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Abstract
 Ceramides (CERs), cholesterol (Chol), and free 
fatty acids (Ffas) are the main lipid classes in 
human stratum corneum (Sc, outermost layer of 
the skin), but there are no studies that report on the 
detailed analysis of these classes in a single setup. 
The primary aims of this present study were to 1) 
develop a Lc/ms method for quantitative analysis of 
Ffas; and 2) combine this method with the analysis 
of Chol and with our recently reported method 
for Cer analysis. This combined method detects 
all major Sc lipids in a single setup using NPLc and 
positive ion mode Apci-ms for detection of Cers and 
Chol, and RpLc using negative ion mode Apci-ms to 
analyze Ffas. Validation showed this method to be 
robust, reproducible, sensitive, and fast. It is, to our 
knowledge, the first study that permits the analysis 
of Sc Ffas by Lc/ms. The method was successfully 
applied on ex vivo human Sc, human Sc obtained from 
tape stripping and human skin substitutes (porcine 
Sc and human skin equivalents). In conjunction with 
Cer profiles, clear differences in Ffa profiles were 
observed between these different Sc sources. For 
future research, this provides an excellent method 
for quantitative, ‘high-throughput’ profiling of Sc 
lipids with more than adequate sensitivity.

Introduction
 Lipid analysis is currently of main interest in many 
research areas, as these compounds are crucial to 
unveil biological mechanisms in e.g. cell signaling, 
energy storage, enzyme activation, apoptosis, 
metabolism and functioning of cell membranes1-7. 
Particularly in dermatological research, lipidomics 
has had increased attention since its importance 
regarding human dermatological disorders has 
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recently been demonstrated8-13. The lipids located in the uppermost layer of the skin 
– the stratum corneum (Sc) – fulfill a primary role in the skin barrier function9,14-17. 
Human Sc lipids consist of mainly 3 classes: free fatty acids (Ffas), ceramides (Cers) and 
cholesterol (Chol)18-24. Based on their variations in chemical structure, Cers are divided 
into subclasses25 (in Supplementary Figure 1 the Cer subclasses are provided), which are 
important for a proper barrier function26-29.
 The recent increment in more detailed knowledge about Sc lipid composition can, to 
a large extent, be attributed to the upcoming use of liquid chromatography coupled to 
mass spectrometry (Lc/ms). Lc/ms provides both information on lipid subclasses as well 
as the chain length distribution in each of the subclasses, which is not possible using the 
common technique of thin layer chromatography (TLc)30-32. However, no study reports 
on Lc/ms analysis of all three Sc lipid classes in a single setup. One of the main reasons 
is the lack of a proper Lc/ms method for analyzing Sc Ffas. The most frequently used 
method to analyze this particular lipid class is gas chromatography (GC). This method, 
however, is labor intensive as derivatization of the Ffas is required prior to analysis33-35. 
Moreover, GC is rarely used for analysis of the Cers simultaneously, as these non-volatile 
compounds are unstable in the gas-phase (if not derivatized, which is cumbersome as 
well)36-38. On the contrary, Lc/ms has the potential to analyze the Cers, Ffas, and Chol 
in a single setup.
 Therefore, the first aim of the study was to develop and validate an Lc/ms method that 
enables quantitative analysis of Ffas present in human Sc. Once validated, the second 
aim was to combine this method with our recently reported Lc/ms method for analysis of 
Cers (see previous chapter)39, and to improve this method to enable the analysis of Chol 
as well. The two combined methods would permit the analysis of all main Sc lipid classes. 
Sample collection and preparation should be kept to a minimum to prevent degradation 
and allow for high-throughput analysis40. Analysis of underivatized lipids is therefore 
preferable.
 After the development of the Lc/ms method, we validated and successively tested the 
method on Sc from ex vivo human Sc and compared it to three scientifically relevant 
samples: 1) analysis of human Sc obtained from tape stripping (tape stripping is a non-
invasive way to obtain Sc from which the lipids can be extracted) and 2) Sc from two 
human skin substitutes, i.e. porcine skin and human skin equivalent (hse). The latter is 
generated from keratinocytes and fibroblasts, the most abundant cell types in the skin.

part i i chapter 4
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Materials and Methods
Chemicals
 HPLc grade (or higher) methanol (MeOH), n-heptane, isopropanol (IPA), acetonitrile 
(ACN), ethanol (EtOH), and acetic acid (HAc) were purchased from Biosolve (Valkenswaard, 
The Netherlands). Chloroform (CHCl3) was attained from Lab-Scan (Dublin, Ireland). Ultra 
purified water was prepared using a Purelab Ultra purification system (Elga Labwater, 
High Wycombe, UK). Potassium chloride was obtained from Merck (Darlctadt, Germany). 
Ffa 22:0-OH and deuterated Chol-D7 were obtained from Larodan AB (Malmö, Sweden). 
Trypsin, trypsin inhibitor, Chol as well as Ffas 16:0, 16:1, 18:0, 18:1, 18:2, 20:0, 22:0, 
22:1, 24:0, 24:1 and 28:0 were obtained from Sigma-Aldrich GmbH (Steinheim, Germany). 
Deuterated Ffas 18:0-D35 and 24:0-D47 acids were purchased from Cambridge Isotope 
Laboratories (Andover, MA). Synthetic Cer [NdS] was purchased from Avanti Polar Lipids 
(Alabaster, AL). All other synthetic Cers, viz. [EOS], [NS], [NP], [AS], [AP], [EOP], deuterated 
[EOS]-D31, and deuterated [NS]-D47, were kindly provided by Evonik (Essen, Germany). 
A more specified description of the chemicals is located in the Supplementary Materials 
and Methods.

