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ABSTRACT: This work demonstrates the ability to detect changes in both quantity and spatial distribution of human stratum
corneum (SC) lipids from samples collected in vivo. The SC functions as the predominant barrier to the body, protecting against the
penetration of xenobiotic substances. Changes to the SC lipid composition have been associated with barrier impairment and conse-
quent skin disorders and it is therefore important to monitor and quantify changes to this structure. This work demonstrates the first
reported use of time of flight secondary ion mass spectrometry (ToF-SIMS) to assess physiological changes to human SC as a func-
tion of depth. This technique provides exceptional sensitivity and chemical specificity, allowing analysis of single tape stripped
samples taken from volunteers. Using this methodology we were able to successfully identify chemical differences in human SC
resulting from both intrinsic and extrinsic (photo) aging. Samples were collected from women of two age groups (under 27 and
post-menopausal) and from two body sites with varying UV exposure (inner forearm and dorsal hand) and differences were identi-
fied using multivariate data analysis. The key finding was the significant aged-related increase and change in spatial distribution of
the sterol cholesterol sulfate, a membrane stabilizing lipid. Significant changes in the prevalence of both lignoceric acid (C24:0)
and hexacosanoic acid (C26:0) were also observed. This work describes previously unreported age-related chemical changes to
human SC, providing an insight into aging mechanisms which may improve the design of both pharmaceutical and cosmetic topical

products.

The stratum corneum consists of tightly stacked layers of
corneocytes surrounded by an intercellular lipid-rich domain
and despite being only 10-20 um thick it provides the primary
barrier to the body, preventing transepidermal water loss and
the penetration of xenobiotic substances.! Although previously
thought to be a metabolically inert structure, the role of the SC
as a natural biosensor is now known to be crucial in the de-
fence mechanism of the skin.> Examples include changes to
external humidity which initiate filaggrin proteolysis and the
release of preformed cytokines to regulate epidermal lipid
synthesis in response to acute barrier disruption.”> Changes in
the SC lipid composition have also been linked to various skin
disorders, including atopic dermatitis, psoriasis and ichthy-
oses, reviewed by Harding® and more recently Jungersted and
Agner.* Detailed chemical analysis of this tissue and the
changes it undergoes in response to both internal and external
factors is therefore hugely important in order to facilitate more
effective skin treatments.

Time of flight secondary ion mass spectrometry (ToF-
SIMS) is a surface analysis technique that provides high
chemical sensitivity and specificity. Successful analysis of a
wide range of biological compounds have been demonstrated
using ToF-SIMS, including proteins’ and lipids® from a variety
of biological substrates, including bacteria’, individual cells®
and both healthy® and diseased tissue'®. ToF-SIMS analysis
has recently been employed to monitor permeation of topically
applied compounds through ex vivo skin tissue, both animal !
and human'?. However, this technique has not yet been utilised

to study the lipid composition of native human skin, despite
offering several advantages over traditionally used chromato-
graphic mass spectrometry methods. ToF-SIMS requires no
prior sample preparation except the removal of excess mois-
ture, which allows biological samples to be analysed in their
original state without the need for a dissolution or extraction
process. The technique can also simultaneously detect ions
from multiple components within a sample, eliminating the
need for the often complicated separation step found in chro-
matographic methods. However, the key advantage offered by
ToF-SIMS is the ability to map the spatial distribution of de-
tected ions within a sample, with a resolution of 1 um achiev-
able.

