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ABSTRACT: The stratum corneum (SC) lipids provide the main
barrier of the skin against the environment. Ceramides make up
about half of the lipids by weight and are thus of particular interest.
Emulsifiers are used in a multitude of topical formulations, e.g., to
stabilize emulsions against coalescence. Investigations showed that
some emulsifiers have the potential to impair skin barrier function.
Sorbitan esters (SEs) are frequently used emulsifiers in
pharmaceutical and cosmetic dermal formulations. Further,
cholesterol and lecithin were used as natural alternatives. However,
information on their impact on ceramides is very scarce. Thus, we
first analyzed the SEs by LC-MS with regard to their composition.
Then we developed an LC-MS method to identify and quantify the
ceramides in porcine skin and subsequently investigated the impact
of emulsifiers on the ceramide profile. Besides the LC-MS measurements, the effect of emulsifiers on the skin barrier function was
investigated by trans-epidermal water loss (TEWL) measurements and confocal Raman spectroscopy (CRS). Throughout the
experiments, water was used as a negative control and sodium lauryl sulfate (SLS) as a positive control. It was found that SEs are
mixtures of mono-, di-, and triesters, partially with a complex fatty acid distribution. LC-MS measurements of the total ceramide
content of the SC samples revealed the SE 60 and cholesterol-treated samples to be those showing the least ceramide depletion,
implying a high skin tolerability in general. The TEWL measurements showed that SEs 40, 60, 80, and 120 showed no significant
changes in skin barrier function. The lipid content, measured by CRS, was mostly decreased except for SE 120. Conformation, chain
order, and SC thickness, also measured by CRS, showed no significant differences. These detailed investigations lead to the view that
SEs are skin-friendly substances and can be used for topical applications, e.g., those commonly used to treat skin diseases.
KEYWORDS: ceramides, confocal Raman spectroscopy, emulsifiers, in vitro, liquid chromatography−mass spectrometry, lipids,
porcine skin, sorbitan ester, stratum corneum, trans-epidermal water loss

1. INTRODUCTION
Porcine skin is one of the most frequently used surrogates of
human skin.1,2 It compares to human skin in terms of
thickness, number of hair follicles, and immune cells.3

Regarding the penetration of exogenous substances, like
pharmaceutical as well as cosmetic actives or excipients,
porcine skin, of all animal skins, yields results closest to human
skin.4,5 Porcine skin is also used to investigate the impact of
exogenously applied substances on the skin barrier function.6−9

Here, for example, the impact of emulsifiers like polyethylene
glycol (PEG)-ethers and polysorbates has been studied
recently.10,11 The skin barrier function is provided mainly by
SC lipids. These consist of 50% (m/m) ceramides, 25% (m/
m) free fatty acids, and 25% (m/m) cholesterol and its
derivatives.12 The ceramide portion, comprising a wide range
of ceramide classes as well as chain lengths, their conformation,

and packing order, has been shown to play a pivotal role in
maintaining skin barrier integrity.11,13−18 It is known that the
ratio of ceramides, free fatty acids, and cholesterol is similar in
human and porcine skin. Studies exist investigating the exact
composition of the SC lipids of porcine skin with high-
accuracy analytic methods like LC-MS.19,20 These approaches
with porcine skin started, for example, with Wertz and
Downing in the 80s21 and continued with human and mice
studies later.22 The aim of our study was to determine the

Received: October 26, 2024
Revised: March 4, 2025
Accepted: March 4, 2025
Published: March 11, 2025

Articlepubs.acs.org/molecularpharmaceutics

© 2025 The Authors. Published by
American Chemical Society

2019
https://doi.org/10.1021/acs.molpharmaceut.4c01245

Mol. Pharmaceutics 2025, 22, 2019−2028

This article is licensed under CC-BY 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hans+Schoenfelder"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Moritz+Reuter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dirk-Heinrich+Evers"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+E.+Herbig"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dominique+Jasmin+Lunter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dominique+Jasmin+Lunter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.molpharmaceut.4c01245&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c01245?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c01245?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c01245?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c01245?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c01245?fig=agr1&ref=pdf
https://pubs.acs.org/toc/mpohbp/22/4?ref=pdf
https://pubs.acs.org/toc/mpohbp/22/4?ref=pdf
https://pubs.acs.org/toc/mpohbp/22/4?ref=pdf
https://pubs.acs.org/toc/mpohbp/22/4?ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.4c01245?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/molecularpharmaceutics?ref=pdf
https://pubs.acs.org/molecularpharmaceutics?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


ceramide profile, with the most abundant ceramide classes as
well as the most prevalent chain length ranges in porcine SC,
to ensure the robustness and reliability of the method of
ceramide analysis in porcine skin by LC-MS and subsequently
use this method to investigate the impact of emulsifiers on skin
barrier integrity. To obtain a full picture, the methods of trans-
epidermal water loss (TEWL) and confocal Raman spectros-
copy (CRS) were also applied, as seen in Figure 1. TEWL is a
parameter conventionally used in in vivo studies as a measure
of skin barrier function and to identify the impact of cosmetic
or pharmaceutical treatments on the skin barrier.23,24 CRS
allows to investigate the total amount of lipids in a skin sample
as well as the chain order of the lipids.11,17,18,25−27 The results
of our multimodal approach were expected to give a
comprehensive picture of the impact of emulsifiers on skin
barrier function. SEs, cholesterol, and lecithin were chosen to
be used as examples of classical chemical emulsifiers and
natural alternatives. SEs are among the most common w/o-
emulsifiers in the field of pharmaceutically used and cosmetic-
used emulsifiers.29−31 They are structured as esters of sorbitan,
a sorbitol derivative, and fatty acids, e.g., stearic acid for
sorbitan monostearate. The various fatty acid combinations
lead to a wide field of different chemical properties, like
different hydrophilic−lipophilic balance (HLB) values, from
4.3 for sorbitan monooleate to 8.6 for sorbitan monopalmitate.
SEs were shown, among others, by Karande et al. to enhance
overcoming the skin barrier combined with sodium laur-
oylsarcosinate (NLS).28

