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Linoleic, oleic, palmitoleic, palmitic, and stearic fatty acids (FAs) are commonly used in dermatological
formulations. They differ by their structure, presence in the skin, and mode of application in
pharmaceuticals and cosmetics compounding. These FAs are also known as chemical penetration
enhancers, but their mechanisms of penetration enhancement and effect on barrier characteristics of the
skin require additional study. In this study, the authors conducted an ex vivo analysis of the distribution of
lipid components in the epidermis and dermis of human skin after applying individual FAs. The goal was
to elucidate possible mechanisms of penetration enhancement and FA effects on barrier characteristics of
the skin. FA penetration studies were conducted ex vivo on human skin and time-of-flight secondary ion
mass spectrometry (TOF-SIMS) bioimaging analysis was performed to visualize and analyze distribution
of FAs in skin sections. The current study demonstrated that TOF-SIMS imaging was effective in visual-
izing the distribution of linoleic, oleic, palmitoleic, palmitic, and stearic acid in the human skin ex vivo
after the skin penetration experiment of individual FAs. The integration of the obtained TOF-SIMS
images allowed a semiquantitative comparison of the effects induced by individual FA applications on
the human skin ex vivo. FAs showed varying abilities to penetrate the skin and disorder the FAs within
the skin, based on their structures and physicochemical properties. Linoleic acid penetrated the skin and
changed the distribution of all the analyzed FAs. Skin treatment with palmitoleic or oleic acid increased
the amounts of singular FAs in the skin. Penetration of saturated FAs was low, but it increased the
detected amounts of linoleic acid in both skin layers. The results indicate that application of FAs on
the skin surface induce redistribution of native FAs not only in the stratum corneum layer of epider-
mis but also in the lipid content of full epidermis and dermis layers. The results indicate that topically
applied pharmaceutical products should be evaluated for potential chemical penetration enhancement
and lipid component redistribution effects during formulation. © 2017 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1116/1.4977941]

I. INTRODUCTION

Various approaches have been tried to achieve satisfac-
tory penetration of drug substances through the human skin
barrier. Skin is one of the most resistant barriers, as it func-
tions to protect the human body from various external factors
and interventions.! An efficient drug delivery system should
bypass this protection such that the drug substance can pene-
trate sufficiently. Therefore, it is essential to understand the
structure and properties of the human skin barrier.

Available scientific data show that the external epidermal
layer acts as the primary permeability barrier. The outermost
epidermal skin layer, called the stratum corneum (SC),
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consists of dead cell layers. SC is formed of corneocytes sur-
rounded by a neutral lipid-enriched extracellular matrix.” The
extracellular lipid matrix is formed by ceramides (CERs)
50%, cholesterol (CHOL) 25%, and free fatty acids (FFAs)
15%.%3 The lipid matrix is organized as stacked bilayers of
fully extended CERs with CHOL molecules associated with
CER sphingoid moiety and FFAs at the CER fatty acid (FA)
end. Such lipid lamella organization explains the low skin per-
meability for water and for hydrophilic and lipophilic substan-
ces, as well as the skin barrier’s resistance to environmental
factors, including temperature, pressure changes, stretching,
compression, bending, and shearing.* The integrity and func-
tionality of the SC barrier are ensured by the presence of cor-
neocyte envelopes, and by a w-hydroxyceramide monolayer
that surrounds corneocytes and other secreted enzymatic and
structural proteins originating from lamellar bodies.” A sec-
ondary barrier is provided by epidermal layers below the SC.°

O]
© Author(s) 2017. 011003-1
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Understanding skin barrier structure and composition is essen-
tial for rational design of percutaneous drug delivery systems.