The lipid composition of the SC is unique and significantly
different to other biological membranes. Typical keratinocyte
plasma membranes contain high levels of phospholipids yet
the SC contains virtually none, as depletion of these lipids
accompanies cornification.'® Instead this tissue consists pre-
dominantly of three main species, ceramides, cholesterol and
fatty acids, in an equimolar ratio.! Cholesterol sulfate is also
present in small quantities, declining from 5% of the total lipid
content in the underlying layers of the SC to only 1% in the
most superficial layers.!* Despite this, it has emerged as a sig-
nificantly important component with Sato et al. proposing that
it plays a role in regulating desquamation, through inhibition
of proteases which facilitate corneocyte loss.'® Elias et al. had
previously demonstrated a fivefold increase in this molecule in
patients with recessive X-linked ichthyosis.!® This hereditary



condition results from a deficiency in steroid sulfatase and
causes extreme scaling of the skin and both Elias et al.'” and
Sato et al.' have induced scaling of murine skin through topi-
cal cholesterol sulfate application. It is also known that this
sterol is found in keratinizing membranes at much higher lev-
els than in mucosal membranes, further supporting the sugges-
tion that it is involved the regulation of desquamation.'*

Research into aging skin is becoming increasingly popular,
a consequence of both an aging population and an increased
awareness of UV damage. The aging process in skin occurs
through two pathways, intrinsic and extrinsic.'® Intrinsic aging
is a consequence of the degenerative process the body under-
goes over time, whereas extrinsic aging becomes apparent in
people from a much younger age due to exposure to environ-
mental factors, such as cigarette smoke, pollution and UV
radiation.'”® Prolonged exposure to UV radiation in particular
can result in phenotypic changes, an effect termed photo dam-
age.'® The majority of research surrounding aging skin is fo-
cused on changes to physical parameters, such as transepider-
mal water loss, surface pH or skin hydration.'” However, in-
formation regarding age-related changes to the SC lipid com-
position is less documented and different groups have reported
variable effects. Both Jungersted et al* and Imokawa et al.*°
used the cyanoacrylate method to remove human SC and con-
ducted analysis using thin layer chromatography. Yet while
Jungersted et al* noted no significant change in any of the
individual ceramide classes, Imokawa et al.?’ reported a signif-
icant decrease in total ceramide content with age. Rogers et
al?' also used thin layer chromatography to report an age-
related decrease in all three major lipid classes, but this analy-
sis was conducted using pooled tape stripped samples. Denda
et al.?* used solvent extraction coupled with thin layer chroma-
tography to reveal both an increase and decrease in individual
ceramide classes, but only in female volunteers. There is also
limited information regarding the effect of environmental ex-
posure on SC lipids. Bak et al®> demonstrated a significant
decrease in murine SC ceramide content following long term
UV exposure and Boireau-Adamezyk et al?* reported a de-
crease in cholesterol levels when comparing an exposed arm
site to a protected one. Despite its proposed importance in
desquamation, only one group to date have focused on a
change in cholesterol sulfate levels with age. Haratake et al.?®
conducted thin layer chromatographic analysis of extracted
lipids from murine SC to demonstrate that cholesterol sulfate
and cholesterol levels were increased and decreased respec-
tively in aged mice.

Despite the presence of a lipid gradient within the SC? there
is limited research assessing both lipid composition in general
and age-related changes as a function of SC depth. Typical SC
sampling methods, such as surface extraction and cyanoacry-
late resin, sample the SC as a whole and until recently instru-
ment sensitivity required sequential tape strips to be pooled.
Both Egawa et al.’’ and Boireau-Adamezyk et al.** have re-
cently demonstrated the ability to record measurements at
varying depths within the SC in vivo using Raman spectrosco-
py, at depths of 2 and 4 pm apart respectively. However, this
technique cannot provide the chemical specificity that is of-
fered by mass spectrometry techniques.

This study describes the first reported application of ToF-
SIMS to conduct chemical analysis of native human SC from
individual tape stripped samples collected in vivo. In addition
to exceptional sensitivity and chemical specificity, ToF-SIMS

also allows the spatial distribution of compounds to be
mapped. Therefore, by combining ToF-SIMS with tape strip-
ping both the composition and distribution of lipids can be
monitored as a function of SC depth.