2. MATERIALS AND METHODS
2.1. Materials. SLS, sodium chloride, and potassium

chloride were obtained from Caesar and Loretz GmbH (D-
Hilden, Germany). LC-MS-Grade 2-propanol, methanol,
acetonitrile, formic acid, acetic acid ethyl ester and, in normal
quality, disodium hydrogen phosphate and potassium dihy-
drogen phosphate were obtained from Carl Roth GmbH & Co.
KG (D-Karlsruhe, Germany). MS-grade ammonium acetate
was obtained by VWR International GmbH (D-Darmstadt,
Germany). Tert-butylmethyl ether was obtained by Supelco
(Sigma-Aldrich Chemie GmbH, D-Taufkirchen, Germany).
HPLC-Grade dichloromethane was obtained from Fisher
Scientific U.K. Limited (UK-Loughborough/Leicestershire).
SEs, including sorbitan monopalmitate (SE 40), sorbitan
monostearate (SE 60), sorbitan monooleate (SE 80), and
sorbitan monoisostearate (SE 120), were purchased from
Croda GmbH (D-Nettetal, Germany). LC-MS-Grade ammo-
nium formate and, in normal quality, trypsin (from porcine
pancreas, lyophilized powder, type II−S) and trypsin inhibitor
(from Glycine max (soybean), lyophilized powder) were
obtained by Sigma-Aldrich Co. (MO-St. Louis, USA). LC-MS

standards CER1 (d18:1/26:0/18:1(d9)) (N-[26-oleoyloxy-
(d9)hexacosanoyl]-D-erythro-sphingosine), deuterated ceram-
ide lipidomix (N-palmitoyl(d7)-D-erythro-sphingosine, N-
stearoyl(d7)-D-erythro-sphingosine, N-lignoceroyl(d7)-D-er-
ythro-sphingosine, N-nervonyl(d7)-D-erythro-sphingosine),
CER3(d9) (N-palmitoyl(d9) D-ribo-phytosphingosine),
CER5−2’R(d9) (N-(2′-(R)-hydroxypalmitoyl(d9)) D-eryth-
r o - s p h i n g o s i n e ) , CER6− 2 ’ R ( d 9 ) (N - ( 2 ′ - ( R ) -
hydroxypalmitoyl(d9)) D-ribo-phytosphingosine), CER7−
2’R, 6R (d9) (N(2′-(R)-hydroxypalmitoyl(d9)) 6R-hydroxy-
sphingosine), CER8(d9) (N-palmitoyl(d9) 6R-hydroxyphin-
gosine), CER9(d9) (t18:0/26:0/18:1(d9)) (N-[26-oleoyloxy-
(d9) hexacosanoyl]-D-ribo-phytosphingosine), CER10(d9)
(N-palmitoyl(d9) dihydrosphingosine), and CER11−2’R(d9)
(N-(2′-(R)-hydroxypalmitoyl(d9)) D-erythro-sphingosine)
were obtained from Avanti Polar Lipids Incorporation (AL-
Birmingham, USA). Parafilm was obtained from Bemis
Company Inc. (WI-Oshkosh, USA). All aqueous solutions
were made with ultrapure water from Elga Maxima (GB-High
Wycombe, Great Britain). Phosphate-buffered saline (PBS)
was prepared using sodium chloride and potassium chloride
obtained from Caesar and Loretz GmbH (D-Hilden,
Germany), and disodium hydrogen phosphate, and potassium
dihydrogen phosphate obtained from Carl Roth GmbH & Co.
KG (D-Karlsruhe, Germany). Nitrogen was obtained from an
in-house tank, and argon 5.0 was delivered by Westfalen AG
(D-Muenster, Germany). Porcine ear skins (German landrace;
age: 15−30 weeks; weight: 40−64 kg) were provided by a local
butcher. The Department of Pharmaceutical Technology at the
University of Tuebingen has been registered for the use of
animal products (registration number: DE 08 416 1052 21).
2.2. LC-MS Analysis of the Composition of SEs. SEs

were analyzed by an ultrahigh-performance liquid chromatog-
raphy (UPLC) system (ACQUITY UPLC H-Class PLUS,
Waters) connected to a single quadrupole mass spectrometer
(QDa, Waters, mass range 30 to 1250 m/z) as a detector. An
Acquity UPLC HSS Cyano, 100 Å, 1.8 μm, 2.1 mm × 50 mm
UPLC column from Waters GmbH (D-Eschborn, Germany)
was used. Prior to analysis, SEs were dissolved at a
concentration of 0.5 mg/mL in methanol. The column
temperature was set to 45 °C and the autosampler temperature
to 25 °C. The injection volume was set to 1 μL, and the flow
rate of the eluent was 0.5 mL/min. In total, three mobile
phases were used: A: 10 mM ammonium acetate and 5 mM
acetic acid, B: acetonitrile +10% tert-butylmethyl ether, and C:
methanol. Each run was conducted by using individual linear
gradients. The detection was carried out with the respective 1-
fold charged ammonium ions at a cone voltage of 15 V.
2.3. Preparation of Emulsifier Solutions/Dispersions.