Chemical and physical enhancements are applied to
enhance permeation of bioactive molecules through the skin.
The modification of skin barrier properties using chemical
penetration enhancers (CPEs) is a widely used approach in
formulation development. Nevertheless, the use of CPEs is
limited due to a number of potential challenges: skin irritation
and allergic reaction; difficulties in predicting and reproduc-
ing the penetration enhancement effect; pharmacological
activities such as binding to the receptor sites; unintended and
prolonged disturbance of the skin barrier function; possible
toxicity; incompatibility with excipients and drugs; or cosmet-
ically unacceptable sensation.” FAs represent a well-defined
group of CPEs. They are included on the list of “generally
recognized as safe substances” and are not expected to cause
irritation or toxicity when used at reasonably low concentra-
tions.”'” The structure and physicochemical properties of
FAs make them suitable for use in pharmaceutical and cos-
metic applications as multipurpose components such as emol-
lients, thickening agents, surfactants, self-assembled vesicles,
or cleansing agents.'""'? FAs enhance skin permeability by
fluidization and disorganization of SC lipids in a reversible
manner.'*'* Skin penetration studies of model drug substan-
ces suggest that unsaturated FAs (oleic, linoleic, and palmito-
leic acids) have greater potential as CPEs compared to
saturated FAs (palmitic or stearic acids).7’9 Moreover, the
effects of widely used linoleic and oleic FAs have been dem-
onstrated to enhance penetration of drug molecules such as
4-aminobenzoic acid (PABA), loratadine, ketorolac trometh-
amine, quinupramine, tenoxicam, ondansetron hydrochloride,
5-aminolevulinic acid, and narcotic analgesics.'>* The most
common method of analyzing skin penetration enhancement
compares the permeability of a drug substance in the presence
of CPE and without it to calculate the enhancement ratio. This
type of analysis requires laborious sample preparation and
complex analytical methods.*® These analyses also lack suffi-
cient data regarding how deep the components penetrate and
possible effects of CPEs on epidermis and dermis barrier
function.

Bioimaging mass spectrometry techniques provide sim-
pler and more informative ways to analyze biological sam-
ples. Time-of-flight secondary ion mass spectrometry (TOF-
SIMS) allows the capability to analyze the compounds in
biological matrices without a priori knowledge of the com-
pounds, which eliminates the need for extraction or labeling
steps required by many other analytical procedures.”*2°
TOF-SIMS is particularly suitable for analyzing lipid com-
ponents.”” The applicability of the method has been con-
firmed by recently published results on visualization and
analysis of skin penetration by drug substances roflumilast,
tofacitinib, and ruxolitinib,28 conventional antimicrobial
component chlorhexidine digluconate,29 and ZnO and TiO,
nanoparticles.>® The TOF-SIMS method was also applied
to evaluate the penetration of tolnaftate into human skin
ex vivo in the presence of individual FAs.*' Additional data
were provided by the application of TOF-SIMS for spatial
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localization of compounds of interest. The results correlated
well with other analytical techniques.

In this study, the distribution of lipid components in epi-
dermis and dermis in the human skin was analyzed ex vivo
after the application of individual FAs. The goal was to gain
a better understanding of possible mechanisms of penetration
enhancement and the effects of FAs on barrier characteristics
of the skin. Straight-chain saturated fatty acids (SFA) (pal-
mitic and stearic acids), monounsaturated fatty acids
(MUFA) (oleic and palmitoleic acids), and a polyunsaturated
fatty acid (PUFA) (linoleic acid) were selected for penetra-
tion studies into human skin ex vivo. Selected SFA, MUFA,
and PUFA differ by their structure, presence in the skin, and
application in pharmaceuticals and cosmetics compounding.
TOF-SIMS bioimaging analysis was performed to visualize
and analyze distribution of FAs in human skin sections. A
main goal of the study was to clarify the significance of indi-
vidual components in topical products for modifying barrier
properties of the skin.

Il. MATERIALS AND METHODS
A. Chemicals

Polyethylene glycol 400 (PEG 400), palmitic acid (hexade-
canoic acid) and linoleic acid [(9Z,12Z)-octadeca-9,12-dienoic
acid] were purchased from Carl Roth GmbH (Karlsruhe,
Germany). Oleic acid [(9Z)-octadec-9-enoic acid], palmitoleic
acid [(9Z)-hexadec-9-enoic acid], stearic acid (octadecanoic
acid), and methanol (ChromasolvW) were purchased from
Sigma-Aldrich Chemie GmbH (Steinheim, Germany). Sodium
azide (NaN3) was obtained from POCh (Gliwice, Poland).
Ethanol (96.3%) was obtained from Stumbras AB (Kaunas,
Lithuania). All other reagents were of analytical grade.

B. Preparation of human skin

Studies with human skin were approved by Kaunas
Region Bioethical Committee. Skin samples were obtained
with informed consent from female patients (of age 25-40)
undergoing elective abdominoplasty in the Department of
Plastic and Reconstructive Surgery, Hospital of Lithuanian
University of Health Sciences Kaunas Clinics. Any extrane-
ous subcutaneous fat was removed from the dermal surface.
The skin was frozen and stored at —20 °C for not longer than
6 months before use.

C. Preparation of skin penetration samples

In vitro skin penetration experiments were carried out
using modified Bronaugh-type flow-through diffusion cells.
The acceptor medium was circulated by a peristaltic pump
(MasterflexW L/SW, Cole-Parmer Instrument Co., IL).

