EOP] and Cer [EOH] contained mostly species with
fatty acids >C30. This was also the case for Cer [NS],
suggesting an analogy to the ω-esterified ceramides. In
addition, evidence for a new ceramide class Cer [NdS] was
found.

Keywords Stratum corneum . Ceramides . Normal phase .
APCI . Mass spectrometry

Introduction

The stratum corneum (SC), the outermost layer of the skin,
is the location of the epidermal barrier function. It consists
of corneocytes, which are embedded in a complex lipid
matrix consisting mainly of ceramides, cholesterol and free
fatty acids [1–3].

Among the lipids in the stratum corneum, ceramides
play a key role in maintaining the skin’s water permeabili-
ty barrier [2, 4]. A deficiency of key enzymes (such as
β-glucocerebrosidase in Gaucher-type-2 disease) leads to
impairments in the epidermal barrier function [5, 6]. In
addition, skin diseases such as atopic dermatitis and pso-
riasis are linked to alterations in ceramide profiles [7–12].
Therefore, ceramides provide the focus of much important
dermatological and cosmetic research.

Ceramides are sphingolipids, which consist of sphingoid
bases amide-linked to fatty acids. Three types of sphingoid
bases, namely sphingosine (S), phytosphingosine (P),
and 6-hydroxysphingosine (H) have been found in SC
ceramides. The amide-bound fatty acids can be α-hydrox-
ylated (A) or nonhydroxylated (N). ω-Hydroxy fatty acids
also occur, which are esterified with another fatty acid
(EO), which is usually linolic acid. Combining the three
types of the sphingoid bases with the three types of fatty
acids results in nine ceramide classes: Cer [EOS], Cer [NS],
Cer [EOP], Cer [NP], Cer [EOH], Cer [NH], Cer [AS], Cer
[AP], and Cer [NH] (this nomenclature for the ceramide
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classes was proposed by Motta et al. [8] and Robson et al.
[13]).

Each of the ceramide classes contains various species
that result from varying the chain lengths of the sphingoid
bases and the amide-linked fatty acids. The most common
chain length for the sphingoid bases is C18 [2]. The chain
lengths of the amide-bound fatty acids vary between C16
and C40 [2]. Figure 1 shows the structural formulae of the
ceramide classes mentioned above.

Common methods of collecting skin lipids, and par-
ticularly ceramides, include biopsies, tape stripping, cya-
noacrylate stripping and topical solvent extraction [14–16].
The latter has proven to be a useful tool in relation to the
efficiency of extraction and the compliance of test persons,
provided that suitable solvent mixtures are used.

Thin-layer chromatography (TLC) has long been the
method of choice for analyzing SC ceramide classes. A
number of procedures enable the separation of at least
seven ceramide classes [16, 17]. Because of the similar
polarities of the structural isomers Cer [AS] and Cer [NH],
their separation can be achieved after acetylation [18, 19].
The ninth ceramide class (Cer [EOP]) was discovered only
recently [18]. In order to overcome the disadvantages of
manual TLC procedures, which are laborious and time- and
solvent-consuming, new high-performance thin-layer chro-
matography methods with automated multiple develop-
ment (AMD-HPTLC) have been developed [20–22].

Gas chromatography/mass spectrometry (GC/MS) has
been previously used to analyze the molecular profiles of

the ceramide classes present in the SC [23, 24]. Here, the
experimental steps include separating the ceramides via
TLC, sampling the bands of interest, extracting and hydro-
lyzing the corresponding ceramides, and then derivatizing
and analyzing the resulting sphingoid bases and fatty acids
separately. In addition to the tedious handling, GC/MS
does not provide information on the possible combinations
of both moieties.

Profiling and detailed characterizations of species within
most of the ceramide classes have been performed via
ESI–MS, ESI–MS/MS and LC/ESI–MS, without the need
for an initial hydrolysis step [25–28]. However, important
ceramides with a ω-ester linkage, such as Cer [EOS], Cer
[EOP] and Cer [EOH], were not accessible to ESI–MS.

Recently, a new normal phase HPLC/APCI–MS meth-
od has been developed [29]. It allows the separation and
online detection of the known ceramide classes and the
species in them in one run. Using this new approach, we
have investigated the mass spectrometric profile of each
ceramide class in healthy test persons.

Materials and methods

Lipid collection procedure

The lipid collection procedure was permitted by the Ethics
Committee of the Faculty of Medicine of our university,
and was carried out by an experienced dermatologist.