EXPERIMENTAL SECTION

Sample Population. The sample population consisted of
healthy female volunteers with a Fitzpatrick skin type II/IIL.%
In order to observe differences due to intrinsic aging, samples
were taken from 9 females under 27 years old and 9 post-
menopausal females (typically > 60 years of age). In order to
observe differences caused by extrinsic aging, samples were
collected from both the flexor forearm (low UV exposure) and
dorsal hand (high UV exposure) for each volunteer. For the
purpose of this study the following abbreviations will be used:
post-menopausal (old or O), under 27 year old (young or Y),
arm (A) and hand (H). All volunteers participated after provid-
ing consent and confirmed they were free from skin condi-
tions, medication and had not recently used any form of artifi-
cial tanning methods.

Sample Collection. Tape stripping experiments were per-
formed using D-Squame® skin sampling discs (CuDerm, Dal-
las, Tx, USA). The circular discs had a diameter of 22 mm and
used a fully cured medical grade synthetic poly-acrylate ester
adhesive. The disc was applied to the skin, a constant pressure
applied using a pressure disc applicator (CuDerm) and the disc
removed in one fluent motion. Fifteen consecutive tape strips
were taken per body site for each volunteer. The tape strip data
reported in this study are specified as strip 1 being the upper-
most layer and strip 15 being the deepest. Samples were stored
at -18 °C until required for analysis. Prior to analysis samples
were attached to glass slides and vacuum dried at 40 °C for 20
minutes.

Scanning electron microscopy (SEM). Analysis was
conducted on tape strip no. 6 for three volunteers from each
age category. Tape strip 6 was chosen due to its median posi-
tion within the collected samples. The tape stripped samples
were mounted onto aluminum SEM stubs of 12.5 mm diame-
ter, using carbon based, electrically conductive, double sided
adhesive discs as the mounting adhesive. Prior to analysis the
samples were sputter coated with gold for 3 minutes resulting
in a surface coverage of approximately 20 nm. The samples
were analysed using a Jeol 6060LV Variable Pressure SEM in
high vacuum mode, using a range of spot sizes and voltages to
optimise the individual sample resolution. Samples were im-
aged at x 800 magnification.

Atomic force microscopy (AFM). Analysis was con-
ducted on samples from one volunteer from each age category
with each alternate tape strip (strip 2 - 14) analysed. AFM
measurements were performed on a Multimode AFM with
NanoScope Illa controller (Bruker, USA) using manufacturer
supplied software. All measurements were carried out using
tapping mode under ambient laboratory conditions (humidity
~60 %, temperature ~22 °C) using TESP probes (nominal
spring constant 20-80 N/m). Data was analysed using instru-
ment control software (NanoScope software version 5.31R1
was used throughout). Tape stripped samples were fixed to
metal sample stubs prior to imaging. For sample height meas-
urements, images were taken with approximately equal areas
of skin and substrate visible. Line profiles were then taken
across the surface and the maximum height of the corneocyte
layer above the substrate plane was measured. Three images



were taken from different areas of each sample, with three line
profiles taken from each image, making all step height values
quoted as the mean of nine individual measurements.

Time of flight secondary ion mass spectrometry
(ToF-SIMS). Analysis was performed using a ToF-SIMS IV
instrument (IONTOF, GmbH) with a Bis" cluster primary ion
source and a single-stage reflectron analyser. A primary ion
energy of 25 keV, a pulsed target current of approximately 0.3
pPA and post-acceleration energy of 10 keV were employed
throughout the analysis. The primary ion beam had a focused
beam size of 1-2um and the primary ion dose density was
maintained at < 1 x 10'? ions per cm? throughout to ensure
static conditions. Charge compensation of the sample was
performed using a low energy (< 20 eV) electron flood gun.
Spectra were acquired in high current bunched mode over 4 x
4 mm areas in both positive and negative polarity, at a resolu-
tion of 100 pixels/mm. Each 4 x 4 mm area was scanned using
the macro-raster stage function, using a random raster pattern.
64 separate 0.5 x 0.5 mm patches were scanned, with 15 scans
acquired per patch. ToF-SIMS data was acquired and analysed
using SurfaceLab 6 software (IONTOF, GmbH). Retrospec-
tive data analysis allowed ions indicative of organic material
(eg. CN" and CsHsO") to be identified and these were used to
threshold the data-sets, removing data from the adhesive tape
material observed between fissures in the stripped skin. Each
data-set was then divided into four smaller data-sets for analy-
sis, each representing a 1 x 1 mm sample area. This produced
a repeat of n = 4 for every sample. Following subtraction of
the substrate data, peak intensities were normalised to the total
ion count of the spectra.