Testing solutions/dispersion of SE 40, SE 60, SE 80, SE 120,

Figure 1. Overview of the analysis of the SC with Franz cells, TEWL measurements, trypsinization step, CRS, and LC-MS measurements.
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lecithin, cholesterol, and SLS were prepared as 1% solution/
dispersion (w/w) in water, sonicated (Bandelin Sonorex,
Bandelin electronic GmbH & Co. KG, D-Berlin, Germany) for
15 min, and vortexed for 1 min (IKA Vortex 2, IKA-Werke
GmbH & Co. KG, D-Staufen, Germany) as described
previously.24

2.4. Porcine Ear Skin Preparation. Porcine skin is
histologically and morphologically comparable to human skin;
therefore, it was chosen as a surrogate for human skin.1,2 The
skin was prepared as described in earlier publications of our
group.32,33 Fresh pig ears were cleaned with isotonic saline.
Full-thickness skin was removed from the cartilage, and blood
was removed with isotonic saline and cotton swabs. The
obtained postauricular skin was dried with soft tissue. The skin
was sliced into strips of about 3 cm in width. The skin was
stretched onto a Styrofoam plate to reduce the impact of
wrinkles. With an electric hair trimmer (QC5115/15 Philips
Electronics, NL-Eindhoven, Netherlands), bristles were cut to
about 0.5 mm in length. After being dermatomed to a
thickness of 1.0 mm (Dermatom GA 630 Acculan 3 TI
Aesculap AG and Co. KG, D-Tuttlingen, Germany), the skin
was punched out into circles of 25 mm diameter and placed in
the freezer at minus 28 °C wrapped in aluminum foil. On the
day of the experiment, the samples were thawed to room
temperature on a piece of paper tissue soaked with phosphate-
buffered saline pH 7.4 (PBS).33

2.5. Incubation of Skin Samples in Franz Diffusion
Cells. Franz diffusion cells are a typical type of analytical setup
for determining skin absorption ex vivo and the method
described herein has been used extensively by our group in the
past as described in previous publications.11,17,32,33 Prior
articles from our group provide a thorough discussion of the
strategy for the incubation of skin samples with emulsifiers.11,34

Franz diffusion cells (Gauer Glas, D-Püttlingen, Germany)
were filled with 12 mL of degassed, prewarmed (32 °C) PBS as
the receptor fluid. The skin samples were placed on top of the
acceptor compartments, and the donor compartments were
placed on top of the skin. The Franz diffusion cells were placed
in a water bath at 32 °C (Lauda type Alpha, Lauda Dr. R.
Wobser GmbH & Co. KG, D-Lauda-Königshofen, Germany).
The receptor fluid was continuously stirred at a 500-rpm rate
(Variomag Poly 15, Thermo-Scientific, Thermo Electron LED
GmbH, D-Langenselbold, Germany). After an expeditious
equilibration period of 30 min, the initial TEWL values were
generated with the protocol described in section 2.6. After the
initial TEWL measurements, 1 mL of each emulsifier solution/
dispersion, water (negative control), or SLS (positive control)
was applied to the respective skin samples. Each donor
compartment was then covered with a piece of parafilm to
reduce evaporation. After a 4-h incubation, the residual
formulation was wiped off the skin, and the second TEWL
measurement was performed.11,34 Experiments were performed
in triplicate.
2.6. Measurement of Trans-Epidermal Water Loss

(TEWL). The TEWL was measured using the basic device
Multi Probe Adapter MPA 6 and the probe In-vitro-
Tewameter VT 310 (Courage & Khazaka electronic GmbH,
D-Köln, Germany), and calculated by the respective software.
The room temperature was 22 °C and the relative humidity
(RH) was 25% (Klima logg pro TFA 30.3039 IT; Dostmann
GmbH & Co. KG, D-Wertheim, Germany). After 30 min, each
Franz diffusion cell was taken out of the water bath, and 2 mL
of PBS was taken out of the Franz diffusion cell acceptor

compartment with a needle attached to a 2-mL syringe. After
taking off the donor compartment, the skin was dried with
tissues and cotton swabs. The probe was put on the acceptor
compartment, and the initial TEWL value was measured.
Then, the measurement started with a measurement time of 90
s for each run. A minimum of five measurements were taken,
which were regarded as the equilibration phase. More than five
measurements were deemed necessary if the difference
between three subsequent measurements exceeded ±1.00 g·
m−2·h−1. After the last measurement, the probe was taken off,
and the donor chamber was put back on top of the Franz
diffusion cell. The withdrawn 2 mL of PBS was refilled , and
the respective emulsifier solution/dispersion was applied to the
skin, and starting the 4 h incubation. Afterward, the emulsifier
solution/dispersion was discarded, the skin was dried, and the
TEWL was measured as described above. The change in
TEWL is the margin of the TEWL before and after the 4 h of
incubation in g·m−2·h−1. This procedure was validated and is
already described in detail in a prior article by our group.24

2.7. SC Isolation and Drying. The SC was isolated by a
trypsin digestion process as described by Kligman.17,35 This
isolation procedure has been proven not to influence the lipid
content or lipid lamellar organization. The obtained skin
samples were placed dermal side down on filter paper soaked
with 0.2% trypsin diluted in PBS solution. After the incubation
of skin samples overnight, the digested SC was peeled off
gently and immersed in 0.05% trypsin inhibitor diluted in PBS
solution for 1 min. Afterward, the isolated SC was washed with
fresh purified water five times. Before the measurements,
samples were stored in a desiccator for drying for 3 days.36