The donor solutions for in vitro skin penetration experi-
ments were prepared by dissolving linoleic, oleic, palmitoleic,
palmitic, or stearic fatty acid in PEG 400 to a concentrations
of 10% (w/w). If necessary, samples were heated up to 50 °C.
Clear solutions were obtained, except for palmitic and stearic
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acids, each of which was semisolid at room temperature. The
control skin sample was mounted without the donor solution.

Full-thickness human skin was thawed slowly, cut into
small pieces, and mounted on modified Bronaugh-type flow-
through diffusion cells (diffusion area 0.64 cm?). The tem-
perature in the block holding the cells was maintained at
37 =1°C. Skin was equilibrated for 12h by circulation of
the acceptor fluid (0.9% NaCl + 0.005% NaN3) underneath
the skin. The acceptor fluid was replaced with 4 ml of fresh
acceptor fluid. An infinite dose (not less than 0.2 g) of donor
solutions was applied on the SC side of the skin surface for
6h to ensure full contact of the donor phase with the skin
surface and steady concentration gradient throughout the
experiments. The acceptor fluid flow rate was 0.6 ml/min.
After 6h, the donor phase was carefully removed, and the
skin surface was rinsed with ethanol (96.3%) and a NaCl
solution (0.9%). Residual water from the samples was care-
fully removed with a tissue wipe. Skin specimens were
immediately frozen using dry ice, wrapped in aluminum foil,
and stored at —80 °C.

D. TOF-SIMS analysis

In a previous study by Kezutyte ef al.,*' a skin sample
porosity issue was encountered. To avoid this issue, skin
specimens were embedded in carboxymethyl cellulose
(CMC), which has been used in mass spectrometry imaging
of rice®® and murine skin samples™ without interference to
the analysis. Briefly, a 4% CMC (average MW ~250 000)
solution was prepared. The skin samples were equilibrated
in the cryostat for approximately 30 min and precut to fit the
cryomolds. Later, the samples were fitted into the cryomolds,
covered with a precooled CMC solution to avoid bubble for-
mation, and snap-frozen with liquid nitrogen.

CMC-embedded skin sections of 16-um thickness were
cut in a lateral direction to the epidermis at —25 °C using a
CM3050-S cryostat (Leica Microsystemes SA, Nanterre
France) and immediately deposited on a silicon wafer (2-in.-
diameter polished silicon wafers, ACM, Villiers—Saint-
Frédéric, France). The samples were dried under vacuum at
a pressure of a few hectopascals for 15 min before the TOF-
SIMS analysis. A subsequent skin section of each sample
was cut and deposited on a glass slide to measure the thick-
ness of the epidermis. A standard method of hematoxylin
and eosin (H&E) staining was performed. Optical and H&E
images were recorded with an Olympus BX51 microscope
(Olympus, Rungis, France) equipped with lenses x1.25 to
x50 and a motorized scanning stage (Marzhauser Wetzlar
GmbH, Wetzlar, Germany) and a SC30 color camera, moni-
tored by OLYMPUS STREAM MOTION 1.9 software. OLYMPUS
STREAM MOTION software was used to measure the thickness
of the epidermis in images of H&E stained samples. The
thickness of the epidermis was measured at five points for
each sample.

The experiments were performed using a commercial
TOF-SIMS 1V time-of-flight mass spectrometer (ION-TOF
GmbH, Miinster, Germany). The spectrometer was equipped
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with a liquid metal ion gun (LMIG) filled with bismuth.
Bi;" cluster ions were used for all experiments. Using this
method, primary ions extracted from the source reached the
sample surface with a kinetic energy of 25keV and at an
angle of incidence of 45°. Secondary ions are accelerated to
an energy of 2keV, fly through a field-free region, and are
reflected with a single stage reflector (effective flight path
~2m). Then, they are postaccelerated to 10keV just before
hitting the entrance surface of the hybrid detector, which is
made of one single microchannel plate, followed by a scintil-
lator and a photomultiplier. A low-energy electron flood gun
is activated between two primary ions pulses in order to neu-
tralize the sample surface with the minimum damage.

High-current bunched mode has been used for the pri-
mary ion column operation during the experiments, provid-
ing both a beam focus of 2 um and a pulse duration of less
than 1 ns. Such experimental conditions enabled a high mass
resolution, M/AM = 8000 (full width at half maximum) at
m/z 500. The Biz" primary ion current, measured at 10 kHz
with a Faraday cup on the grounded sample holder, is
~0.65 pA in the high-current bunched mode. For images of
human skin sections, a large-area analysis (1.5 x 0.5 mm)
was performed using these same LMIG conditions, and the
stage scan. The number of pixels was 750 x 250, with each
pixel having a size of 2 x 2 pum? Calibrations were con-
ducted internally, and the signals used for initial calibration
were H,C,CH, CH, , C,, C;7, and C4,H . The inten-
sities of cholesteryl sulphate and linoleic, palmitoleic, pal-
mitic, oleic, and stearic acids were measured using the
conditions described above in negative ionization mode and
expressed as ion intensity images. TOF-SIMS analysis was
repeated in triplicate for each fatty acid exposed tissue in
order to confirm analytical repeatability and biological
reproducibility.