Multivariate data analysis. Multivariate data analysis
(MVA) has become an increasingly popular analysis tool in
the field of ToF-SIMS, particularly for biological samples.?
MVA was conducted using SIMCA-P software (Version 13.1,
Umetrics, MKS Instruments Inc.). The data was exported as
peak intensities which had been normalised to the total ion
count of the spectra. It was then mean centered and Pareto
scaled, which involves the division of each variable by the
square root of its standard deviation. Separation of the data
sets was initially viewed using principal component analysis
(PCA) to provide an unsupervised model, but final analysis
was conducted using the supervised method orthogonal partial
least-squares discriminant analysis (OPLSDA) to enhance
class separation. The data is presented as both score plots and
loadings S plots. The scores plots visualise both the inter-class
variance (y axis) and the between class variance (x axis). The
S plots display loadings as a function of the magnitude of con-
tribution to the variance (x axis) and the reliability of the ion
as a biomarker (y axis). Ions with a low reliability value
(p(corr)) are considered too close to the spectrum noise to be
considered a reliable biomarker, with possible values between
-1 and 1. For this study we adopted a p(corr) cut off value of
+0.5 and so will only consider an ion as a potential biomarker
if it has a p(corr)[1] value in the range 0.5<p(corr)[1]<-0.5.
The models are evaluated using R? and Q? values. The R? val-
ue measures the goodness of fit of the model and the closer to
1 the value the more reliable the model. Whereas the Q? value
indicates the predictability of the model, with values >0.5 con-
sidered acceptable. It is also important to produce R? and Q?
values which are numerically close to prevent overfitting of
the model.*

RESULTS AND DISCUSSION

The effects of aging on corneocyte morphology. It
has been established that both intrinsic and extrinsic aging can
have an effect on corneocyte morphology, in particular in-
creasing and decreasing the surface area respectively.!® To
determine whether these physical aging effects could be visu-
alised from the tape stripped layers collected in this study,
SEM analysis was conducted. Images were taken from a single
tape strip, an example of which is shown in Figure la, from
three volunteers from each age category and image analysis
was performed to quantify the corneocyte surface area for six
different cells per sample. Figure 1b shows the average cor-
neocyte surface area for each sample type. For both age cate-
gories, the hand corneocytes show a significantly decreased
surface area compared to the corresponding arm samples,
demonstrating that a decrease in surface area is related to UV
exposure. There is also a significant increase in corneocyte
surface area in the post-menopausal arm samples compared to
the under 27 group. This highlights an increase in surface area
related to intrinsic aging. Interestingly, the two opposing aging
effects result in no significant difference between the hand
samples of the two age groups. These trends in surface area
agree with known aging effects and demonstrate that both
intrinsic and extrinsic SC aging is evident in our individual
tape stripped layers. This therefore validates the use of these
samples to study the chemical effects of aging using ToF-
SIMS.