Sc sample collection and lipid extraction
 Synthetic lipids as well as Sc lipids from human ex vivo surgical skin were used to develop 
and validate the Lc/ms method. To study the applicability of the developed method, 3 
different skin sources (viz. human Sc obtained from tape stripping, Sc from HSEs, and 
Sc from porcine skin) were analyzed and compared to human ex vivo Sc. The collection 
and processing of skin samples is in accordance to the Declaration of Helsinki and all 
human subjects gave written informed consent. The whole sample collection (by means 
of tape stripping)39,41,42 and lipid extraction procedures (extended Bligh and Dyer)43,44 
are described previously, and also added to the supporting Materials and Methods. 
Afterwards, samples were reconstituted in heptane/CHCl3/MeOH (95:2½:2½) to a final 
concentration of ~1.0 mg/ml. When sample storage was necessary, samples were stored 
under argon atmosphere, at -20°C, in a dark environment. The heptane/CHCl3/MeOH 
solution is stable at 21°C, but phase separation occurs over time at lower temperatures 
(e.g. <7°C). Heating the solution for 1 hour at 34°C results in a single phase. The solution 
can be used afterwards at room temperature. This single solution was suitable for lipid 
analysis of both Ffas as well as Cers and Chol. 

Lipid analysis by Lc/Ms
 All Sc lipids were analyzed using a single setup of an HPLc (either an Alliance 2695, 
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Waters Corp., Milford, MA; or Surveyor Thermo Finnigan, San Jose, CA) coupled to an Apci 
source equipped on a triple quadrupole (TQ) mass spectrometer (TSQ Quantum, Thermo 
Finnigan) operating in full scan mode. Separation of Ffas by chain length and degree of 
unsaturation can be achieved on a reverse phase column. Using Apci-ms, underivatized 
Ffas are most effectively analyzed in negative ion mode45,46, whereas Cers and Chol are 
best separated on a normal phase column and result in abundant protonated species in 
the positive ion mode47,48. Therefore, we use two injections of 10 µl to analyze all Sc lipids: 
one injection for the separation of Ffas on a RpLc column (Purospher Star LiChroCART, 
Merck) and another injection for the analysis of both Cers and Chol by separation on a 
NPLc column (PVA-Sil, YMC, Kyoto, Japan). A switching valve (Rheodyne MXP9900-000, 
IDEX Corporation, Rohnert Park, CA) was used to change the flow to either the NPLc- or 
RpLc-column. Another switching valve directed the flow to either the Apci-ms or to the 
waste to prevent ionization effects caused by excessive contamination originating from 
e.g. tape strips. A schematic illustration of the setup is shown in Supplementary Figure 2.
 Regarding the Ffa analysis, the vaporizer and capillary temperature were set to 450 
and 250°C, respectively. Ionization was performed in negative ion mode, scanning 
from 200-600 amu using a nitrogen flow of 3 and 0.8 L/min for auxiliary and sheath 
gas, respectively. The discharge current was set at 6 µa while the capillary voltage was 
maintained at 2kV. The peak width at nominal resolution, determined by full width at 
half maximum, was set to 0.7 amu. Chromatographic separation of all Ffas (C14-C36) was 
achieved within 7 minutes at a flow rate of 0.5 mL/min using a binary gradient from ACN/
H2O (90:10) to MeOH/heptane (90:10). 1% CHCl3 and 0.1% HAc were added to both mobile 
phases to greatly enhance the ionization efficiency and boost the formation of the [M+Cl]- 
adduct, which appeared to be the main ion present for all Ffa(-related) compounds (see 
‘Ffa method development’ in results and discussion section). For the analysis of Cers 
and Chol, the method published previously was used with some small adaptations to the 
gradient, sheath gas flow rate, and scan range (360-1200 amu), to permit analysis of Chol. 
The full method development and explanation of Cer analysis is described elsewhere39. A 
summary of all Lc and ms parameters is presented in Supplementary Table I. 

Data processing
 Automated peak detection and area integration was performed using Quan Browser 
software version 2.0.7 (Thermo Fisher Scientific, Bremen, Germany), but all data were 
manually inspected and corrected when necessary. Peak areas were corrected for their 
appropriate internal standard (ISTD).

part i i chapter 4
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Method validation.
 An in-house protocol was used to determine the linear dynamic range, limit of detection 
and quantification (LOD and LOQ), and inter-day and inter-batch reproducibility. The 
linear dynamic range of each analyte was determined from calibration curves prepared as 
an academic sample as well as in human Sc matrix. Standards were prepared in duplicate 
and injected in triplicate. Linear regression on the calibration curves was performed (on 
data points >LOQ), except for Chol, where a non-linear fit was more appropriate since 
ion suppression played a significant role at higher concentration ranges. LODs and LOQs 
of each Ffa ([M+Cl]-) were determined by the signal to noise ratio (S/N) of 3 and 10, 
respectively. Matrix effects (e.g. ion suppression) were studied by calibration curves of 
deuterated internal standards (Ffa 18:0-D35 and 24:0-D47) which were prepared with and 
without spiked lipids from pooled (n=6) human ex vivo Sc. Regarding the Ffas, 8 different 
Ffas in 7 different concentrations ranging between 0.01 µM up to 900 µM (corresponding 
to levels of 0.1 pmol to 9 nmol) per Ffa were assessed. For Chol, deuterated and non-
deuterated Chol in 12 different concentrations ranging between 25 pmol and 25 nmol 
were analyzed. Regarding the Cers, adaptations to the original method did only influence 
the retention time, not the LOD/LOQ values. As a consequence, the latter is adapted from 
the previously reported values and listed in Supplementary Table II39. Regarding the 
reproducibility, both the inter-day variation and inter-batch variation were examined. 
The former was calculated from a triplicate measurement over 3 different days (intra-
batch/inter-day), while the latter was calculated from 3 different batches analyzed on a 
single day (inter-batch/intra-day).

