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Abstract

OBJECTIVE: It is conventionally understood that occlusive effects
are the retention of excessive water in the stratum corneum (SC),
the increase of SC thickness (swelling) and a decrease of the
transepidermal water loss. However, the influence of occlusion on
water binding properties in the SC is unknown.

METHODS: The action of plant-derived jojoba and almond oils, as
well as mineral-derived paraffin oil and petrolatum topically applied
on human skin, is investigated in vivo using confocal Raman
microspectroscopy. To understand the oils” influence on the SC on
the molecular level, the depth-dependent hydrogen bonding states
of water in the SC and their relationship to the conformation of
keratin, concentration of natural moisturizing factor (NMF) mole-
cules and lipid organization were investigated.

RESULTS: A significant SC swelling was observed only in petrola-
tum-treated skin. The water concentration was increased in oil-
treated skin in the intermediate SC region (40-70% SC depth).
Meanwhile, the amount of free, weakly and tightly bound water
increased, and strongly bound water decreased in the uppermost
SC region (0—30% SC depth). The NMF concentration of oil-treated
skin was significantly lower at 50-70% SC depth. The lateral orga-
nization of lipids in oil-treated skin was lower at 0—-30% SC depth.
The secondary structure of keratin was changed towards an
increase of f-sheet content in mineral-derived oil-treated skin and
changed towards an increase of «-helix content in plant-derived
oil-treated skin.

CONCLUSION: The occlusive properties can be summarized as the
increase of free water and the transformation of water from a more
strongly to a more weakly hydrogen bonding state in the upper-
most SC, although some oils cause insignificant changes of the SC
thickness. The accompanied changes in the keratin conformation
at the intermediate swelling region of the SC also emphasize the
role of keratin in the SC's water-transporting system, that is the
water in the SC transports intercellularly and intracellularly in the
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intermediate swelling region and only intercellularly in the upper-
most non-swelling region. Bearing this in mind, almond, jojoba
and paraffin oils, which are not occlusive from the conventional
viewpoint, have an occlusion effect similar to petrolatum on the
SC.

Résumeé

OBJECTIF: 1l est généralement entendu que les effets occlusifs con-
sistent en la rétention d'un exces d'eau dans la couche cornée
(stratum corneum, SC), 'augmentation d’épaisseur de la SC (gon-
flement) et une diminution de la perte d’eau trans-épidermique.
Cependant, l'influence de I'occlusion sur les propriétés de fixation
de I'eau dans le SC est inconnue.

METHODES: L'action des huiles de jojoba et d’amande d'origine
végétale, ainsi que des huiles de paraffine et de pétrolatum
d’origine minérale appliquées topiquement sur la peau humaine est
étudiée in vivo a 'aide de la microspectroscopie Raman confocale.
Pour comprendre 'influence des huiles sur le SC au niveau molécu-
laire, on a étudié les états de liaison hydrogene de 'eau dans le SC
en fonction de la profondeur et leur relation avec la conformation
de la kératine, la concentration des molécules du facteur naturel
d’hydratation (NMF) et I'organisation des lipides.

RESULTATS: Un gonflement significatif de le SC n'a été observé
que dans la peau traitée au pétrolatum. La concentration en eau a
été augmentée dans la peau traitée au pétrolatum dans la région
SC intermédiaire (40-70% de profondeur du SC). En meme temps,
la quantité d’eau libre, faiblement et fortement liée augmentait,
tandis que l'eau fortement liée diminuait dans la région SC
supérieure (0-30% de profondeur du SC). La concentration en NMF
de la peau traitée a 'huile était plus basse d"'une maniere significa-
tive a 50-70% de profondeur du SC. L'organisation latérale des lipi-
des dans la peau huilée était plus basse a une profondeur du SC de
0 a 30 %. La structure secondaire de la kératine a été modifiée
pour augmenter la teneur en feuillet-B dans les peaux huilées
d’origine minérale et pour augmenter la teneur en hélice o dans les
peaux huilées d’origine végétale.

CONCLUSION: Les propriétés occlusives peuvent étre résumées
comme l'augmentation de I'eau libre et la transformation de 1'eau
d'un état de liaison hydrogene plus fort a un état de liaison hydro-
gene plus faible dans le SC supérieure, bien que certaines huiles
provoquent des changements insignifiants de 1'épaisseur de la SC.
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Les modifications de la conformation de la kératine dans la zone de
gonflement intermédiaire du SC soulignent également le role de la
kératine dans le systeme de transport de I'eau du SC, c’est-a-dire
que l'eau est transportée du SC de maniere intercellulaire et intra-
cellulaire dans la zone de gonflement intermédiaire et seulement de
maniere intercellulaire dans la zone non gonflée la plus élevée. En
considérant cela, les huiles d’amande, de jojoba et de paraffine, qui
ne sont pas occlusives du point de vue conventionnel, ont un effet
d’occlusion similaire a celui du pétrolatum sur le SC.