Fig. 1 Structures of the stratum
corneum ceramide classes
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Lipid extracts were obtained in vivo from seven healthy
subjects (five women and two men with an average age of
37±13 y). Systemic and topical applications of drugs or
skin care products were not allowed eight and four weeks
prior to investigations, respectively.

The lipid collection procedure was a topical extraction
that followed a protocol described previously [22]. A cy-
lindrical glass beaker 4 cm i.d. (extraction area 12.56 cm2)
was filled with 10 mL n-hexane/ethanol 2:1 (v/v). To pre-
vent lateral leakage, the open side was pressed tightly to a
skin area at the inner forearm. The glass beaker was at-
tached by a PVC holder and an adjustable belt. The extrac-
tion time was set to 5 min throughout. The extraction was
carried out twice on each forearm. This resulted in four
extracts per volunteer. The four extracts from each volunteer
were pooled and the solvents were evaporated at 50°C un-
der a stream of nitrogen. The dried residue was stored at
−80°C. Before use, the lipid extracts were separated from
hydrophilic substances and proteins as described in detail
elsewhere [30]. Briefly, methanol, chloroform and distilled
water were added to the extracts in the ratio 2:1:0.8 (v/v/v)
leading to a homogenous solution. Upon changing the ra-
tio to 2:2:1.8 (v/v/v), two phases were created, with the
stratum corneum lipids in the lower chloroform phase; this
was used for the LC/APCI–MS analysis.

Ceramide separation and profiling
by HPLC/APCI–MS

All separations were performed on a LC system consisting
of a Spectra System P 4000 pump, an AS 3000 auto
sampler, and a SN 4000 controller (Thermo Electron, San
Jose, CA, USA). The stationary phase was a silica column
LichroCart (125×4 mm, 5 μm particle size) filled with Si
60 Lichrospher particles (Merck, Darmstadt, Germany).
The elutions were carried out at flow rate of 1 mL/min with
a gradient consisting of two components A and B, where A
was chloroform and B a mixture consisting of chloroform/
n-propanol/acetic acid 80:20:2 (v/v/v). Further details are
given in reference [29].

An ion trap mass spectrometer (Finnigan LCQ classic,
Thermo Electron, San Jose, CA, USA) equipped with an
atmospheric pressure chemical ionization source (APCI)

Fig. 2 Chromatogram of the
separated stratum corneum
ceramides. 1: Cer [EOS],
2: Cer [NS] and Cer [NdS],
3: Cer [EOP], 4: Cer [NP],
5: Cer [EOH], 6: Cer [NH]
and Cer [AS], 7: Cer [AP],
8: Cer [AH]

Table 1 The detected m/z values of the ω-esterified ceramides Cer
[EOS], Cer [EOP] and Cer [EOH]; chain length of the sphingoid
bases: C18

Chain length of the amide-linked
fatty acid

Cer
[EOS]

Cer
[EOP]

Cer
[EOH]

C30 1013 1031 1029
C31 1027 1045 1043
C32 1041 1059 1057
C33 1055 1073 1071
C34 1069 1087 1085
C35 1083 1101
C36 1097 1115

Table 2 The detected m/z values of the ceramides Cer [NS], Cer
[NdS], Cer [NP], Cer [NH], Cer [AS], Cer [AP], Cer [AH]; chain
length of the sphingoid bases: C18

Chain length of the
amide-linked fatty acid

Cer
[NS]

Cer
[NdS]

Cer
[NP]

Cer
[NH]

Cer
[AS]

Cer
[AP]

Cer
[AH]

C15 541
C16 555
C17 569
C18 583
C24 651 653 669 667 685 683
C25 665 667 683 681 699 697
C26 679 681 697 695 713 711
C27 693 695 711 709 727 725
C28 707 709 725 723 741 739
C29 721 723 739 737 755
C30 735 737 753 751 769
C31 749 751 767
C32 763 765 781
C33 777
C34 791
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was used throughout as the detector. The APCI heater was
set to 500°C and the heated capillary to 150°C. Nitrogen
was used as both auxiliary and sheath gas at flow rates of 9
and 1.2 L/min, respectively.

The entire flow from the HPLC was directed to the APCI
source in all experiments. The injected amount of ceramide
for each sample (including all ceramide classes) was 5 μg.
The spectra of the ceramides were obtained in full scan
mode between m/z 450 and 1500.