Results and Discussion
Ffa method development
 No Lc/ms method is available for Ffa analysis of Sc, but several reports exist for Ffa 
analysis from other lipid sources. However, Lc puts some limitations on the choice of the 
mobile phase49,50. Apci may in our case be appreciated over other ionization techniques 
as we also use Apci in our setup to detect Cers and Chol, and it is desirable to use a single 
setup for the detection of all Sc lipid classes at once. Besides, it shows less dependency 
on ion suppression51-56. For the reasons mentioned above – and the expectation of the 
presence of very long carbon chains (>30 carbon atoms) in Sc Ffas – we used the analytical 
method of Nagy et al. as a starting point, since that method focused on analyzing long 
chain Ffas from dried blood spots and plant oils45. We modified and optimized the 
method, as it was not able to detect and separate most Sc Ffas. The first challenge was 
to enhance ionization efficiency, because signal to noise ratios were too low for real-life 
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applications. Post-column addition of CHCl3/MeOH (2:1, 20µl/min) resulted in a drastic 
increase in signal intensity of around 2900% (see Supplementary Figure 3) for every Ffa 
with mass [M+35]-. This chloride adduct, being reported in various applications based 
on Lc/ms analysis57-59, originated from the CHCl3 which was subsequently added to the 
mobile phase (1% v/v proved optimal). Also a small amount of acetic acid (0.1% v/v) was 
added to assure that all Ffas are fully non-dissociated60, allowing proper chromatography 
and chloride adduct formation ([M+Cl]-). This favored the ionization towards a consistent 
chloride adduct which accounted for >99% of the total signal for all observed Ffas (see 
Supplementary Table III).
 A second challenge was to increase the separation between different Ffas. The initial 
method separated Ffas based on their chain length. However, Ffas differing in degree of 
unsaturation (e.g. 18:0 vs. 18:1 vs. 18:2) were not separated. Seperation by retention time 
was necessary since the chloride isotope peaks [M+37Cl]- of C18:1 and C18:2 overlapped 
with the base peaks [M+35Cl]- of C18:0 and C18:1, respectively. Replacing MeOH/H2O by 
MeOH/ACN resulted in an additional separation between different degrees of unsaturation, 
as is illustrated in Figure 1. For example, the resolution between C18:0 and C18:1 – as 
defined by R = 2(tR18:0 – tR18:1) ⁄ (wC18:0 + wC18:1) – increased from 0.12 to 1.36. However, 
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since 100% ACN was immiscible with heptane, phase separation occurred and no proper 
analysis could be performed. Therefore a gradient of ACN/H2O (90:10) to MeOH/heptane 
(90:10) was used that proved to be optimal and resulted in the proper separation of all 
Ffas. 
 After optimization, the method was validated. All quantitative parameters will be 
discussed below, primarily focusing on Ffas. Individual chromatograms of saturated 
and unsaturated Ffas detected in human Sc are provided in Figure 2. All Ffas that are 
predominantly present in human skin (Ffa C24-C28) appear as clear, well separated 
peaks. However, early eluting Ffas which are less abundant in human Sc (C14:0-C17:0, 
C19:0, C16:1-C18:2) show less defined peak shapes. This could be improved by increasing 
the retention time, but the increase in a slightly better peak profile does not outweigh our 
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primary aim to enable high-throughput screening for Ffas. Besides, we focused on the 
most abundant Ffas, in which we did not encounter these problems.

Ffa method validation.
 Validation measurements were performed according to an in-house developed protocol, 
and the chromatographic robustness, linearity, sensitivity (LOD/LOQ), reproducibility 
and matrix effects were determined and described in more detail below (Table I).
 Chromatographic robustness. The variation of the retention time of each analyte was 
investigated. In general, the average RSD of the retention time was 4.7%, but differed 
among the various Ffas. Ffas with less than 20 carbon atoms showed more variation 
(RSD=~7-8%), while later eluting Ffas, having more than 20 carbon atoms (which are most 
abundant in human Sc), showed a more robust retention time (RSD= ~2%). All analytes 
showed acceptable capacity factors (k’>1.5) ranging between 1.7-10.0 for the earliest and 
latest eluting synthetic Ffa (C18:2 / C28:0), respectively. Additional information on the 
robustness was obtained by transferring the method to a different HPLc system (Alliance 
2695, Waters): No significant changes in any of the parameters was observed.
 Sensitivity and linear dynamic range. LOD/LOQ values of each synthetic reference 
compound were determined using both academic solutions (CHCl3/MeOH/heptane, 
95:2½:2½) and ex vivo Sc matrix solution (academic solution plus 1 mg/ml isolated Sc). 
The linearity (R2) of all analytes ranged from 0.990–0.999 over the range of 0.1-9000 
pmol (7 data points, Table I and Supplementary Figure 4). Regarding the LOD and LOQ, a 
log-linear relationship was observed between the chain length (i.e. mass) of the Ffa and 
the response factor (Figure 3). To cross-validate this relationship, we used synthetic Ffas 

FFA 
Base peak  

(amu)  
Rt  

(min)  
k’ 

LOD  
(nM)  

LOQ  
(nM)  

Inter-day
RSD%*

Inter-batch  
RSD%*

R2 
values**  

C18:0 319.3 1.62 ± 0.11 3.8 100 335 1.5 - 16.3 4.2 - 7.6 0.992 
C18:1 317.3 1.27 ± 0.11 2.8 73 242 5.8 - 15.0 2.8 - 8.0 0.990 
C18:2 315.2 0.91 ± 0.07 1.7 60 201 6.6 - 14.5 3.5 - 9.6 0.991 
C22:0 375.3 2.28 ± 0.06 5.8 21 68 3.2 - 10.0 2.3 - 7.8 0.991 
C24:0 403.4 2.70 ± 0.06 7.0 12 41 3.3 - 7.6 2.6 - 3.3 0.997 
C28:0 459.4 3.71 ± 0.07 10.0 7 23 2.1 - 4.1 1.6 - 4.0 0.996 

C18:0D35 354.4 1.38 ± 0.07  3.1 51 169 ND ND 0.997 
C24:0D47 450.6 2.57 ± 0.06 6.6 17 58 ND ND 0.999 

CERs 
Base peak  

(amu)  
Rt  

(min)  
k’ 