2.8. SC Thickness Measured by Micrometer Gauge.
After treatment with different emulsifiers, the SC thicknesses
were measured with the eddy current method using a Fischer
DUALSCOPE FMP20 portable instrument equipped with an
FTA3.3−5.6H probe (Helmut Fischer, D-Sindelfingen,
Germany). To reduce the effects of hair, which can
accidentally cause errors when measuring the distance between
the SC surface and sample substrate, hair was very gently
removed when washing the isolated SC in water. SC samples
were then put on round glass plates for DUALSCOPE and the
following CRS measurements. Each skin sample was measured
over 12 times at different places. The averages and standard
deviations were then calculated for comparison.36

2.9. CRS Measurements. 2.9.1. CRS Setup. After drying,
the SC sheets were fixed onto the scan table of the alpha300 R
confocal Raman microscope (WITec GmbH, D-Ulm,
Germany). This CRS device was equipped with a 532-nm
excitation laser, a UHTS 300 spectrometer, and a DV401A-BV
CCD camera. To avoid skin samples’ damage due to high laser
intensity, the laser power was set to 10 mW, adjusted by the
optimal power meter (PM100D, Thorlabs GmbH, D-Dachau,
Germany). The objective 100 × 0.9 NA (EC Epiplan-neofluar,
Carl Zeiss, D-Jena, Germany) was used. During the measure-
ment, the light was focused through the objective onto the SC
surface. The backscattered light from the SC was then
dispersed by an optical grating (600 g/mm to obtain the
spectral range from 0−4000 cm−1 or 1800 g/mm to achieve
higher spectral resolution for analysis of trans−gauche-ratio).
The scattered light was collected and analyzed on a charge-
coupled device (DV401A-BV CCD detector) which had been
cooled to −60 °C in advance. The CRS measurements were
performed based on a method developed by Zhang et al.27
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The spectra were collected with an integration time of 5 s
and 5 accumulations. To achieve spectral signals of lipids from
the skin surface and measure SC thickness at the same time,
the spectra were detected with the focus point moving from
−15 μm beneath the skin to 15 μm above the skin. The spectra
were recorded with a step size of 1 μm. The skin surface was
determined as the half-maximum of the keratin signal intensity
(ν (CH3), 2920−2960 cm−1) as described before.27,34,36,37

2.9.2. Preprocessing of CRS Spectra. The obtained Raman
spectra were edited with spectral cosmic ray removal (CRR),
followed by a principal component analysis (PCA) and
background subtraction (SubBG), which was performed by
WITec Project 6.0 Software (WITec GmbH, D-Ulm,
Germany). The background subtraction in the HWN region
was applied with the mode shape 300, and the fingerprint
region and transgauche-ratio were applied with the mode
polynomial third order and zero smoothing points. After that,
the AUC extracted in this study was the integrated area under
a specified peak of the spectrum and could be calculated using
the trapezoidal method on WITec Project 6.0 Software.11,34

2.9.3. Skin Lipid Content Analysis by CRS. Based on
previous research, the spectral signal in the fingerprint region is
more sensitive to analyze the skin lipid content than that in the
high wavenumbers region.34 In detail, the δ (CH2, CH3)-mode
at 1425−1490 cm−1 is derived to a large extent from lipids in
the SC. The ν (C�O)-mode at 1630−1710 cm−1 (amide I
mode) is derived from proteins. In general, the spectral
intensities vary to some extent between different skin samples
and different donors. The amide-I mode displays the least
variation within one donor or among different donors.25,38 To
account for the described variation of spectral intensity, the
lipid-related signals were normalized to the amide-I signal for
calculating the total lipid content.34,36

2.9.4. Analysis of Lipid Conformation by CRS. The lipid
conformation was determined by the trans−gauche ratio in the
fingerprint region. At the positions of 1060 and 1130 cm−1 the
trans conformation is displayed. The peak at 1080 cm−1

represents the gauche conformation. Gauche conformation
represents a more disordered state of lipids, whereas lipids in
trans conformation are more ordered.26,38 The AUCs under
the respective peaks are used to calculate the trans−gauche−
trans ratio as AUC1080/(AUC1060 + AUC1130) and was
described in detail by Snyder et al.39 Accordingly, a higher
value represents a more disordered conformation of the lipids.
This procedure was also described in detail by our group.11,27

2.10. LC-MS Analysis of Ceramides. 2.10.1. Sample
Preparation for LC-MS Ceramide Analysis. The glass slides
carrying the SC sheets were crushed and transferred into 2 mL
reaction vessels (Eppendorf SE, D-Hamburg, Germany). The
vessels were then filled with 2 mL of the extraction medium,
containing volume of eight parts methanol to two parts ethyl
acetate, as well as the internal standards ceramides NS16d7,
NS24d7, as well as Ceramide EOS26d9. The mixture was then
shaken for 3 h (IKA Vibrax VXR basic, IKA-Werke GmbH &
Co. KG, D-Staufen, Germany), sonicated for 15 min (Bandelin
Sonorex, Bandelin electronic GmbH & Co. KG, D-Berlin,
Germany), and vortexed for 1 min (IKA Vortex 2, IKA-Werke
GmbH & Co. KG, D-Staufen, Germany). The sample tubes
were then centrifuged at 13,400 rpm for 10 min (MiniSpin,
Eppendorf SE, D-Hamburg, Germany), and the supernatant
was taken off and filtered into HPLC vials using a 0.2-μm
PTFE filter (Chromafil, Macherey-Nagel GmbH & Co. KG, D-
Düren, Germany).