Introduction

Oils, which are lipophilic moisturizers, are the ubiquitous compo-
nents in cosmetics [1, 2| and medicine [3, 4]. They are used as a
base material of creams and ointments for treatment of ‘dry skin’,
one of the common symptoms in dermatology [5]. Oils cause a
prominent reduction of the transepidermal water loss (TEWL) due
to the film formation [6] and skin surface occlusion and skin bar-
rier enhancements [7, 8] and, thus, increase the water concentra-
tion in the stratum corneum (SC) that gives rise to thickening of
corneocytes, known as a swelling effect. For instance, topical appli-
cation of petrolatum increases the SC thickness by ~32% and
decreases the TEWL [8-10], while paraffin and plant-derived oils,
as for example almond and jojoba oils, showed modest (10-20%)
[10] or no swelling effects [9] and no changes in TEWL [8]. Until
now, it has been accepted that oils have several influences on the
skin, as for example a moisturizing effect [5] and lipid modulations
and complements [11-13]. However, in the literature their mecha-
nisms on the skin barrier function have been controversially dis-
cussed [8-10, 12, 14-16].

One opinion is that oils remain only in the uppermost SC region
and act as an impermeable membrane [8, 15, 16]. Using confocal
laser scanning microscopy, Patzelt et al. [8] showed that the fluo-
rescence dye curcumin, which had been added to the oils, was
observed not deeper than in the two uppermost layers of corneo-
cytes. Choe et al. [15, 16] also proved that the penetration depth of
petrolatum did not exceed 7 pm (approx. 35% of the SC thickness)
by confocal Raman microspectroscopy (CRM), and none of the oils
did overcome the skin barrier [9].

Another opinion is that oils, for example petrolatum, do not act
as an epicutaneous impermeable membrane, but rather permeate
through the SC interstices, allowing normal barrier recovery [10,
14, 17].

The total occlusion and related excessive accumulation of water
in the SC is often considered to harm the skin barrier function by
causing the destruction of lamellas/ultrastructure of SC lipids [18,
19], prevention of lipid organization recovery [20], widening the
intercellular space [21] and bleaching of the skin colour [22]. How-
ever, in some cases, occlusion is intended in therapeutic treatment
of skin dysfunctions caused by dry environments [23, 24].

Recently, our group found that, despite of petrolatum inducing
more SC swelling than plant-derived oils [8, 12], petrolatum-trea-
ted skin exhibited more ameliorative ordering of intercellular lipids
(ICL) than skin treated with plant-derived oils [12]. This might
imply that the oils’ occlusive effects go beyond mere swelling of SC
or changes of the TEWL.

It was also reported that the water in the SC can be categorized
into four types, according to the strength of its hydrogen bonds
with the neighbouring molecules, that is single donor—double
acceptor (DAA, tightly bound water), double donor-double accep-
tor (DDAA, strongly bound water), single donor-single acceptor

(DA, weakly bound water) and free water [25]. Hereby, the ques-
tion arises, whether these four water types will simultaneously
increase after oil application, as assumed in total occlusion, or
accumulate differently. Furthermore, the application of paraffin and
plant-derived oils neither changed the TEWL nor swelling [8, 9],
which underpins these differences, in terms of water, keratin and
lipids.

Solving these problems will not only provide new insights into
understanding the occlusive effect induced by oils, but also improve
the understanding of the moisturizing effect maintained by creams
and ointments. In this study, the depth profiles of the SC’s parame-
ters, like water types, depending on the strength of hydrogen
bonds, lipid organization and the conformation of keratin [25, 26]
in oil-treated skin are investigated non-invasively and in vivo using
CRM.

Materials and methods

Applied substances

Four oils were used in this in vivo study, plant-derived jojoba oil
(cold-pressed; Henry  Lamotte, Bremen, Germany, FFA
value = 0.20) and almond oil (Afruse SL, Tarragona, Spain, FFA
value = 0.28), mineral-derived paraffin oil (Marcol 82tm; Esso SAF,
Rueil-Malmaison, France) and petrolatum (Fagron GmbH & Co.KG,
Barsbiittel, Germany). The Raman spectra of the applied oils are
presented in Fig. 1 in the fingerprint (a) and high wavenumber
region (b) in comparison with a Raman spectrum of the human
stratum corneum in vivo (depth 4 pm).