LOD  
(nM)  

LOQ  
(nM)  

E(18:2)O(30)S(18)  995.0 5.0 12.2 9 29 
E(18:2)O(30)P(18)  1031.0  5.7 13.9 1 5 

N(24)S(18) 632.6 5.2 12.7 13 45 
N(24)dS(18) 652.7 4.9 11.9 6 21 
N(24)P(18) 668.7 5.9 14.5 18 60 
A(24)S(18) 648.6 6.4 15.7 28 94 
A(24)P(18) 684.7 7.5 18.6 19 64 

CHOL       

CHOL  369.4 1.87 ± 0.06  3.9 280 940 
CHOL - D7  376.4 1.93 ± 0.05  4.1 150 490 

 
The capacity factor (k’) was calculated using Tinjection peak = 0.34 minutes *: rsd% presented here are those measured over 
the full range of concentrations. Nd means not determined. **: calculated from all combined data points of 3 days, 3 
batches.

Table I: Validation results of synthetic ffas, measured in full scan mode. Capacity factors (k’), linearity (r2), sensitivity 
(lod/loq), precision (rsds) and inter batch and inter day variations are shown.

part i i chapter 4
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(16:0, 16:1, 20:0, 22:1, 24:1) and calculated their response factors. The values fit very well 
in between the other data points. Thus, Ffas with a higher chain length showed lower LOD 
and LOQ values. Both higher noise and lower response levels at lower mass ranges as well 
as short retention times contribute to this change in LOD/LOQ phenomenon. LOD and 
LOQ values were determined by S/N 3 and 10, respectively for the individual ion traces 
[M+Cl]- for each lipid by using full scan ms acquisition. LODs ranges from 100 to 7 nM 
(1 to 0.07 pmol) for C18:0 to C28:0, respectively. LOQ values of C18:0 to C28:0 ranges 
from 335 to 23 nM (3.4 to 0.23 pmol). These LODs and LOQs are suitable for the analysis 
of all common Sc samples (e.g. ex vivo Sc, tape stripped Sc, etcetera) and this makes the 
method very competitive with time-consuming GC or GC/ms procedures.
 Reproducibility. The reproducibility was examined by determining inter-day and inter-
batch variability for all synthetic analytes (Table I). Batch to batch variation among the 
various Ffas and their concentrations was on average 4.5%, ranging between 1.6 and 9.6%. 
The inter-day variability varied depending on the Ffa chain length and the concentration 
used. An average variability of 7.7% was achieved, but higher mass Ffas and high 
concentrations generally reduced the variability to 4% or lower. For instance, the inter-day 
variability of C24:0 was ~3% at a concentrations ≥3 nmol. In contrast, Ffa 18:0 showed an 
inter-day RSD of 1.5% at a concentration of 900 µM, but this value was increased to 16.3% 
at concentrations just above the LOQ. The variation in chromatographic robustness is a 
second reason for the increase in RSD: lower mass Ffas show more variation in elution 
time, thereby affecting the peak area to some extent.
 Matrix effects. By comparing calibration curves between an academic solution and a 
Sc matrix solution, we observed only very small differences for our internal standards: 
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Figure 3: Dot plot showing the relation 
between the chain length of ffas and the 
response factor (10log scale), defined as 
the auc/concentration. Blue and red dots 
represent saturated and unsaturated ffa s, 
respectively. Closed dots correspond to the 
values calculated from the validation protocol 
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c22:1 and c24:1). The exponential fit of this 
curve showed r2=0.984.
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Compound  Tape  HSE  Porcine  

FFAs   
Saturated      
C14:0 × × × × 
C16:0 × ×* × × 
C16:1 × ×* × × 
C18:0 × ×* × × 
C18:1 × ×* × × 
C18:2 × × × × 
C20:0 × × × × 
C21:0 × × -  × 
C22:0 × × × × 
C23:0 × × -  × 
C24:0 × × × × 
C25:0 × × × × 
C26:0 × × × × 
C27:0 × × -  × 
C28:0 × × × × 
C29:0 × × -  × 
C30:0 × × × × 
C31:0 × × -  × 
C32:0 × × -  × 
C33:0 × -  -  -  
C34:0 × -  -  -  
Unsaturated      
C16:1 × × × × 
C18:1 × × × × 
C18:2 × × × × 
C18:3 -  -  -  × 
C20:1 -  -  × × 
C22:1 -  -  × × 
C24:1 -  -  × × 
C26:1 -  -  × × 
C28:1 -  -  × × 
C30:1 × × × × 
C32:1 × × × × 
C34:1 × × × × 
C36:1 × -  × × 
C38:1 -  -  × × 
Hydroxy      
C22:0-OH × × -  -  
C23:0-OH × × -  -  
C24:0-OH × × × × 
C25:0-OH × × -  -  
C26:0-OH × × × × 
C27:0-OH × × -  -  
C28:0-OH × × -  -  
CERs   
[EOS]  64 - 76 65 - 76 66 - 76 60 - 74
[EOP]  63 - 76 64 - 76 64 - 76 64 - 70
[EOH]  63 - 72 64 - 72 66 - 72 -
[EOdS]  66 - 78 66 - 78 66 - 78 62 - 72
[NS]  34 - 56 34 - 54 34 - 54 32 - 52
[NP]  34 - 54 34 - 54 34 - 54 33 - 52
[NH]  34 - 52 34 - 52 32 - 48 -
[NdS]  34 - 58 34 - 56 34 - 56 33 - 52
[AS]  34 - 52 33 - 52 32 - 50 31 - 52
[AP]  34 - 51 34 - 52 34 - 50 36 - 52
[AH]  32 - 51 34 - 50 32 - 48 -
[AdS]  34 - 52 33 - 52 34 - 50 32 - 46
CHOL   
CHOL × × ××

Human
SC

× = Detected. - = Not detected. * = Present in blank tape strips. Numbers in the cer section correspond to the range in 
carbon chain length (i.e. total number of carbon atoms from the sphingosine chain and fatty acid chain).