2.10.2. LC-MS Measurements of Ceramides. Samples were
analyzed using reversed-phase UPLC (UPLC, Nexera LC-40,
Shimadzu Corporation, Kyoto, Japan) coupled with mass
spectrometry (LCMS-8045, Shimadzu Corporation, Kyoto,
Japan). The UPLC separation step was performed using a
binary gradient, with the total method duration being 20 min.
The UPLC used a flow rate of 0.4 mL/min and the following
gradient: eluent A: 10 μM ammonium formate in water and
eluent B: 0.1% (v/v) formic acid in isopropanol/acetonitrile
50/50. Concentration of eluent B over time: 0 min: 10%; 0.5
min: 20%; 1 min: 40%; 12.5 min: 92.5% (nonlinear curve);
12.6 min: 100%; 17 min: 100%; 18 min: 20%; and 20 min:
20% (flushing step). Ceramide content was determined in the
mass spectrometer by using the following settings: ESI positive
ionization mode; interface voltage: 3 kV; interface temper-
ature: 220 °C; and desolvation temperature: 355 °C.
Ceramides were quantified using multiple reaction monitoring
(MRM) to obtain higher specificity in the extraction matrix:
precursor ions in the Q1 were either the [M + H]+ ion for the
ceramide groups NP, AP, NDS, ADS, EOS, EOP, and EODS,
or [M − H2O + H]+ for ceramide groups NS and AS. After
fragmentation, the LCB-specific fragments22 were used for
product ion quantification of the ceramides. A full table of the
precursor ions, collision energies, and corresponding product
ions can be found in the Supporting Information in Table S3.
The measured ceramide species comprise a chain length range
of C16−C28 for non-EO ceramides as well as C28−C35 for
EO ceramides. To account for variability in ionization, the
obtained intensities were then normalized by the internal
standards of Ceramide NS16d7, NS24d7, as well as Ceramide
EOS26d9, depending on the retention time as well as the
ceramide species; see Supporting Information for details.
Concentrations were then calculated from the normalized
intensities using calibration curves of ADS16d9, AP16d9,
NP16d9, AS16d9, NS16d9, NDS16d9, as well as EOS26d9
and EOP26d9. For the EODS ceramides, the ADS16d9
calibration curve was used for calculation of the concen-
trations. The water-treated sample (negative control) was used
for the ceramide profiling. The calculated concentrations were
then normalized using the mass of the extracted SC to obtain
the final ceramide content. Raw data processing was performed
using Shimadzu LabSolutions, while subsequent and standard
calculations were performed using Microsoft Excel as well as R.
2.11. Statistical Analysis. The statistical analysis is split

into two parts: the data sets from the CRS and thickness
measurements constitute 5 discrete measurements for each of
the three skin samples, resulting in n = 15 observations for
every emulsifier treatment and the water reference. These data
sets were then analyzed using a Kruskal−Wallis test with a
posthoc Dunn’s test investigating differences between the
emulsifier treatments and the water reference. Nonparametric
tests were used as the data distribution of these measurements
failed to show normality. The box plots represent all
measurements, the points are outliers. For the TEWL, points
are measured samples, and for ceramide content measure-
ments, one observation was derived for each of the three skin
samples used for analysis, resulting in n = 3 for every emulsifier
treatment and the water reference. The data obtained from
these measurements were analyzed using an analysis of
variance followed by a posthoc Fisher’s Least Significant
Difference test, comparing the effect of each emulsifier
treatment to the water reference. The statistical processing
was carried out in GraphPad Prism 8.0 (GraphPad Software
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Inc., La Jolla, CA, USA). Different numbers of asterisks are
used to indicate significant differences: *p < 0.05, **p < 0.01,
and ***p < 0.001.

3. RESULTS
3.1. Results on Composition of SEs. LC-MS analysis

revealed that all SE variants investigated are a mixture of
mono-, di-, and triesters of sorbitan with fatty acids. The ratio
of the peak areas of mono- to di- to triesters is around
1.2:3.0:1.6 in all cases, with 19.1−25.9% monoesters, 49.8−
54.4% diesters, and 24.3−29.6% triesters (Table 1). When the

theoretical saponification values for the distribution pattern
obtained from peak area distribution are calculated, the values
are 3−17% higher than the measured saponification values
according to the certificates of analysis.

The theoretical saponification values were calculated for all
batches of the different SE variants (based on the fatty acid
composition, assuming that these are exclusively sorbitan
mono variants). The calculated values are all below actual
values found and below the lower specification limit (Table
S1).