Volunteers

Six healthy volunteers (three female, three male) aged between 23
and 62 years (average 37 years old) participated in this study. The
volunteers were instructed not to utilize any skincare products on
the forearms at least 72 h and not to bath or shower at least 4 h
before the beginning of the experiments. After an acclimation time
of 20 min, four 2 x 2 cm? areas were marked on the volar fore-
arms (2 areas on each arm) using a rubber barrier. An amount of
2 mg cm 2 of oil was topically applied to one marked area of the
forearm and homogenously distributed with soft rubber gloves.
Then, every volunteer was subjected to control measurements,
scanning the untreated skin areas at 10 measuring points by CRM.
Sixty minutes post-oil application, the remaining oil was removed
by soft filter paper and more than 10 points for each oil-treated
area were measured using CRM. Approval for the measurements
had been obtained from the Ethics Committee of the Charité —
Universitatsmedizin Berlin, and all procedures complied with the
Declaration of Helsinki.

Confocal Raman microspectroscopy

Measurements were performed with an in vivo/ex vivo confocal
Raman microscope (Model 3510, RiverD International B.V., Rotter-
dam, The Netherlands) at 785 nm excitation for acquisition in the
fingerprint region (FP, 400-2000 cm ', exposure time 5 s,
20 mW) and at 671 nm excitation for acquisition in the high
wavenumber region (HWN, 2000-4000 cm ™!, exposure time 1 s,
17 mW) with a spatial resolution < 5 um and a spectral resolu-
tion < 2 cm~ ! [27, 28]. The applied light doses are considered to
be safe and uncritical for measurements on human skin due to the
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Figure 1 Offset Raman spectra of petrolatum (green line), paraffin (magenta line), jojoba oil (blue line) and almond oil (red line) and in vivo human SC at
4 um depth (black line) in the fingerprint (a) and high wavenumber (b) regions. Raman intensities of all oils are divided by 5.

low local temperature increase of max. 2 °C [29] and the low
amount of free radicals generated [30, 31]. Depth- and dose-depen-
dent fluorescence photobleaching does not influence the Raman
peak intensities [32], which ensures comparable results. Raman
spectra in the FP and HWN regions were acquired at the same
positions at 2 pm increments between the position of approx.
10 pym above the surface and 30 pm below the surface, thus
ensuring to measure the entire SC.

Data analysis

SC surface and thickness

The skin surface position was determined by the depth profile of
the Amide I band at 1650 cm™!, taking the oil contributions
into account, as described elsewhere [33]. For the treatment
with plant-derived oils, the skin surface points are determined by
the peak intensity of the 1003 cm™' band, which was not
superimposed by the oils’ Raman spectra and produced identical
results as the method using the Amide I band. Thereby, the skin
surface was determined to be at the position with 50% of the
maximum Raman peak intensity from outside of the skin. As
the oils only penetrate 8-11 pm in the SC, they do not reach
the viable cells of the stratum spinosum. Thus, there is no influ-
ence of oils on setting the boundary between the SC and the
stratum granulosum (SG). Therefore, the boundary between the
SC and the SG can be correctly determined by the water gradi-
ent 0.5, which gives comparable results with other SC thickness
calculating methods [34].

Water mass percentage and the hydrogen bonding state of water
molecules

The newly proposed extended method was applied for the determi-
nation of the water concentration in the SC of oil-treated skin [33].
This method is based on the calculation of the O-H Raman band
(33503550 cm ™) to the Amide I band (1650 cm ™) ratio, which
is free of artefacts caused by superposition of skin and oil-based
Raman spectra [35].

The Raman spectra in the HWN region were baseline subtracted
and decomposed into 10 Gaussian functions, related to lipids
(22850 cm™' and ~2880 cm™!), keratin (=~2930 cm',
~2980 cm ™!, ~3060 cm™' and ~3330 cm™ ') [22,36,37] and
water (~3005 cm™!' — tightly bound water, single donor—double
acceptor, DAA; ~3260 cm™ — strongly bound water, double
donor—double acceptor, DDAA; ~3450 cm™! — weakly bound
water, single donor-single acceptor, DA; and ~3600 cm ' — free
water, double donor-single acceptor, DDA and unbound water), as
described elsewhere [36-39]. DDAA-bound water has four hydro-
gen bonds with the surrounding molecules, which constitutes first
monolayers of water with surrounding intrinsic components of the
SC [40]. DA-bound water has only two hydrogen bonds. It is also
known ‘partially bound” water [40] and is bound to DDAA-bound
water. The hydrogen bonding state of water in the SC is deter-
mined as the weakly bound/strongly bound water type ratio [25].