Table II: Lipids present in ex vivo human sc, human sc harvested by tape stripping, hses and porcine skin.
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compared to academic solutions, matrix samples showed 99.6% and 100.7% response 
for the C18:0-D35 and C24:0-D47 internal standards. As we observed a higher variation 
between inter-batch samples, we neglect this relatively small error.

Detection of ffas in human sc samples.
 Human ex vivo Sc shows roughly 30 known Ffas, both saturated (odd and even chain 
lengths ranging from C14:0-C34:0) and unsaturated (even chain lengths ranging from 
C16:1-C18:1, C30:1-C36:1, C18:2). Overall, C24:0 and C26:0 are the most abundantly 
present Ffas in human Sc, accounting for >50% to the total Ffa content, whereas the 
presence of unsaturated Ffas was low (Figure 4a-c). Ffas with even chain length account 
for ~80% to the total Ffa level present in human skin. The results are in excellent 
agreement to the results obtained by GC analysis published by Ponec et al. and Norlen et 
al.32,61 As a result of the increased sensitivity of the newly developed method (largely due 
to the use of CHCl3 as an ionization enhancer), the carbon chain length range in which 
we were able to observe Ffas is similar or even broader than reported so far32,61-65, as 
chain lengths over 32 carbon atoms could be detected (Figure 5a and Table II). Also the 
total analysis time is noticeably reduced from >50 minutes using the GC/ms method to 8 
minutes for the new Lc/ms method. Besides the unsaturated and saturated Ffas observed 
in human Sc, we were also interested in hydroxy-Ffas that are rarely taken into account 
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but have shown to be present in human Sc62. Identification by Lc/ms did not reveal 
any informative ions and could therefore not be used to obtain structural information. 
Therefore, synthetic C22:0-OH was analyzed and showed a retention time (2.0 min), m/z 
(391.3 amu), and chloride-adduct pattern which is similar to one of the unknown peaks in 
human Sc (Figure 5a, labeled ‘+’). These three parameters indicate that this unknown peak 
is indeed C22:0-OH. In fact, more unidentified peaks (noted by *) are observed in human 
Sc. It is highly probable that these are hydroxy-Ffas as they differ exactly 14 amu in mass 
(one CH2 group) from each other, elute at retention times similar to the extrapolated 
synthetic C22:0-OH Ffa, and show a chloride-adduct pattern (Supplementary Figure 5). 
As is the case for saturated Ffas, even chain length OH-Ffas are much more abundant 
than odd chain length OH-Ffas, C24:0-OH and C26:0-OH being the most prominent ions 
observed.

CeR and cHoL analysis and its detection in human sc samples
 Small adaptations to the previously reported method for Cer analysis (provided in 
Supplementary Table I) enabled the analysis of Chol, eluting as a very intense peak prior 
to all Cer subclasses at 1.9 min (Figure 5b and Supplementary Table II) at m/z of 369 amu, 
corresponding to the [M+H-H2O]+ ion. The LOD for Chol and deuterated Chol was 280 
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and 150 nM (2.8 pmol and 1.5 pmol, injected on column), respectively. A linear dynamic 
range was achieved below 300 µM (3 nmol, injected on column), but above this amount 
the linear dynamic range was lost (Supplementary Figure 4) due to limited ionization 
capability. This resulted in a reduction of effective voltage for the corona discharge and 
hence a lower electric field strength. We note that this dynamic range of Chol is reduced 
after analysis of large series (>150 human Sc samples of 1 mg/mL): the upper limit will be 
restricted due to limited ionization efficiency as a result of carbonaceous deposit on the 
tip of the discharge needle limiting the electric field strength. When continuing analysis 
on an unclean Apci needle, sensitivity is lost for subsequently Chol, Ffas, and finally 
Cers. As this effect starts off with a reduction in dynamic range of Chol, it can be used as 
a marker for corona discharge needle condition (i.e. system performance).
 Regarding Cers, separation and sensitivity was similar as published previously39. 
In fact, extending the mass range below 600 amu revealed additional Cer species (see 
Applications section). The Cer profile depicted in Figure 4b closely resembles that of 
the earlier quantitative publication by Masukawa et al.66, in which various synthesized 
internal standards were used to correct every Cer subclass for their relative ionization 
efficiency. The Lc/Apci-ms method described in this manuscript makes use of 2 internal 
standards which are commercially available. Nevertheless, the results of both methods 
are very similar, indicating that our Apci-ms method is not biased towards certain cer 
subclasses, and by the addition of 2 internal standards, one can correct successfully for 
differences in e.g. ionization efficiencies between high mass and low mass Cers.