This confirms that a relevant fraction of di- and triesters
must be present, but the values for these species calculated
from the peak areas may be too high. Potential explanations for
this discrepancy could be the presence of certain amounts of
unesterified compounds (free sorbitan and anhydrides of
sorbitan and/or free fatty acids) or different ionization
behavior of the mono-, di-, and triesters in the mass
spectrometric analysis. In future studies, further refinement
of the analytical methods is needed to obtain a precise

understanding of the excipient’s composition with regard to
the ratio of mono-, di-, and triesters. With the exception of SE
40, for which only palmitic acid could be determined in the
relevant concentration, all other SE emulsifiers contain more
than one fatty acid species in relevant concentrations. In Figure
2 the composition of SE 60 (designation: sorbitan mono-
stearate) is shown. It shows the similar amounts of palmitic
(C16) and stearic (C18) acid. The absolute content of
sorbitan monopalmitate (S16) and sorbitan monostearate
(S18) is around 10% (Area %) for both. With regard to their
peak area distribution, the S16_16 and the S18_18 diesters are
both contained at around 15%, and the mixed diester S16_18
at around 23%. The uniformly composed triesters S16_16_16
and S18_18_18 are present at around 3%, whereas the two
mixed triesters S16_16_18 and S16_18_18 are present at
around 9%. The composition is in agreement with that of the
Pharm. Eur. monograph “sorbitan stearate”, which requires
40.0% to 60.0% of stearic acid and a sum of the contents of
palmitic and stearic acids: minimum 90.0% for sorbitan
stearate (type I).40 Whereas Pharm. Eur. provides specifica-
tions of the fatty acid distribution for sorbitan stearate, sorbitan
palmitate, and sorbitan oleate, no specifications of the ratios of
mono-, di-, and triesters are given.

These findings provide important evidence for a better
understanding of SE emulsifiers. They can all be considered a
mixture of species of different polarity and HLB values. SE 60
contains species with an HLB of 2.1 (sorbitan tristearate) to
6.7 (sorbitan monopalmitate)41 and can, therefore, be
considered a lipophilic complex emulsifier.
3.2. TEWL Results. The TEWL is not just a value to

describe skin barrier function; it is also a kind of quality control
for the utilized skin samples in ex vivo experiments. According
to the EMA draft guideline on quality and equivalence of
topical products42 before any experiment, one should check for
skin damage or other parameters that might influence the
results. We investigated the TEWL change after incubation of
skin samples with emulsifier solutions/dispersions to elucidate
their impact on skin barrier function and possible damage
thereof. Figure 3 shows the results of the TEWL measure-
ments. As expected, SLS, as the positive control, showed
significantly increased TEWL values compared to the water-
treated sample used as a negative control (23 vs 77 g m−2·h−1).
SLS is well-known for its skin disruptive effects43 and has
already showed strongly increased TEWL values in previous

Table 1. Distribution for Mono-, Di-, and Triesters of
Different Span Variants (Peak Area %)

Emulsifier
name

Nominal
composition

Sum of
monoesters

Sum of
diesters

Sum of
triesters

SE 40 Sorbitan
monopalmitate

19.1 51.3 29.6

SE 60 Sorbitan
monostearate

19.7 54.4 25.9

SE 80 Sorbitan
monooleate

20.0 52.0 28.0

SE 120 Sorbitan
monoisostearate

25.9 49.8 24.3

Figure 2. Spectrum of SE 60 with intensity over time: first S16 and S18 as monoesters, second S16/16, S16/18, and S18/18 as diesters, and third
S16/16/16, S16/16/18, S16/18/18, and S18/18/18 as triesters.
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experiments.24 The TEWL change as a result of treatment with
SEs, cholesterol, and lecithin was not significant compared to
that of the water-treated sample. Our previous research had
shown that many o/w-emulsifiers impair the skin barrier ex
vivo. Also, some w/o emulsifiers (e.g., glycerol monostearate)
were found to impair the skin barrier function, while most did
not (e.g., PEG-2-fatty alcohol ethers, and cetostearyl alcohol).
The current results confirm the expectation that w/o-
emulsifiers are not as prone to affect the skin barrier function
as o/w-emulsifiers are.11,17,18,24,44,45 Lecithin was also shown
by other research46,47 to be a mild emulsifier, which was again
confirmed herein.
3.3. CRS Results. The lipid content was determined in the

fingerprint region by lipid signals normalized to the amide-I-
mode. Our antecedent research described this method in
detail.11,17,34 In Figure 4a the results are shown. SLS was, as the
positive control, the most different from the negative control
(water) (***p < 0.001), followed by SE 40 and SE 60. Also
significantly decreased were the lipid content of skin samples
treated with SE 80 and lecithin. SE 120 and cholesterol did not
significantly decrease the lipid content and behaved like the
negative control.11 It should also be noted that results from
emulsifier-treated samples gave higher variability than samples
treated with the positive or negative control. This is an effect
that has already shown up in previous research and seems to be
linked to partial extraction of the lipids.11,17,18,45

With respect to the lipids, increased values of the trans−
gauche ratio show a conformational change, which leads to
lower resistance of the SC against xenobiotics.26,38 The results
of the lipid conformation analysis are shown in Figure 4b.
Here, SLS significantly increased the trans−gauche ratio and
thus the disorder of lipids. All tested emulsifiers did not yield
significantly different results compared to the negative control.
Interestingly, SE 80 and cholesterol-treated skin samples gave
higher variability than other emulsifier-treated samples. This is
an interesting finding, as previous research had shown that
emulsifiers that extracted lipids from the SC also induced a
higher degree of disorder, as reflected by an increased trans−
gauche ratio. A possible explanation may be the low degree of
lipid extraction by the currently investigated emulsifiers
compared to those previously investigated. Lipid extraction

may be too low to result in significantly impaired lipid
conformation.11,17

Figure 3. TEWL measurements after 4 h of incubation with 1%
aqueous solutions/dispersions of emulsifiers with water as negative
control and SLS as positive control. Results are shown as the change
of TEWL in percentage. Emulsifiers SE 40, SE 60, SE 80, SE 120,
cholesterol, and lecithin are in between, in which only SLS showed
significant negative effects. Mean ± SD, n ≥ 3. *p < 0.05, **p < 0.01,
***p < 0.001.