E. Data analysis

The data were acquired and processed using SURFACELAB
version 6.2 (ION-TOF GmbH, Munster, Germany) software.
Further analysis and manipulation of acquired data was car-
ried out using orIGIN Version 9.0 (OriginLab, Northampton,
MA) software. To determine the statistical significance of the
intensity changes in the skin, a nonparametric Mann—Whitney
test was applied using IBM spss Statistics for wINDOWS,
Version 20.0 (IBM Corporation, Armonk, NY). The level of
significance was determined as p < 0.05.

lll. RESULTS
A. Imaging of FAs ions in human skin ex vivo

TOF-SIMS analysis of human skin sections was con-
ducted to demonstrate and evaluate the effects of FAs on the
skin layers. In the TOF-SIMS images, skin sections covered
an area representing not less than 1.154 mm depth from the
skin surface and 0.5 mm width. The differences in sample
depth were due to variable positioning of the samples.
Nevertheless, this area covered the full epidermis layer,
which was measured to be 0.06458 £ 0.01090 mm wide [see
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supplementary material 1 (Ref. 50)] and a fragment of the
dermis layer, which was 1.08942 mm wide. Depending on
the part of the human body, average width of healthy human
skin epidermis is up to 0.1 mm and dermis is 3-5mm. It
must be noted that the hydrophilic dermis gets swollen dur-
ing the penetration studies due to the acceptor medium circu-
lated underneath the skin, which increases the width.

The TOF-SIMS imaging area was carefully selected
avoiding the shunt routes (the sebaceous glands and hair fol-
licles containing high accumulations of lipids). TOF-SIMS
images (Fig. 1) show the spatial localization of [M-H]-car-
boxylate ions of linoleic acid, oleic acid, palmitoleic acid,
palmitic acid, and stearic acid, corresponding to the optical
image obtained from the same ex vivo human skin sample.

The physicochemical properties of the FAs are pre-
sented in Table I. The cholesteryl sulphate (m/z 465.3044)
ion is predominantly localized in the epidermal skin and

SAC0 um F100.00 pm
l i
ptical £ Linoleic acid 0
microscopy | v MC: 45;
2 TC: 4.813e+005
500.00 um
|—|100 00 um
H&E stining Oleic acid
MC: 65;
TC: 9.809e+005
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was selected to show the epidermis integrity of each ana-
lyzed sample.

In order to avoid the previously described sample contam-
ination with triglycerides during the cryosectioning proce-
dure, the samples were cut laterally to the epidermis.®'**
There were no visible lipid droplets in the samples, and the
porosity was reduced by using the embedding procedure.
However, it was noted in the microscopy images that some
fragments of SC were lost during the cryosectioning proce-
dure. The SC layer contains a large amount of lipids. Thus,
the loss may have affected the detected FA intensities in
upper epidermal layers.

FA spatial distribution in control skin samples, shown in
Fig. 1, was detected to be in accordance with the described
chemical composition of skin layers.>> Ion intensities of
unsaturated FAs were higher in the part representing the
epidermis layer compared to the dermis. Ion intensities of

—100.00 pm

li.

Palmitic acid

F—100.00 um

lil

Palmitoleic acid

MC: 25; MC: 55;
TC: 2.182e+005 TC: 1.062e+006
—{100.00 pm —100.00 pm

28
12
8
4

Cholesteryl sulfate
MC: 28
TC: 3.563e+005

Ii.

Stearic acid
MC: 80;
TC: 1.014e+006

FiG. 1. TOE-SIMS images of the control skin: spatial localization of selected ions compared to the optical image. TOF-SIMS images (negative ion mode)
showing lateral distribution of palmitoleic, palmitic, linoleic, oleic, and stearic acid ions in the skin. Field of view was 1.5 x 0.5 mm?, 750 x 250 pixels, pixel
size 2 x 2 um?, and fluence 5 x 10'" ions/cm?®. The amplitude of the color scale corresponds to the maximum number of counts MC and could be read as [0,
MC]. TC is the total number of counts recorded for the specified m/z (the sum of counts in all pixels).
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TasLE I. Physicochemical properties of the five selected FAs.