All solvents used for the topical extraction and for
HPLC/APCI–MSwere of HPLC grade and were purchased
from Baker (Deventer, The Netherlands), Merck (Darm-
stadt, Germany), and Roth (Karlsruhe, Germany).

Results and discussion

The aim of this work was to obtain a mass spectrometric
profile of the stratum corneum ceramide species within
each of the known ceramide classes. In order to achieve
this, effective extraction of the ceramides from the skin is
crucial. This step was performed via a topical extraction
procedure that has already been described in detail [22],
which takes into account the effectiveness of the extrac-
tion (collection) as well as the compliance of the persons
involved in the study.

Hyphenation of LC with mass spectrometry offers a
combination of an effective separation with selective and
sensitive detection. Taking the huge variations in struc-
ture of the stratum corneum ceramides into account, it is

obvious that a normal phase separation of the ceramide
classes is very important if we wish to assign the correct
structures to the isobaric compounds. In contrast, reversed
phase selectivity would result in an overlap of head group
polarity and chain length effects. In Fig. 2 a chromatogram
representing a normal phase separation of the stratum cor-
neum ceramide classes is shown. The ceramide classes
Cer [EOS], Cer [NS] Cer [NP], Cer [EOH], Cer [AP] and
Cer [AH] have been identified. Evidence for the newly
found Cer [EOP] was also obtained. Due to the fact that Cer
[NH] and Cer [AS] are structural isomers [19], it is not
surprising that the corresponding peaks show a partial
overlap. However, species belonging to Cer [AS] typically
contain short fatty acids (α-hydroxy palmitic acid is the
most abundant) [31]. Nevertheless, the ultimate proof of
correct signal assignment can only be given by MS/MS.

It should be mentioned that in this type of investigation
only the ceramides were directed to the mass spectrometer,
whereas other coextracted lipids were directed to waste
using a divert valve.

The measurements were carried out in full scan mode
between m/z 450 and 1500, which allows the extraction of
every m/z that occurs afterwards. It is important to note that
the high full scan sensitivity is an advantage of iontrap
analyzers over quadrupole systems. Since the ionization
conditions of APCI are somewhat harsher than those for
ESI, there is a higher tendency for fragment formation.
The operational parameters were adjusted in a way that
fragmentation was limited. Consequently, ceramide mole-
cules containing sphingosine showed a loss of one water

Fig. 3 Mass spectrometric profile [M–H2O+H]
+ of Cer [EOH]

Fig. 4 Mass spectrometric profile of Cer [NS]. Three-pronged
symbols indicate Cer [NS] species ([M–H2O+H]

+). Asterisks indi-
cate Cer [NdS] species ([M+H]+). Note: mass differences between
Cer [NS] and Cer [NdS] species with the same sphingoid base and

amide-liked fatty acid chain lengths are not equal to 2 amu, because
species of Cer [NS] lose a water molecule while those of Cer [NdS]
do not
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molecule each, which could lead to a stabilized conjugat-
ed double bond system. In contrast, species with phyto-
sphingosine did not show any fragmentation under the
conditions used.

In order to assign the chain lengths to the fatty acids, a
chain length of C18 was assumed for the sphingoid base,
which is by far the most abundant [2, 24].

Tables 1 and 2 give the detected m/z values for the
ceramide species. For ceramides with sphingosine as the
sphingoid base, the masses were corrected for the loss of
a water molecule. All measurements were performed in
positive mode. In contrast to ESI, the negative mode did
not work. As demonstrated in Table 1, species with chain
lengths between C30 and C36 were detected for the
ω-esterified ceramides. No fatty acid other than linolic acid
was found at the ω-position in any of these species.
Figure 3 shows the mass spectrometric profile of Cer
[EOH] as an example of a ω-esterified ceramide class
analyzed by LC/APCI–MS.

The detected species and the corresponding m/z values
of the ceramide classes Cer [NS], Cer [NP], Cer [NH], Cer
[AP] and Cer [AH] are listed in Table 2. Here, the chain
lengths of the amide-linked fatty acids lie between C24 and
C34. These results are consistent with data published by

Vietzke et al. [28]. On the other hand, species with chain
lengths C15–C18 have been detected for Cer [AS]. This
conflicts with the results published by Vietzke et al., who
found chain lengths between C22–C36. On the other hand,
our findings correlate well with those of Wertz et al. [31].
The reason for this discrepancy is not known and should
be clarified in additional experiments, preferably with the
help of MS/MS.