The effects of aging on the depth of SC removed. In
order to compare the chemical profile of individual tape
stripped samples it was first essential to confirm that an equal
depth into the SC was being analysed per sample type. AFM
was therefore employed to quantify the average SC thickness
per tape strip per sample type. Step height measurements were
taken to quantify the thickness of the SC layer protruding
above the adhesive tape material (Figure 1c). Due to the pres-
sure applied when collecting a tape stripped sample, part of
the removed SC layer is ultimately embedded into the adhe-
sive material. Therefore the step height measurement does not
provide an absolute value for the thickness of a removed SC
layer. However, as the pressure disc applicator used ensures
that a constant pressure is applied to all samples, it can be
assumed that the amount of SC embedded in the adhesive is
equal across all samples. Therefore, the step height value can
provide an accurate comparison of thickness across different
sample types. Alternate strip numbers between two and four-
teen were analysed for one volunteer per age category. The
depth per individual strip number can be found in the supple-
mentary information (Figure S1). Figure 1d shows the average
SC layer thickness for each sample type, demonstrating that
for these samples no significant difference was observed be-
tween the four groups. This result indicates that any chemical
differences seen from analysis of an individual tape stripped
layer can be confidently attributed to actual physiological ef-
fects as opposed to a difference in sampling depth of the SC.

The effects of aging on the chemical composition of
the SC. ToF-SIMS analysis was initially conducted on alter-
nate strips from strip no. 1 — 15 for one volunteer per age cate-
gory. Examination of this data demonstrated that various
trends in ion intensity as a function of SC depth could be iden-
tified for all sample types. The fact that various conflicting
trends can be identified within a single data set validates the
methodology and confirms that any differences seen are phys-



iologically relevant and not merely experimental artefacts.
More importantly, it confirms that subtle differences can be
seen between individual tape stripped layers, as illustrated in
Figure 3a.
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Figure 1. (a) An SEM image taken at X800 magnification of one post-menopausal hand tape stripped sample. The black outline highlights
an individual corneocyte. The scale bar represents 20um. (b) Average corneocyte surface area per sample type, measured by SEM and
image analysis. The data is shown as the mean and standard error calculated from n = 3 volunteers for each age group and n = 6 repeats for
each sample. An unpaired, two tailed T test with Welch's correction was conducted on each sample pair (¥*** p value < 0.0001, *** p
value < 0.001). (c) An example of an AFM step height image of a postmenopausal hand tape stripped sample taken over 20 x 20 um. (d)
Average thickness of SC layer removed per sample type, measured by AFM from one volunteer per sample type. The data is shown as the
mean and standard error calculated from alternative strips (2-14) and n = 9 per strip. An unpaired, two tailed T test with Welch's correction
was conducted on each sample pair but no significant difference was found.

In order to compare the chemical composition across all the
volunteers, a single tape strip number was used for analysis.
Due to its median position within the SC samples collected,
tape strip 7 was chosen for cross-comparison, which should
ensure that the chemical composition analysed does not in-
clude sebum surface lipids. The concentration of these lipids
on the surface is highly variable between volunteers and large-
ly depends on short-term environmental factors, such as the
season?!, the lifestyle of the volunteer, in particular their diet®!
and most importantly age®2.

Due to the large number of peaks produced, differences be-
tween samples were initially identified using multivariate data
analysis. PCA is a popular multivariate choice due to its unsu-
pervised nature. However, this method only produces good
class separation when the variation within a single class is
sufficiently less than the variation between the two classes.*
This poses a problem for biological data, in particular human
samples, which suffer from significant variability between
volunteers. It was therefore decided to use a supervised multi-

variate method, OPLSDA, which maximises class separation.
PCA was used initially to view the data, followed by detailed
OPLSDA analysis. The positive and negative polarity data
were analysed independently. However, only the negative data
was significantly split by the initial PCA (Figure S2) and so
only this will be discussed. Four individual comparisons were
made to assess both extrinsic aging (OA/OH and YA/YH) and
intrinsic aging (OA/YA and OH/YH). The resulting scores and
loadings plots for these four comparisons are shown in Figure
2. All four score plots show clear separation between classes,
demonstrating that age-related changes to the SC were detect-
ed using ToF-SIMS. Importantly, these differences were de-
tected from comparison of an individual tape strip. The load-
ings plots highlight which ions are responsible for this class
separation. Ions with a p(corr)[1] value outside the range
0.5<p(corr)[1]<-0.5 were ignored due to poor reliability as a
class marker. The loadings with the highest magnitude (p[1])
and hence highest contribution to the class variance which also