Applications on the combined Lc/Ms method for analysis of ffas, ceRs and cHoL
 Besides the already discussed human ex vivo Sc lipid profile, the applicability of the 
developed Lc/ms method is illustrated by applying this method to obtain a lipid profile 
from three different biological samples, e.g. 1) tape stripped human Sc, 2) HSEs and 3) 
porcine skin. The 3D multi-mass chromatograms and identified Sc lipids in the respective 
samples are shown in Figure 6 and Table II respectively. The main advantage of plotting 
3D multi-mass chromatograms is that it is easy to show full lipid profiles in a single 
picture, thereby comparing various samples on a relative scale. A disadvantage is that 
no conclusion can be drawn on an absolute quantitative level. For the purpose of this 
study, a relative comparison of lipid profiles by these 3D plots is sufficient, and Figure 
6 illustrates the applicability of the developed method. Pictures are for comparison 
purposes normalized towards the most prominent endogenic Ffa or Cer peak (marked in 
purple). Key differences will be discussed below.
 Tape stripped human Sc: The amount of lipids from a tape stripped sample is much lower 
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compared to ex vivo Sc: It takes between 20-50 Nichiban PPS tape strips to fully remove 
the Sc, thus 1 tape strip removes about 2-5% of the total Sc amount (unpublished data, 
J. van Smeden 2010). Nevertheless, almost all Ffas and Cers are still detectable (Figure 
6a and Table II) and show comparable lipid profiles: The Cer profile closely resembles 
the ex vivo Sc pattern, and all 12 subclasses and chain lengths are observed. Also the Ffa 
profile shows great similarities to the ex vivo Sc lipid profile, except for short chain Ffas 
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C16 and C18. The increased abundance of these particular Ffas by using tape stripping 
as sampling method, was caused by the presence of high levels of these Ffas in the tape 
itself (marked as *), as was confirmed by analysis of blank tape strips (not shown). This 
‘contamination’ of lipids from tape is a very common problem, and of all investigated 
tapes, this Nichiban PPS tape showed the least amount of lipid content.
 HSEs: There are many similarities between ex vivo Sc (Figure 5 and Table II) and the 
HSEs (Figure 6b and Table II): All 12 Cer classes are present and saturated, unsaturated 
and hydroxy-Ffas are observed. However, there are also some major differences: First of 
all, the Ffa lipid profile (left picture Figure 6b) of HSEs shows the increased appearance 
of unsaturated Ffas, covering a broader range than present in human Sc, ranging from 
C16:1 up to C38:1. Second, very few hydroxy-Ffas are observed (labeled in red). Third, the 
Ffa chain length distribution is shifted to shorter chain length, as Ffas longer than C30:0 
are reduced and short chain Ffas (C16:0, C16:1, C18:0 and C18:1) are increased. Fourth, 
there are multiple additional (unknown) lipids observed, of which the ones marked by 
a ‘+’ are noteworthy to mention: These have a mass of 2 amu less than the slightly later 
eluting OH-Ffas. As there is an increase in monounsaturated Ffas (MUFAs) compared to ex 
vivo Sc, it may be that these lipids are MUFA OH-Ffas. Indeed, the shorter retention times 
as well as the masses of these lipids may suggest the presence of MUFA OH-Ffas, although 
more studies are necessary to confirm this. At last, the 3D multi-mass chromatogram 
indicates a reduced presence of odd chain Ffas compared to ex vivo Sc. 
 With respect to the Cer profile (right picture in Figure 6b), additional unidentified 
subclasses are observed which are marked by ‘+’. There is a relative increase in the presence 
of hydrophilic lipids, in particular Cer [AH] and some unidentified compounds that elute 
near Cer [AH]. In addition, low mass Cers (marked by #) are increased which is in line 
with the Ffa profile: as previously stated, a higher abundance of shorter chain length 
Ffas are observed in HSEs compared to ex vivo Sc. Finally, Cer [NP] and [NS] are largely 
reduced, which is in line with previous HPTLc research. The nature and possible biological 
causes for these differences are discussed in detail elsewhere by Thakoersing et al.67, but 
it was concluded that biological pathways in which Ffa elongation and desaturation are 
involved, may likely be altered.
 Porcine skin: Regarding Ffas, almost no hydroxy-Ffas or odd chain length Ffas are 
observed (Figure 6c and Table II). For the Cer profile, non-polar Cers (i.e. Cer [NdS] 
and [NS]) are relatively much more abundant than the most hydrophilic Cer subclasses 
compared to human Sc. Some of these hydrophilic Cers are strongly reduced (i.e. Cer [AP] 
and [EOP]) and some subclasses are fully absent (CER [AH], [NH] and [EOH]), which is in 
agreement to literature68-70. This is in contrast to the HSE profile, which shows increased 
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abundance of polar Cers. In addition, there is a shift to a shorter Cer chain length, which 
can be observed from the drastic increase in Cers with a shorter chain length (mass <600 
amu), in particular 3 extraordinary high peaks (marked by ×): Cer [AdS] C34 and both Cer 
[AS] C33 and C34.
 In summary, our results show that tape stripping is an appropriate method to be used 
for Lc/ms analysis of in vivo Sc lipids, and the obtained lipid profile closely resembles the 
lipid profile from full-thickness ex vivo Sc. The skin substitutes show drastic changes in the 
Ffa composition, which also affected the Cer composition. HSEs show a lipid profile which 
is more comparable to human skin than porcine skin, in particular for the Cer profile. This 
could be relevant for near-future studies, as animal testing for cosmetic purposes is banned 
throughout the European Union by 2013 and proper skin substitutes are necessary71. 
Although the HSEs do not fully mimic the lipid composition in human Sc, changes in culture 
conditions may improve the lipid composition, as recently reported by Thakoersing et al.41