The mass spectrum of Cer [NS] is shown in Figure 4.
In this case, two homologous series are observed. Where-
as one of the series is clearly related to Cer [NS], the m/z
values of the second series can be assigned to the pre-
viously described [23, 24] but not yet established cer-
amide class Cer [NdS] that has dihydrosphingosine as its
sphingoid base.

Tables 3 and 4 present the mass spectrometric profiles of
all ceramide classes based on the relative abundances in all
test persons. As shown in Table 3, the species with the C34
fatty acid in Cer [EOS] and Cer [EOP] have the highest
relative abundances. On the other hand, the C32 species is
most abundant in Cer [EOH]. Wertz et al. and Ponec et al.
reported that species with chain lengths of C30 are the main
components of the ω-esterified ceramides [18, 23, 24].
Interestingly, Vielhaber recently presented MALDI–TOF
spectra of covalently bound Cer [EOS] and Cer [EOH] in
which the highest relative intensities were recorded for
species with chain lengths >C30 [32].

A number of previous publications have pointed out that
the species C24 and C26 are the most abundant ones in the
ceramide classes Cer [NS], Cer [NP], Cer [NH], Cer [AP]
and Cer [AH], while C16 is the main representative of
Cer [AS] [18, 23, 24]. According to Table 4, most of the
ceramide classes mentioned above show the highest rel-
ative abundance for the C26 and/or C28 species. For Cer
[NS], species with chain lengths >C28 are the most abun-
dant, indicating a possible analogy toω-esterified ceramides.
α-Hydroxy palmitic acid (C16) was the main component
of Cer [AS]. When discussing these different findings, we
should bear in mind that both the location of the extraction

Table 3 Mass spectrometric profile of the ω-esterified ceramides
Cer [EOS], Cer [EOP] and Cer [EOH] in healthy people, based on
relative abundance in % (mean±SD)

Chain length
of the amide-linked fatty acid

Cer [EOS] Cer[EOP] Cer [EOH]

C30 20±9 44±8 66±8
C31 17±7 20±5 35±1
C32 55±17 61±9 100±0
C33 33±11 44±10 31±2
C34 100±0 100±0 41±2
C35 32±2 34±5
C36 36±5 34±7

Table 4 Mass spectrometric pro-
file of the ceramides Cer [NS],
Cer [NdS], Cer [NP], Cer
[NH], Cer [AS], Cer [AP] and
Cer [AH] in healthy people,
based on relative abundance
in % (mean±SD)

Chain length of the
amide-linked fatty acid

Cer [NS] Cer [NdS] Cer [NP] Cer [NH] Cer [AS] Cer [AP] Cer [AH]

C15 33±6
C16 100±0
C17 22±4
C18 35±10
C24 59±14 33±7 49±10 27±6 90±11 59±15
C25 40±13 24±3 35±5 38±8 49±3 41±6
C26 71±13 67±5 66±4 100±0 85±8 100±0
C27 34±5 42±3 40±4 39±2 45±6 30±3
C28 79±13 100±0 100±0 75±7 93±8 50±7
C29 39±4 49±2 50±4 28±3 32±2
C30 83±10 93±7 89±5 64±10 33±5
C31 47±6 38±3 30±1
C32 98±5 62±7 42±4
C33 38±9
C34 71±14
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area and the extraction procedure can influence the outcome
of the study. In addition, the chain lengths of the sphingoid
bases should be verified using MS/MS experiments.

Conclusion

Using a new approach with normal phase HPLC/APCI–
MS, it was possible to create the mass spectrometric profile
of each of the known ceramide classes in the stratum
corneum. Initial hydrolysis into sphingoid bases and fatty
acids, a step necessary for GC/MS, was not needed for this
technique. In addition, ceramide classes such as Cer [EOS],
Cer [EOH] and Cer [EOP], which are difficult to study
using ESI–MS, were easily analyzed by means of normal
phase LC/APCI–MS. This is the first time that MS pro-
files of these esterified ceramides have been reported. In
addition, evidence for the so far not established Cer [NdS]
was obtained. However, further characterization of all pro-
files using MS/MS experiments is needed. Comparison
with mass spectrometric profiles could help us to under-
stand the mechanisms associated with diseases such as
atopic dermatitis and psoriasis that are known to impair the
barrier function and alter lipid profiles. Application of this
novel technique for diagnostic purposes is possible in the
future.
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