Fatty acid Formula Ton detected m/z value of [M-H] ™ ion logP, reported in lipidmaps Melting point (°C)
Linoleic acid Cy3H3,0, (C18:2) (M-H)™ 279.2330 5.88 —6.9
Oleic acid C,gH340, (C18:1) (M-H)~ 281.2486 6.11 134
Palmitoleic acid Ci6H300; (C16:1) (M-H)~ 253.2173 5.33 —0.1
Palmitic acid C16H;,0, (C16:0) (M-H)~ 255.2330 5.55 62.5
Stearic acid CgH360, (C18:0) (M-H)™ 283.2643 6.33 69.3

saturated stearic and palmitic acids were slightly higher in
dermis compared to epidermis. These results, as well as
the cholesteryl sulphate ions, mainly concentrated in the
part representing the epidermis layer, confirm that the
main structural skin layers were intact in the control skin
samples. Similar spatial ion distribution was observed in
samples treated with singular FAs, showing that the FA-
treated samples maintained full integrity [see Fig. 2, and

for all TOF-SIMS images, see supplementary material 1
(Ref. 50)].

TOF-SIMS images confirmed the integrity of the skin
samples and spatial organization of FAs. However, it is diffi-
cult to compare multiple images using only color-scale bars.
The quality of the samples also was affected by freezing arti-
facts and porosity of the skin sections appearing during the
preparation of samples for TOF-SIMS analysis.

500.00 ym F100.00 pm 100.00 pm F100.00 pm
Q
oo
- ©
Optical § Linoleic acid 0 Palmitoleic acid Palmitic acid 0
microscopy | v MC: 45; MC. 25; MC. 55;
= TC: 7.599e+005 TC: 4.075e+005 TC: 1.883e+006
500.00um | &»
o —100.00 pm —100.00 ym F—100.00 ym
H&E staining Oleic acid Stearic acid ° Cholesteryl suffats
MC: 65; MC: 80; MC: 27;

TC: 1.526e+006 TC: 1.621e+006 TC: 4.455e+005

FiG. 2. TOE-SIMS images of a sample treated with linoleic acid: spatial localization of selected ions compared to the optical image. TOF-SIMS images (nega-
tive ion mode) showing lateral distribution of palmitoleic, palmitic, linoleic, oleic, and stearic acid ions in the skin. Field of view was 1.5 x 0.5 mm?,
750 x 250 pixels, pixel size 2 x 2 um?, and fluence 5 x 10'" ions/cm?. The amplitude of the color scale corresponds to the maximum number of counts MC

and could be read as [0, MC]. TC is the total number of counts recorded for the specified m/z (the sum of counts in all pixels).

Biointerphases, Vol. 12, No. 1, March 2017
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B. Analysis of FAs ion intensity profiles

To evaluate and compare the obtained ion images, each
ion image was converted to intensity profiles, as a function
of depth. The profiles show the detected ion intensity in the
skin sample to 1.154mm depth, and integrated over the
entire width of the image (0.5 mm) (Figs. 3 and 4).

The intensity profiles provide the distribution of FAs
ranging from the surface to the end of the analysis area.
They allow direct comparison of ion intensities in control
skin samples with the ion intensities detected in samples

011003-6

treated with FAs. Fluctuations were noted in the ion inten-
sity profiles of FA-treated samples, unlike the control skin
profiles.

The intensity profiles of the FAs along the depth of sam-
ples treated with linoleic acid (Fig. 3) showed increases in
linoleic, palmitic, and stearic acids. In the epidermal portion
of the skin, linoleic acid was detected at levels twice as high
as in the control skin. The increase remained noteworthy in
the dermis section, suggesting that the externally applied
linoleic acid penetrated into both layers of the skin. Despite
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Fic. 3. Ion intensity profiles for FAs detected in samples treated with linoleic acid and compared to the intensity profiles of the control (a) linoleic acid, (b) pal-
mitoleic acid, (c¢) palmitic acid, (d) oleic acid, and (e) stearic acid. The intensity profile of linoleic acid treated samples is shown as a solid black line, and solid
red line indicates the control. Similar fluctuations are visible in all FA profiles.
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(b) Palmitoleic acid intensity profiles
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the intensity changes, the shape of the profile is similar for
all the FAs analyzed in the samples treated with linoleic
acid, showing relatively higher intensities of FA ions in the
treated sample epidermis, whereas greater amounts of pal-
mitic and stearic acid ions were detected in the dermal layer.