Normalization of the SC depth

The direct comparison of the physiological properties of the SC
expressed in absolute depths is not useful, as the SC thickness var-
ies interindividually and between different body sites. Therefore,
similar to previous studies [12, 17, 26, 41], the SC depth was nor-
malized to its total thickness and is presented in % of SC depth,
based on the assumption that the skin physiological properties are
scaled to its SC thickness. However, this normalization process is
valid only for untreated skin and causes problems in case of skin
treatment with occluding substances, such as oils, which induce
non-uniform SC swelling [42, 43]. It should be noted that the ‘ker-
atin—water’ interaction is responsible for swelling of corneocytes in
the SC [44]. The non-uniform swelling was previously shown
ex vivo using cryo-scanning electron microscopy [43] and in vivo
using CRM [26]. These studies showed that in relation to swelling,
the SC could be separated into three independent regions. In the
uppermost region (0-30% SC thickness), the keratin filaments are
highly folded, have the least binding sites for water molecules and
are referred to as uppermost non-swelling SC region. In the inter-
mediate region (30-70% SC thickness), the water molecules have
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the most binding sites. Therefore, this region is most swelled and is
called intermediate swelling SC region. In the bottom region (80—
100% SC thickness), few water binding sites in keratin filaments
exist and, therefore, this region is referred to as bottom low-swel-
ling SC region.

Considering the above-mentioned factors, normalization of the
SC depth to its thickness, as previously used [12, 17, 26, 41], does
not take the non-uniform swelling of the SC in oil-treated skin into
account. To model the non-uniform swelling and compare the skin
physiological parameters between untreated and oil-treated skin,
the following is hypothesized:

First, there are no changes in the thickness of the uppermost
non-swelling and bottom low-swelling SC regions between
untreated and oil-treated skin. Second, the changes in the SC thick-
ness of oil-treated skin are only due to the swelling of the interme-
diate swelling SC region.

The uppermost non-swelling and bottom low-swelling SC region
thicknesses in oil-treated skin are calculated from untreated skin.
Then, the intermediate swelling SC region thickness in oil-treated
skin is calculated by subtracting the uppermost non-swelling and
bottom low-swelling SC region thicknesses from the total SC thick-
ness and the ratio of the intermediate swelling SC region thickness
between oil-treated and untreated skin is calculated. Thereby, the
SC depth in the intermediate swelling SC region of oil-treated skin
is scaled down, so that the total scaled thickness of oil-treated skin
is identical to untreated SC. Finally, by using the SC thickness of
untreated skin, the SC depths of both untreated and oil-treated skin
are normalized and presented in the range of 0-100%, which
makes it possible to directly compare the SC’s physiological param-
eters of oil-treated and untreated skin.

Lamellar/lateral organization of intercellular lipids

The lamellar packing organization of ICL was determined by calculat-
ing the I10g0/(I1060 + I1130) Raman peak intensity ratio, characteriz-
ing its gauche—trans conformation. The lateral packing organization of
ICL was determined by calculating the I,g30/I>350 Raman peak inten-
sity ratio with exclusion of the keratin contribution. The detailed pro-
cedure was recently presented by our group [45].

Concentration of NMF
The depth profiles of the NMF concentration are obtained using the
‘SkinTools 2.0" software provided by RiverD International B.V.
[46], which is based on linear regression of reference spectra of
various skin components (keratin, lactic acid at pH4, urea, trans-
urocanic acid at pH4 and pHS8, ceramide type III, cholesterol and
water), and spectra related to the optical components of the CRM.
The NMF concentration was determined as a combination of the
pyrrolidone carboxylic acid, ornithine, serine, proline, glycine, his-
tidine at pH4 and pH7 and alanine concentrations [47].

Hereby, the depth profiles of NMF are normalized taking the
non-homogeneous distribution of keratin in the SC into account,
which is described in detail elsewhere [48].