Figure 4. (a) CRS fingerprint lipid content measurements after 4 h of
incubation with 1% aqueous solutions/dispersions of emulsifiers with
water as negative control and SLS as positive control. Emulsifiers SE
40, SE 60, SE 80, SE 120, cholesterol, and lecithin are in between, in
which all emulsifiers except SE 120 and cholesterol showed significant
negative effects. Mean ± SD, n ≥ 3. *p < 0.05, **p < 0.01, ***p <
0.001. (b) CRS gauche−trans ratio measurements after 4 h of
incubation with 1% aqueous solutions/dispersions of emulsifiers with
water as negative control and SLS as positive control. Emulsifiers SE
40, SE 60, SE 80, SE 120, cholesterol, and lecithin are in between, in
which only SLS showed a significant negative effect by a higher ratio
value. Mean ± SD, n ≥ 3. * p < 0.05, ** p < 0.01, *** p < 0.001. (c)
DUALSCOPE FMP20 SC thickness measurements after 4 h
incubation with 1% aqueous solutions/dispersions of emulsifiers
with water as a negative control and SLS as a positive control.
Emulsifiers SE 40, SE 60, SE 80, SE 120, cholesterol, and lecithin are
in between, in which only SLS showed significant negative effects.
Mean ± SD, n ≥ 3. *p < 0.05, **p < 0.01, ***p < 0.001.
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The thickness of the SC is another indicator of the effect of
an emulsifier on SC integrity. After treatment with emulsifiers,
the SC can become thinner, which leads to impaired skin
barrier function. Figure 4c shows that the thickness of SLS-
treated SC was significantly decreased by 13 μm. The other
emulsifiers did not affect the SC thickness significantly. This
complies with the previous measurements, which also showed
no significant impact of the investigated emulsifiers on SC lipid
content and conformation.
3.4. LC-MS Results. The analysis of the skin’s ceramide

content yielded a clear relative lipid class and chain length
distribution, as seen in Figure 5a−c. The lipophilic ceramide
classes NS as well as NDS were found to be the most abundant
ceramide classes present in porcine skin, while the more
hydrophilic ceramide classes NP and AP were only present in
low quantities, contrasting sharply with the human skin
ceramide composition, where the hydrophilic ceramide classes
containing phytosphingosine (overwhelmingly represented as
ceramide class NP and AP) as well as hydroxysphingosine
(overwhelmingly represented as ceramide class NH and AH)
represent the most abundant ceramide classes.20,22,48 Of the ω-
esterified ultralong chain ceramide classes, the sphingosine-
containing EOS was the most abundant, although the detected
quantity of EO-type ceramides in general was very low.
Regarding the chain length distribution, the most common
chain length of the regular ceramide classes is 16 carbon atoms,
followed by 24 and 26 carbon atoms, respectively. Again, this
contrasts with the composition generally given for human skin,
where C24 and C26 can be found as the most common chain
lengths. For EO-type ceramides, the by far most abundant
ceramide chain length, comprising more than half of the
measured ω-esterified ceramides, contains 30 carbon atoms,
which mirrors the composition of human skin in this
regard.20,22,48 Consequently, the composition of the ultralong
chain ceramides of the porcine skin, in ceramide class as well as
chain length distribution, shows much less difference to the
human ultralong chain ceramide composition than the shorter
chain length, nonesterified ceramides present in the skin.

The total ceramide content of the treated skin samples
obtained from the LC-MS measurements is shown in Figure 6.
The ceramide content is given as the relative proportion of
ceramides detected per mass of the SC of the water-treated
sample. The only treatment showing a significant reduction in
total ceramide content compared to the water-treated control
is the positive control, SLS. All other investigated emulsifiers
showed no significant difference, confirming that no ceramides
were extracted from the SC.

4. DISCUSSION
SEs are commonly used as w/o-emulsifiers. In our current
research, it was found that the investigated SEs were all
mixtures of mono-, di-, and triesters with an approximate ratio
of 1.2:3.0:1.6 with regard to their peak area in the
chromatogram. This is in contrast to their common
designation as “sorbitan monoesters” and to the HLB values
assigned to them, which refer to the monoester,41 and
demonstrates that all tested SEs consist of species of varying
solubility properties and polarity, including the nonpolar
triesters with HLB values around 2.49

While in the USP the denomination “monoesters” is still
used,50 the current English version 11 of Pharm. Eur. states
only “sorbitan esters”.40 Monographs are available for sorbitan
stearate and sorbitan palmitate, which give no information or
specification on the ratio between mono-, di-, and triesters.
Therefore, it cannot be excluded that the distribution patterns
of the different esters vary between suppliers. Whereas the
monoesters function primarily as w/o emulsifiers, the triesters
may mix with oil phases of emulsion-type formulations. The
less polar di- and triesters may also contribute to favorable skin
tolerability of this class of emulsifiers.

In the main part of this study, the SEs, together with the
physiological emulsifiers of lecithin and cholesterol, were
analyzed by a multimodal approach to achieve thorough

Figure 5. (a−c) Pie charts of the relative distribution of ceramide classes (Figure 5a), chain lengths of regular ceramides (Figure 5b), as well as the
ω-esterified ceramides (Figure 5c). Detailed percentages, including the standard deviation, can be found in Table S2.

Figure 6. LC-MS measurements after 4 h incubation with 1% aqueous
solutions/dispersions of emulsifiers with water as negative control and
SLS as a positive control, showing the relative ceramide content.
Emulsifiers SE 40, SE 60, SE 80, SE 120, cholesterol, and lecithin are
in between, in which SLS showed significant negative effects. Mean ±
SD, n = 3. *p < 0.05, **p < 0.01, ***p < 0.001.