Conclusions
 An Lc/ms method was developed that is able to detect and quantify Chol, Cers and 
Ffas using a single setup with two injections. This method is fast, allowing for high 
throughput analysis, and requires no derivatization steps. It is sensitive enough to 
analyze small sample amounts (i.e. tape stripping), but also permits analysis of samples 
with much higher sample concentration (e.g. ex vivo Sc) due to its high linear dynamic 
range. Regarding the analysis of Ffas, this is – to the best of our knowledge – the first 
time that Lc/ms enables the analysis of underivatized Ffas from Sc. The addition of 
chloroform as an ionization agent resulted in the formation of [M+Cl]- adducts which 
enabled analysis of saturated, unsaturated and hydroxy Ffas in Sc with a wide chain length 
range (14-38 carbon atoms). The method proved to be robust, as can be deduced from the 
validation parameters. The method was successfully applied on human ex vivo Sc, human 
Sc obtained from tape stripping, and Sc obtained from 2 human skin substitutes. In these 
skin substitutes, all 3 lipid classes are present, but its lipid profile differs substantially 
from that in human Sc when analyzed in detail by Lc/ms. In addition to the identified 
Ffas and Cers which were profiled for the different Sc sources, many unknown lipids 
were observed as well. Upcoming studies will surely focus on the identification of these 
compounds. This Lc/ms method can be used to obtain lipid profiles of numerous different 
Sc samples. In particular lipidomics on skin diseases is currently of high interest, and 
future studies will exploit the detailed Sc lipid analysis by Lc/ms presented here.
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Supplementary Materials and Methods
Chemicals
 HPLC grade (or higher) methanol (MeOH), n-heptane, isopropanol (IPA), acetonitrile 
(ACN), ethanol (EtOH) and acetic acid (HAc) were purchased from Biosolve (Valkenswaard, 
The Netherlands). HPLC grade chloroform (CHCl3) was attained from Lab-Scan (Dublin, 
Ireland). Ultra purified water was prepared using a Purelab Ultra purification system 
(Elga Labwater, High Wycombe, UK). Potassium chloride was obtained from Merck 
(Darmstadt, Germany). 2-Hydroxydocosanoic (C22:0-OH) and deuterated CHOL-D7 
and were obtained from Larodan AB (Malmö, Sweden). Trypsin and trypsin inhibitor 
as well as CHOL, hexadecanoic (C16:0), 9-hexadecenoic (C16:1), octadecanoic (C18:0), 
9-octadecenoic (C18:1), 9,12-octadecadienoic (C18:2), eicosanoic (20:0), docosanoic 
(C22:0), 13-docosenoic (C22:1), tetracosanoic (C24:0), 15-tetracosenoic (C24:1) and 
octacosanoic (C28:0) acids were obtained from Sigma-Aldrich GmbH (Steinheim, 
Germany). Deuterated octadecanoic (C18:0-D35) and deuterated tetracosanoic 
(C24:0-D47) acids were purchased from Cambridge Isotope Laboratories (Andover, MA, 
USA). Synthetic CER [N(24)dS(18)] was purchased from Avanti Polar Lipids (Alabaster, 
AL). All other synthetic CERs were kindly provided by Evonik (Essen, Germany): CER [EOS] 
(E(18:2)O(30)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)), CER [EOP] (E(18:2)O(30)P(18)), deuterated CER [E(18:2)O(30)
S(18)]-D31 and deuterated CER [N(24)S(18)]-D47. 

Sc sample collection 
 Synthetic lipids as well as SC lipids from human ex vivo surgical skin were used to develop 
and validate the LC/MS method. To study the applicability of the developed method, 3 
different sources were analyzed and compared to human ex vivo SC. The collection and 
processing of skin samples is in accordance to the Declaration of Helsinki. SC of healthy 
human volunteers was obtained by tape stripping using poly(phenylene sulfide) tape 
strips (Nichiban, Tokyo, Japan)1: 9 Tapes were successively applied on a single area (4½ 
cm2) of the ventral forearm, and afterwards peeled off with tweezers. Tape strips 1 to 5 
were discarded to avoid contamination of superficial substances (e.g. sebum). Tapes 6 to 
9 were punched to an area of 2 cm2 and put separately in a glass vial containing 1 ml of 
lipid extraction solution chloroform/methanol/water (CHCl3/MeOH/H2O, 1:2:½, v/v); In 
addition to the tape-strip samples, 3 other epidermal skin sources were harvested: HSEs, 
human ex vivo skin and porcine skin. HSEs were cultured as described previously2. Freshly 
excised ex vivo skin was obtained from surgeries performed at local hospitals and porcine 
skin was obtained from an accredited abattoir. Both skin samples were dermatomed to 
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obtain an epidermal sheet with 0.6 mm thickness. 
 Successively, SC from all epidermal skin sources was isolated by trypsin digestion 
according to the procedure described in detail elsewhere3. Briefly, the skin was put in a 
Petri dish on Whatman filter soaked in a 0.1% trypsin in PBS solution pH 7.4 (8 g/L NaCl, 
2.86 g/L Na2HPO4, 0.2 g/L KH2PO4, 0.19 g/L KCl) and stored overnight at 4°C. The skin 
was then incubated at 37°C for 1 hour and subsequently the SC layer was peeled off. The 
SC was washed once in 0.1% trypsin inhibitor in PBS solution, twice in demi water and 
stored in a dark, dry argon containing atmosphere to avoid lipid oxidation. To human SC 
samples, an internal standard solution was added containing equimolar concentrations 
of the deuterated lipids (FFA C18-D35, FFA C24-D47, CER [EOS]-D31, CER [NS]-D47).

Lipid extraction
 All sources of SC were then treated similarly according to the following procedure: 
Lipids were extracted according to an extended method of Bligh and Dyer4, described 
by Thakoersing et al.4,5: Basically, a three step liquid-liquid extraction was performed 
using (sequentially) 3 different ratios of CHCl3/MeOH/H2O (1:2:½ ; 1:1:0 ; 2:1:0). The 
combined organic fractions were evaporated under N2 gas at 40°C and reconstituted in 
heptane/CHCl3/MeOH (95:2½:2½) to a final concentration of ~1.0 mg/ml (determined 
by weighing). This single solution was suitable for lipid analysis by both reverse phase 
chromatography (RPLC) regarding FFAs, and normal phase chromatography (NPLC) for 
analysis of CERs and CHOL. When sample storage was necessary, samples were stored 
under argon atmosphere, at -20°C in a dark environment.
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Supplementary Figures
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Supplementary Figure 1: Molecular structure of all cer subclasses and nomenclature according to Motta et al.6 
All cers bear a polar head group and two long carbon chains. Both chains may vary in molecular architecture (at the 
carbon positions marked in red) and each cer subclass is denoted by its sphingoid base (blue) and fatty acid chain (gray) 
resulting in the 12 cer subclasses in human sc. In addition, all cer subclasses show a varying carbon chain lengths 
(marked by red arrows). The number of total carbon atoms in the cers is the number of carbon atoms in the fatty acid 
chain plus the number of carbon atoms in the sphingoid base. 
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Supplementary Figure 2: Schematic setup of the lc/ms to analyze all 3 main lipid classes by either nplc (cers and 
chol) or rplc (ffas).
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Supplementary Figure 3: Log-scaled bar plot of the response of various ffas with and without post column addition of 
chloroform (20 µl/min), in dark blue and light blue, respectively. Numbers above the bars indicate the relative increase 
in peak area when chloroform is added, which is on average ~2900%. Peak integration was performed on the main 
peaks, being the [m+cl]- and [m-h]- for analysis with and without chloroform addition, respectively.
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Supplementary Figure 4: Calibration curves of a) Synthetic ffas and b) Chol and deuterated chol (chol-d7). The 
inset shows a magnification from the range where a linear fit could be applied. Depicted r2 values correspond to a linear 
fit, except for the full range chol and chol-d7 curves.
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Supplementary Figure 5: a) 3D multi-mass chromatogram of the unknown lipid species marked in red and labeled 
1-7, corresponding to the hypothesized oh-ffas with a carbon chain length range between 22 and 28 carbon atoms. The 
individual mass spectra of each labeled peak is shown in b), showing the main ion mass [m+cl]- and its 37cl isotope peak 
at +2 amu of ~30% intensity.
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 Supplementary Tables