The similar shapes of the intensity profiles and increase in
FAs other than linoleic acid suggests that linoleic acid disor-
ganizes the lipids in the skin, thus allowing lipids from SC
to migrate into both epidermis and dermis layers with the
flux of linoleic acid itself. Although the intensity profiles
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fluctuate more, the average values are greater, indicating the
fluctuations may be caused by this disorganization.

In samples treated with oleic acid, FA ion intensity
changes were less evident than in linoleic acid treated sam-
ples, as shown in Fig. 4. The amount of oleic acid was
increased in all of the analyzed skin area. There was no
noticeable change in palmitoleic acid ion intensity, while the
amount of linoleic acid was increased from the surface down
to 0.6 mm depth, where it reached a peak intensity, and then
decreased to the control level in the deeper skin region.
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Palmitic and stearic acid profiles were similar: showing a
small increase in epidermis and upper part of dermis, then
further increasing sharply in the depth ranging from 0.6 to
1.154 mm from the surface of the skin.

These results show that oleic acid permeates the skin
through the epidermis and dermis. Moreover, it disorganizes
other FAs, including linoleic, stearic, and palmitic acids,
which are detected in high intensities in the skin.

The ion intensity profiles of the samples treated with
other FAs [see supplementary material 2 (Ref. 50) for all
fatty acids intensity profiles, as a function of depth] showed
that the treatment of skin with palmitoleic acid resulted in an
increase of palmitoleic acid in the epidermis only, while in
the samples treated with palmitic and stearic acid, a notice-
able increase in linoleic acid was detected.

The ion intensity profiles provided reliable information
showing significant changes at each depth point of the sam-
ple, but for obtaining a quantifiable comparison of the pro-
files they were further integrated.

C. Semiquantification of the changes and comparison
to the control samples

Intensity profiles were subdivided into two areas corre-
sponding to epidermis (0-0.06458 mm) and dermis
(0.06458—1.154 mm), based on the average of measured epi-
dermis thicknesses. Areas under the intensity profile were
integrated and normalized dividing it by the depth in milli-
meters, obtaining a unit corresponding to intensity counts
per 1 mm of analyzed depth. The FA intensity values per
1 mm of analyzed depth in epidermis and dermis were used
to obtain a semiquantitative analysis approach of the results,
as well as to compare the effects of different individual FAs
to the control skin samples. A previous study by Bich et al.
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reported on a semiquantitative lipid analysis using TOF-
SIMS.*® A nonparametric Mann—Whitney test was selected
for the statistical comparisons and the level of significance
was p < 0.05.

Data integration and statistical comparison facilitated an
objective evaluation of observed FA distribution changes.
Significant changes were detected in all analyzed FAs in epi-
dermis of skin samples subjected to the application of lino-
leic acid. This confirmed that linoleic acid disorganizes all
of the analyzed FAs in the epidermis layer (Fig. 5). In the
dermis, statistically significant changes of palmitoleic and
stearic acid were detected. Thus, a 72% increase in linoleic
acid remained insignificant because of the linoleic acid vari-
ation in between the samples.

In the samples treated with the remaining FAs, significant
effects were detected only for singular FAs detected in the
skin (Table II). Comparison of oleic acid treated samples to
the control skin, shown in Fig. 6, revealed a significant accu-
mulation of oleic acid in epidermis (86%) and dermis (22%),

TaBLE II. Statistically significant changes in FA distribution following treat-
ment with selected FAs. Changes in FA concentration detected among skin
treatments and control sample are represented as the names of FAs: LA,
linoleic acid; OA, oleic acid; POA, palmitoleic acid; PA, palmitic acid; and
SA, stearic acid. N/D, no statistically significant difference.

Significant changes of FAs distribution

Skin treatment Epidermis Dermis
Linoleic acid LA, POA, OA, PA, SA POA, PA, SA
Oleic acid OA OA
Palmitoleic acid POA N/D
Palmitic acid LA LA
Stearic acid N/D SA
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confirming that oleic acid passes the epidermal barrier.
There were no statistically significant changes in other FAs
analyzed, showing that oleic acid did not influence their dis-
tribution in the skin.

Analysis of palmitoleic acid treated samples exhibited a
significant increase in palmitoleic acid of up to 179% com-
pared to the control skin in the epidermal section. No
changes were detected in the dermal layer, demonstrating
that palmitoleic acid does not pass the epidermal barrier.