have a 0.5<p(corr)[1]<-0.5 are highlighted in the S plots and
colour coded to demonstrate their class association.
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Figure 2. OPLSDA analysis of ToF-SIMS data which has been extracted from the spectra as normalised intensities (to total ion count).
Score plots (a, ¢, e, g) and loadings S plots (b, d, f, h) are shown for the four aging comparisons. All comparisons produced models with
good reliability (R? close to 1) and predictivity (Q? > 0.5). The loadings (ions with m/z values) that have the highest contribution to class
variance with 0.5 <p(corr)[1]< -0.5 are highlighted in the S plots and colour coordinated to show which class they are associated with. Data
was taken from tape strip number 7 for n = 9 volunteers per age category and n = 4 different measurements per volunteer.

Due to the similarity in structure of many SC lipids, the
origin of many fragment ions could not be uniquely identified.
Smaller ions (m/z <100) can be attributed to popular fragments
which are abundant in biological tissue, such as CNO™ (m/z =
42), C.H30, (m/z = 59) and an ion with m/z = 97 that could be
assigned to either SO4H™ or H,PO,. However, the loadings did
highlight ions that could be attributed to the [M-H] molecular

markers of several SC lipids. Peaks with m/z = 367 and 395
correspond to the [M-H] ions of two saturated fatty acids,
lignoceric acid (C24:0) and hexacosanoic acid (C26:0) respec-
tively. The endogenous fatty acid fraction of the SC has been
characterized by Norlén et al as “a stable population with low
interindividual variation, dominated by saturated lignoceric
and hexacosanoic acid”.3* It is therefore not surprising that



these two fatty acids, above others, show variance between the
different classes. These peaks are not highlighted as the high-
est contributors to class variance in all of the loadings plots.
However, they demonstrate both good reliability as a bi-
omarker (0.5<p(corr)[1]<-0.5) (Figure S3) and a statistically
significant difference in peak intensity between classes (p val-
ue <0.05) (Figure S4). Interestingly these fatty acid peaks
show opposite trends for intrinsic and extrinsic aging. They
show an increase in intensity when comparing the post-
menopausal samples to the under 27 samples, suggesting an
increase in fatty acid content related to intrinsic aging. How-
ever, their intensity is decreased in the hand samples when
compared to the corresponding arm samples, indicating a de-
crease in these molecules related to UV exposure and photoag-
ing effects. As previously mentioned, various trends in ion
intensity could be identified within the data (Figure 3a) which
validates that the differences seen are physiologically relevant
and not experimental artefacts.

Another ion that could be easily identified was the [M-H]
molecular marker of cholesterol sulfate with m/z = 465. This
ion demonstrated both high reliability as a biomarker and a
high contribution to class variance in the loadings plot relating
to the post-menopausal body site comparison (Figure 2b).
However, it also proved to have a good reliability
(0.5<p(corr)[1]<-0.5) (Figure S3) for all of the other compari-
sons except the under 27 body site (Figure 2d) and demon-
strated a statistically significant difference in peak intensity
between all classes (p value <0.001). The change in the pres-
ence of this molecule is particularly interesting because, as
mentioned previously, this molecule is present at low levels
within the SC but has been shown to play a key role in regulat-
ing desquamation.