Parameter  FFA analysis*  CER + CHOL analysis1

H
PL

C 
re

la
te

d 
pa

ra
m

et
er

s
 

Column type
 

Purospher Star LiChroCART
5 μm particle size, 55 × 2 mm i.d.
Merck, Darmstadt, Germany

RPLC

500 (μl/min)

10 (μl)

ACN/H2O/CHCl3/HAc
(90/10/1/0.1)

MeOH/Heptane/CHCl3/HAc 
(90/10/1/0.1)

 
 

LC-mode

Flow rate   
Injection volume  

Mobile phase �

Mobile phase � 

 

 

 

Gradient

 

Time 
(min) 

Mobile phase ratio 
(� :� , %)  

0.0 97:3  
0.5 97:3  
1.5 20:80  
3.5 0:100  
6.5 0:100  
9.5 97:3  

13.0 97:3   

Time 
(min) 

Mobile phase ratio 
(� :� , %)**

0.0 98:2  
2.5 96:4  
2.6 93:7  
6.0 88:12  

11.0 50:50  
12.5 98:2  
19.0 98:2   

System

 

Thermo Finnigan Surveyor Plus

Heptane/CHCl3/MeOH
(95/2½/2½)

21°C

   
Sample solvent

   Sample tray temperature 

  

M
S 

re
la

te
d 

pa
ra

m
et

er
s

 Vaporizer temperature

Capillary temperature

Capillary voltage  

Sheath gas, flow rate

Auxiliary gas flow rate

Discharge current

Scan range

Ionization mode

Resolution (FWHM)

System

450°C

250°C

2 kV

Nitrogen, 0.8 L/min

Nitrogen, 3 L/min

6 μA

200 - 600 amu

APCI, negative

0.7

TS Quantum

 
 

 
  

  
 

   
   

 
   

Thermo Finnigan Surveyor Plus

Heptane/CHCl3/MeOH
(95/2½/2½)

21°C

(PVA)-Sil
5 μm particle size, 100 × 2.1 mm i.d.
YMC, Kyoto, Japan

NPLC

800 (μl/min)

10 (μl)

Heptane

Heptane/IPA/EtOH
(50/25/25)

450°C

250°C

3 kV

Nitrogen, 0.6 L/min

Nitrogen, 2.4 L/min

6 μA

360 - 1200 amu

APCI, positive

0.7

TS Quantum

*: the final method is displayed here. An explanation of the choices made from the initial method to this final method is 
reported in the ‘ffa method development’ section. **: adaptations made to the method described previously1.

Supplementary Table I: Overview of chromatographic and mass spectrometric parameters used for analysis of ffas, 
cers and chol.
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CERs/CHOL 
Base peak  

(amu)
Rt  

(min) k’ 
LOD  
(nM)

LOQ  
(nM)

E(18:2)O(30)S(18) 995.0 5.0 12.2 9 29 
E(18:2)O(30)P(18) 1031.0  5.7 13.9 1 5 

N(24)S(18) 632.6 5.2 12.7 13 45 
N(24)dS(18) 652.7 4.9 11.9 6 21 
N(24)P(18) 668.7 5.9 14.5 18 60 
A(24)S(18) 648.6 6.4 15.7 28 94 
A(24)P(18) 684.7 7.5 18.6 19 64 

CHOL 369.4 1.87 ± 0.06  3.9 280 940 
CHOL-D7 376.4 1.93 ± 0.05  4.1 150 490 

FFA
chain length

Relative abundance (%) - No CHCl3 addition Relative abundance (%) - 1% CHCl3 addition

[M-H]- [M+Cl]-  [M+HAc-H]-

C18:0 33 ± 12  52 ± 13  15 ± 1  <1  >99 ± 1  <1  
C20:0 46 ± 12  37 ± 12  17 ± 1 <1  >99 ± 0  <1  
C22:0 56 ± 9  26 ± 11  18 ± 3  <1  >99 ± 0 <1  
C24:0 66 ± 9  18 ± 8  16 ± 1  <1  >99 ± 0 <1  
C26:0 71 ± 9  14 ± 7  15 ± 2  <1  >99 ± 0 <1  
C28:0 75 ± 6  9 ± 3  17 ± 4  <1  >99 ± 0  <1  

[M-H]- [M+Cl]- [M+HAc-H]-

Supplementary Table II: Basic parameters of chol and cer analysis. Lod and loq values 
are adapted from the previous report1.

Values are calculated by the auc of each ion. Addition of chcl3 greatly favors the [m+cl]- adduct formation (≥99%), 
resulting in increased peak intensities (Supplementary Figure III).

Supplementary Table III: relative abundance of the 3 main ions observed (viz. [m-h]-, [m+cl]- and [m+hac-h]- when 
either 0% or 1% chcl3 (v/v) was added to the mobile phase, illustrated for 6 ffas.
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