An increase in linoleic acid was noted in the intensity pro-
files of samples treated with saturated palmitic and stearic
FAs. However, the increase was significant only in the pal-
mitic acid treated samples: 176% in epidermis and 113% in
dermis. After the application of stearic acid, an increase of
linoleic acid up to 94% in the epidermis and 93% in the der-
mis remained insignificant. The quantity of linoleic acid
varies among the samples, resulting in decreased ability to
detect the statistically significant changes. Thus, the effects
of the increased linoleic acid amounts following application
of saturated FAs are associated with skin occlusion improv-
ing the penetration of other compounds.

After the application of stearic acid, a minor but statistically
significant stearic acid increase of 30% was detected in the
dermis. This change could be attributed to the increased mobil-
ity of linoleic acid. In contrast, the increase in linoleic acid
was greater following the application of palmitic acid, but the
55% increase of palmitic acid in the epidermis remained statis-
tically insignificant. This shows that evaluation reliability of
the changes in FA distribution highly depends on the variation
of a particular FA concentration in the skin samples.

IV. DISCUSSION

TOF-SIMS analysis of individual FAs in the human skin
samples ex vivo after the 6 h penetration studies allowed a

Biointerphases, Vol. 12, No. 1, March 2017

comparison of how FAs affect the naturally present FA dis-
tribution in the skin. Human skin samples used in the com-
parative study were from the same donor, thus minimizing
the effects of interindividual variations. Integration of the
ion intensities in the TOF-SIMS images and the subsequent
statistical analysis enabled evaluation of the effect of each
FA and a comparative analysis.

As it was noted in the work of Kezutyte et al.,31 TOF-
SIMS analysis of the skin samples may have been affected
by a number of factors. It is recognized that the analyzed
FAs are naturally present on the skin surface due to products
from hydrolysis of sebaceous lipids to C16 or C18 MUFA
and PUFA.***” To minimize these influences, skin surfaces
were cleaned with 0.9% NaCl prior to in vitro experiments.
In addition, after in vitro experiments, the donor phase was
carefully removed, followed by rinsing with ethanol and
0.9% NaCl, to eliminate the traces of sebum from the skin
surface.

Other potential factors we considered were sample con-
tamination with triglycerides and porosity appearing during
the cryosectioning of the skin. No visible lipid droplets were
detected in the samples, and the porosity in the sections was
decreased compared to complementary data from the pub-
lished human skin ex vivo analysis.3 ' As the possibility of
sample contamination with triglycerides during the cryosec-
tioning procedure remains questionable, the samples were
cut in a direction parallel to the epidermis.®'**

The procedure for freezing skin sample freezing follow-
ing the FA skin penetration experiment also may have
decreased the quality of cryosections. To prevent contamina-
tion of skin samples with additional substances, we avoided
using any additional freezing media and froze the samples
with dry ice. This freezing method increased the porosity of
the samples, due to ice formation in the tissue, but as no
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additional compounds were used in the freezing procedure,
the only freezing artifacts were the porosity of the samples.
Optical microscopy images showed that fragments of SC
were lost during the embedding and cryosectioning proce-
dure. This loss may have affected the amounts of FAs
detected in the upper epidermal layer, which explains the
excessive amounts of FAs detected in the skin after the
application of individual FAs compared to control. These
drawbacks in sample preparation also may have caused
increased variation in FA distribution between the samples.

Despite the partial loss of SC during the sample prepara-
tion, integration of obtained TOF-SIMS images supported a
semiquantitative approach and statistical comparison of the
acquired data. The effects induced by applying individual
FAs on human skin ex vivo were evaluated in terms of FA
concentrations detected in epidermal and dermal layers.
Statistical comparisons provided additional information about
the significance of changes to concentrations of FAs in human
skin caused by application of individual FAs. These compari-
sons also clarified the effects of different FAs on the skin.

A characteristic feature of FAs applied on the skin is their
ability to modify the mobility of molecules in the skin.
Ibrahim and Li'* showed that the effectiveness of a CPE in
enhancing transdermal permeation along the lipoidal path-
way across SC is related to enhancer solubility and amount
in the SC lipids. A general relationship exists between the
enhancer effect and octanol—water partition coefficient.*® It
should be noted that according to regular solution theory, the
lower a material’s melting point, the greater its solubility in
a given solvent. All analyzed FAs have similar logP values,
but the melting points of saturated FAs are higher when
compared to unsaturated FAs, thus limiting their solubility
in skin lipids (Table I). Analysis of the samples individually
treated with stearic or palmitic acid demonstrated minor or
insignificant increases of these FAs in epidermis or dermis
layers. In the current study, palmitic acid did not pass the SC
barrier, while a minor increase in stearic acid was noted in
the dermis. Also, both FAs increased the amounts of linoleic
acid in human skin ex vivo epidermis and dermis layers. This
effect is related to skin occlusion, which improves the pene-
tration of other compounds. Statistical analysis of the
induced changes demonstrated that variation in concentra-
tion of a particular FA in the skin samples is a critical factor.