Changes in the intensity of this ion can be clearly observed
through visual inspection of the spectra, as illustrated in Figure
3b. Figure 3c shows the average normalised intensities for the
cholesterol sulfate ion peak for all classes. A statistically sig-
nificant difference between the classes in all four comparisons
was demonstrated using a student’s t-test. The intensity of this
ion is increased in both the post-menopausal samples com-
pared to the under 27 samples and in the hand samples com-
pared to the corresponding arm samples, showing an increase
in cholesterol sulfate related to both intrinsic and extrinsic
aging. The extrinsic aging difference is more significant in the
post-menopausal volunteers compared to the under 27 year
olds, which is proposed to be due to an accumulation effect
caused by prolonged UV exposure. A change in the concentra-
tion of cholesterol sulfate due to aging has been demonstrated
in murine skin®® but has not previously been reported for hu-
man SC analysis. However, it does correlate to what is current-
ly known about this molecule, whereby an increase in choles-
terol sulfate has been associated with diseases that cause
heightened desquamation, producing symptoms of scaly and
peeling skin. These symptoms are also commonly seen with
both elderly skin and skin which has suffered prolonged UV
exposure.

It is important to note that two different body sites are being
compared in order to assess possible extrinsic aging and there-
fore inherent differences in the SC composition due to body
location cannot be ruled out. Ideally, analysis would be con-
ducted on the same body site before and after acute UV expo-
sure. However, this is not a viable option when conducting in
vivo sampling on human volunteers. A comparison between

other body locations, such as the buttock and face, would have
provided a more extreme comparison of UV exposure effects.
However, this may have produced a more significant differ-
ence in SC composition due to location. Therefore, the two
body sites chosen for comparison were a compromise between
a difference in UV exposure and a similarity in body location.
If the differences observed were solely an effect of body site
and not UV exposure then a similar variance between the sites
would be expected for both age groups. However, the differ-
ence in cholesterol sulfate levels between the two body sites is
much greater for the post-menopausal volunteers, indicating
an accumulative effect caused by prolonged UV exposure over
time.

The presence of cholesterol sulfate was also monitored as a
function of depth for each sample type. Figure 3d shows the
normalised intensity for this ion as a function of tape strip
number from an example data set. It is important to note that
as this data is only taken from one volunteer per age category
it does not accurately represent the average trends between
sample types seen in Figure 3c. However, it does demonstrate
an increase in the level of cholesterol sulfate with increasing
SC depth, with a statistically significant increase seen in all
sample types between tape strip 1 and 15. This finding agrees
with already established knowledge that there is a cholesterol
sulfate gradient which reaches a maximum in the deeper layers
of the SC, but decreases abruptly in the superficial layers.?

The effects of aging on cholesterol sulfate distribu-
tion within the SC. The 2D distribution of cholesterol sul-
fate within a single tape stripped layer was also examined by
mapping the cholesterol sulfate [M-H]" molecular ion
(Cy7H4sSOy). Figure 4a illustrates a representative ToF-SIMS
secondary ion image for tape strip 7 for each sample type.

The intensity of the C,;H4sSO4 ion in these secondary ion
images confirms the previously reported trend that cholesterol
sulfate levels are increased as a result of both intrinsic and
photoaging. However, a more interesting observation, and one
that cannot be highlighted by the spectra alone, is the non-
uniform distribution of this molecule. These images, particu-
larly those from the post-menopausal age group, demonstrate a
localised increase in this molecule shown by “pools” of higher
ion intensity. This suggests that the age-induced increase in
cholesterol sulfate within the SC is a non-uniform process,
initially affecting isolated areas rather than a homogeneous
increase. The distribution of the fatty acid lignoceric acid
(C24:0) has also been presented in Figure 4a to demonstrate
that although there is a change in intensity in this lipid be-
tween sample groups it appears to be uniform across the tis-
sue. This supports the suggestion that the localisation effect of
cholesterol sulfate is the result of a physiological effect and
not an artefact of the data. This localised effect can also be
observed when assessing the spatial distribution as a function
of SC depth. Figure 4b shows the ToF-SIMS secondary ion
images for cholesterol sulfate for various strip numbers for the
arm and hand samples of one post-menopausal volunteer.
These images highlight that the localised increase in choles-
terol sulfate seen in the tape strip 7 samples is actually present
throughout the SC. This effect is most pronounced for the
post-menopausal hand samples which even show “pools” of
increased cholesterol sulfate in the outermost layer (strip 1).
The fact that this localisation is present in multiple layers of
the SC confirms that it is the result of a non-uniform physio-
logical change in cholesterol sulfate levels.