Molecular Pharmaceutics pubs.acs.org/molecularpharmaceutics Article

https://doi.org/10.1021/acs.molpharmaceut.4c01245
Mol. Pharmaceutics 2025, 22, 2019−2028

2025

https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c01245?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c01245?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c01245?fig=fig5&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.4c01245/suppl_file/mp4c01245_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c01245?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c01245?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c01245?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c01245?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c01245?fig=fig6&ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.4c01245?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


characterization of the impact of these emulsifiers on porcine
skin. This multimodal approach (TEWL, lipid order, and
ceramide content) further enabled, for the first time, a
comparison of results derived from different methods like
TEWL, CRS, and LC-MS without bias due to the use of
different samples for each method. Ohnari et al. showed
another approach with human skin and the tape stripping
method using TEWL, FTIR, and LC-MS, but without using
the same sample for every method.51 Additionally, only parts of
the SC were sampled by tape stripping, whereas we used the
whole SC. Looking at the TEWL results, the SEs proved to be
skin-friendly, causing no skin barrier impairment. In this
respect, they behaved similarly to lecithin and cholesterol,
which also showed high skin tolerability in the TEWL
measurements. Yet, CRS measurements showed emulsifier-
treated skin sites having significantly decreased lipid contents
(except for SE 120 and cholesterol due to high variability),
while the lipid conformation was not affected. This
conformation is an indicator of the chain order of lipids:
lipids in orthorhombic order are more resistant to the intrusion
of xenobiotics and thus provide a higher skin barrier
function.52,53 The results from the TEWL measurements as
well as the CRS imply a mixed effect on the skin: while most of
the tested emulsifiers decreased the lipid content, they did not
cause lipid conformation disordering, which correlates well
with the TEWL results, implying an unimpaired skin barrier
function of the treated sites. The information about the lipid
conformation state obtained from CRS may therefore be of
higher significance for investigating possible skin barrier
impairment than the total lipid content measured: as stated
before, disordering of the skin lipid conformation is associated
with a steep increase in skin barrier permeability. Interestingly,
the penetration-enhancing effect of the disordering of skin
lipids is even pronounced in certain nonionic emulsifiers, such
as Polysorbate 80, which show no lipid depletion in CRS
studies.45,54 The absence of lipid disordering effects of the
investigated nonionic emulsifiers in this study demonstrates
the skin tolerability of these substances, which is further
substantiated by the thickness of the SC remaining constant
after incubation with them. Adding to these results, the total
ceramide content measured by LC-MS analysis showed the
total ceramide content to not be significantly decreased after
treatment with any of the investigated emulsifiers. Only SLS, as
a positive control, led to a statistically significant depletion of
ceramides, as is typical for this surfactant and seen in previous
studies.55,56 For the investigated emulsifiers, these results hint
toward a disconnection between the lipid content determined
by CRS and the ceramide content determined by LC-MS. This
could possibly be explained by depletion in fatty acids and
cholesterol rather than ceramides,57 which will be the subject
of further studies. Nonetheless, the neutral effect of the
investigated emulsifiers on the ceramide content compared to
the aggressive positive control further qualifies the investigated
emulsifiers as skin-friendly and suitable for use in dermal
products.

5. CONCLUSION
Emulsifiers that are used in topical formulations must be
examined for their safe use. We found that all SEs investigated
in this study, contrary to what their designations suggest, are
mixtures of mono-, di-, and triglycerides. Therefore, these
compounds are mixtures of species of different polarity, which
may have different functions in formulations. With the

combination of TEWL, CRS, and LC-MS, a multimodal
analysis was performed to describe their effects on the skin.
This study highlights the efficacy and usefulness of multimodal
SC analysis by utilizing the synergies offered by the
combination of TEWL, CRS, and LC-MS analysis. The
combination of three completely different methods proved to
be a versatile approach in the characterization of an emulsifier’s
impact on the skin barrier function. This will facilitate the
characterization of the effect of emulsifiers or other excipients
of topical formulations in the future. Furthermore, these
detailed investigations led to the finding that SEs, as w/o-
emulsifiers, are skin-friendly substances and can be used for
dermal formulations, with a low skin barrier-impairing
potential comparable to that of lecithin and cholesterol,
physiologically occurring substances that are known to be mild
emulsifiers. As pegylated emulsifiers, in particular, have come
increasingly under fire amidst health and sustainability
concerns in the general public, the SEs present a PEG-free
and skin-friendly alternative. The multimodal approach to skin
barrier impact characterization can easily be adapted to in vivo
analysis, requiring only minor modifications to the LC-MS-
ceramide quantification methodology. The changes needed to
adapt the LC-MS method mostly relate to the MS/MS method
to include relevant ceramide species found in humans but not
in porcine skin, such as the hydroxysphingosine-derived
ceramides. Furthermore, the injection volume would have to
be adjusted for the tape strips. Also, regarding the CRS system,
options for measurements on human skin in vivo are available,
which are associated with only a minor loss of data quality. The
loss is due to the necessary reduction of the laser power, which
must be reduced to avoid damaging the living skin due to
intense, focused laser energy. Together, this method
combination can facilitate an approach toward the develop-
ment of nonirritating and, in the best case, barrier-restoring
formulations. In the future, an in vivo study will support this
ex-vivo approach and investigate the ex vivo−in vivo
correlation.
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