The ability of saturated FAs to enhance penetration of
donepezil was determined to be comparable to that of unsat-
urated FAs.** Palmitoleic acid, which is a C16 alkyl chain
MUFA, was demonstrated to be an efficient penetration
enhancer of naloxone, compared to C16 and C18 alkyl chain
saturated and unsaturated FAs.'” A significant increase in
palmitoleic acid was noted in the epidermis with no reliable
increase in dermis and no changes in distribution of other
FAs. These results indicate a limited ability of palmitoleic
acid to pass the epidermis-dermis barrier and suggest that it
can be used for drug delivery systems when it is necessary to
increase permeation of a compound into the epidermis.

Linoleic acid induced redistribution of FAs within the
human skin ex vivo. Linoleic acid is a polyunsaturated
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omega-6 essential FA, having two cis unsaturated double
bonds at C9 and C12 locations, and has the lowest melting
point of the analyzed FAs. Linoleic acid is an established
CPE and typically used in comparison to oleic acid. It has
been confirmed that linoleic acid penetrates the skin more
rapidly than oleic acid.*” This suggests that linoleic acid
should exhibit greater penetration enhancement properties,
and this has been confirmed by studies with PABA, lorata-
dine, ketorolac tromethamine, and quinupramine.'®™"® In a
study of oxymorphone, hydromorphone and morphine skin
penetration, the penetration enhancement effect of linoleic
acid was correlated to its concentration.'” Lipid disorganiza-
tion by the linoleic acid in the SC as well as in total skin
could be attributed to higher fluidity of lipid regions, result-
ing in increased permeation of the penetrants. Increased skin
lipid bilayer fluidity after the application of oleic and linoleic
acid has been confirmed in a FT-IR study.*' Despite the
higher disorganization of the lipids in the SC induced by
linoleic acid, the MUFA oleic acid increased the permeation
of tenoxicam, ondasetrone hydrochloride, carvedilol, and 5-
aminolevulinic acid.?***?

Using the lipid protein partitioning theory, which
describes the mechanisms of action for various CPE classes,
oleic acid was chosen as one of the model CPEs.** The cis
double bond at C9 of oleic acid provides the potential for a
kink structure formation in molecules and can disrupt the
ordered skin lipids. It has been suggested that oleic acid
melts the lipid chain fragment within the bilayer structure,
together with some nonpolar material. It also breaks associa-
tions between lipid polar groups and disrupts cholesterol-
stiffened regions, thereby increasing their fluidity.'>*
Various approaches have been used to assess oleic acid
effects on SC lipids, confirming the previous theory and
demonstrating the ability of oleic acid to disrupt the SC bar-
rier by incorporating itself into the lipid lamellae causing
increased disordering of the alkyl chain.**™° In the current
study, the oleic acid concentration increased in both skin
layers, while no disordering of other analyzed FAs was
detected. These observations show that oleic acid permeates
both skin layers without disordering other analyzed FAs in
the skin, and also participates in the formation of regions
with increased fluidity.

V. CONCLUSIONS

TOF-SIMS imaging is an informative technique for ana-
lyzing the penetration of substances naturally present in the
skin. It provides the ability to analyze the distribution of sev-
eral selected compounds simultaneously. The current study
showed that TOF-SIMS imaging can be applied in visualiz-
ing the distribution of linoleic, oleic, palmitoleic, palmitic,
and stearic acids in the human skin ex vivo after skin pene-
tration by individual FAs. The integration of the obtained
TOF-SIMS images allows semiquantitative comparison of
the effects induced by applying individual FAs on the human
skin ex vivo.
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Linoleic, oleic, palmitoleic, palmitic, and stearic FAs are
commonly used in dermatological formulations. They
showed different abilities to penetrate the skin and disorder
the FAs within the skin depending on their structure and
physicochemical properties. Linoleic acid penetrated the
skin and changed the distribution of all the analyzed FAs,
while other individual FAs did not induce similar changes.
Skin treatment with palmitoleic or oleic acid increased the
amounts of singular FAs in the skin. Penetration of saturated
FAs was low, but it increased the detected amounts of lino-
leic acid in both skin layers. The results indicated that appli-
cation of FAs on the skin surface induces redistribution of
native FAs not only in the SC but also in the lipid content of
full epidermis and dermis layers. Possible chemical penetra-
tion enhancement and lipid component redistribution effects
should be evaluated while formulating topically applied
pharmaceutical products.
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