CONCLUSIONS

This work demonstrates successful analysis of human SC li-
pids from individual tape stripped samples using ToF-SIMS.
This technique identified a statistically significant increase in
cholesterol sulfate relating to both intrinsic and extrinsic ag-
ing, a molecule which has not previously been linked to aging
of human skin. The imaging capabilities of ToF-SIMS also
highlighted a varied spatial distribution and apparent localised
increase in this sterol within an individual tape stripped layer,
a finding which proved consistent throughout the SC. Age
related changes in the prevalence of two abundant fatty acids,
lignoceric and hexacosanoic acid, were also observed. Im-
portantly, all chemical changes were detected from native
samples collected in vivo from human volunteers.

In order to support the chemical changes detected, estab-
lished surface analysis techniques, SEM and AFM were em-
ployed to assess physical changes within our samples. SEM
identified previously reported age-related changes to corne-
ocyte morphology within the individual tape stripped layers,
validating the chemical age-related changes seen at this level.
The AFM analysis confirmed that an equal depth of SC was
being removed per sample type, which confirmed that the
chemical differences seen were the result of a physiological
change and not due to a difference in the depth of SC ana-
lysed.

Previously unreported age-related changes to human SC
have been described, which offer insight into mechanisms of
aging relevant to both the pharmaceutical and cosmetic indus-
tries. The technique could also easily be applied to monitor
other changes to human SC as a function of depth, such as
physiological effects relating to race, gender, disease etc. or
the alternatively the permeation of xenobiotic substances.
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Figure 3. (a) ToF-SIMS secondary ion intensities (normalised to total ion counts) for one post-menopausal volunteer arm sample,
illustrating the presence of various trends in ion intensity as a function of SC depth. (b) An example ToF-SIMS spectrum of a tape
stripped human stratum corneum sample, highlighting the cholesterol sulfate [M-H] peak at m/z = 465. The inset shows the differ-
ence in normalised intensity for the cholesterol sulfate negative molecular ion peak seen in the spectra of a post-menopausal arm
and hand sample. (c) ToF-SIMS secondary ion intensities (normalised to total ion counts) for the cholesterol sulfate ion peak across
the four sample types. The data is shown as the mean and standard error calculated from tape strip number 7 for n=9 volunteers per
sample type and n = 4 measurements per sample. An unpaired, two tailed T test with Welch's correction was conducted on each
sample pair (**** p value < 0.0001, *** p value <0.001). (d) ToF-SIMS secondary ion intensities (normalised to total ion counts)
for the cholesterol sulfate ion peak as a function of tape strip depth. Data was taken from alternate strips between 1 and 15 for one
volunteer per age category. An unpaired, two tailed T test with Welch's correction was conducted on tape strip 1 and 15 for each
sample type and all showed a significant increase (p value <0.01).
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Figure 4. ToF-SIMS 4 x 4 mm secondary ion distribution maps. The scale bar represents 1 mm and the images have been normal-
ised to the total ion image. (a) Example distribution maps from one volunteer per age group, tape strip number 7 showing the distri-
bution of the generic tissue marker (CN°), the cholesterol sulfate molecular ion (C27H4sSO4") and lignoceric acid (C24H2707). (b)
Example secondary ion maps from one post-menopausal volunteer showing the distribution of the cholesterol sulfate molecular ion

(C27H45SOy") across various tape strip numbers.
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