Secondary structure of keratin

The Amide I band (1580-1720 ecm™) contains information about
the secondary structure of keratin. The Raman peak at
1655 cm™' characterizes the o-helix keratin, while the peak at
1670 cm™ ' corresponds to f-sheet keratin [49,50]. The keratin
of the SC is normally arranged in o-helical stable conformation
[36]. To analyse the p-sheet/a-helix ratio, a decomposition of the
1580-1720 cm™ ' range using four Gaussian functions, similar

as presented in [40], was performed. The band centred at
1617 cm™ ! is assigned to aromatic vibrations of phenylalanine,
tyrosine and tryptophan [51, 52]. The band at 1655 cm ! is
assigned to o-helix and the band at 1670 cm™ to the f-sheet
conformation, and the band at 1685 cm ' is related to turns
and random coils of keratin [51, 53]. As the turns and random
coils of keratin represent the disordered states, their relative ratio
to the o-helix keratin, that is the (I470 + I1685)/I1655 ratio indi-
cates the ordering regarding the secondary structure of keratin
as described elsewhere [26].

Folding properties of keratin

Asymmetric CH; vibrations are characterized by the position of the
2930 cm ! Raman band. A shift of the maximum position towards
lower wavenumbers was shown to be related to the increasing
amount of folded proteins regarding the tertiary properties of the
keratin filaments [54].

Stability of disulphide bonds in the keratin framework

The most important side-chain reactions of keratin chains are
disulphide bonds, and their stability is an important factor for the
formation of folded keratin chains [55]. The conformational order
of the disulphide bond properties of keratin is calculated in the
474-578 cm ™! region, associated with —C-S-S—C— bond vibrations.
The 492 cm™' band is associated with the gauche—gauche—gauche
conformations and the 525 cm™! and 546 cm™! bands correspond
to the gauche—gauche—trans and trans—gauche—trans conformations
[49, 55]. The gauche—gauche—gauche is the most stable conforma-
tion. Therefore, the (gauche—gauche—gauche)/(trans—gauche—
trans + gauche—gauche—trans + gauche—gauche—gauche) ratio is consid-
ered a criterion for the strength of disulphide bonds and further-
more the stability of folded keratin chains [26].

Cysteine forming disulphide bonds

Not all cysteine molecules take part in the formation of disulphide
bonds. The amount of cysteine molecules participating in building
the disulphide bonds in keratin can be calculated by the ratio
between the total cysteine concentration (amount of C-S groups,
characterized by the Raman band at 690-712 cm™') and the
amount of cysteine forming disulphide bonds (amount of SS bonds,
characterized by the Raman band at 474-578 cm™ ') [26]. In the
present study, we have used the inverse ratio.

Buried/exposed tyrosine

Tyrosine has two configurations. The buried tyrosine forms hydro-
gen bonds with the side chains of keratin resulting in increasing
keratin folding and decreasing possibility to bind with water mole-
cules. The exposed tyrosine indicates the unfolded state, which is
able to form hydrogen bonds with surrounding molecules, for
instance with water. The ratio of Raman band intensities Ig3o/Igs0
indicates the buried/exposed tyrosine ratio [26, 40].

Statistical analysis

Statistical evaluation was performed using the statistic functions of
Origin Pro8 and Microsoft Excel. To confirm statistical differences
between the means of two groups, the paired t test was applied.
ANOVA was used to test for statistical differences for skin treated
with four different oils. The graphs are presented with the mean
values, and standard deviation is not shown for visual clarity. Dif-
ferences with P < 0.01 were denoted ‘highly significant’ and are
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Table 1 The SC thickness (um) of untreated skin and skin treated with four different oils in pm. The symbol * denotes P-values < 0.05, the symbol “**'

denotes P-values < 0.01 between oil-treated and untreated skin

Volunteer number Intact skin Almond oil-treated skin Jojoba oil-treated skin Paraffin-treated skin Petrolatum-treated skin
1 192+ 13 215+ 24 185 + 2.1 19.7 £+ 23 22.0 + 3.3*
2 255+ 1.6 28.0 £ 2.0 240 + 15 25.8 + 3.6 29.5 + 2.6**
3 20.0 + 1.2 21.0 + 24 22.0 + 3.3 22.0 + 2.1 24.0 + 2.5
4 19.7 £1.2 19.0 £ 1.9 19.0 £ 2.7 20.5 + 2.2 21.5 + 1.9*
5 230+ 14 21.0+ 24 245 + 34 235+ 22 26.0 + 1.8*
6 19.0 £ 1.4 22,5 + 2.6* 22.0 + 2.8 23.1 + 3.2* 225 + 2.5*

marked “**', P < 0.05 were denoted ‘different’ and are marked '
in the graphs.

Results

SC thickness

Table 1 shows the SC thickness of untreated and oil-treated skin.
The SC thickness of skin treated with almond oil, jojoba oil and
paraffin is significantly different (P < 0.05) only for volunteer 6,
while no significant differences were found for the other volunteers.
The SC thickness of petrolatum-treated skin shows a highly signifi-
cant increase, compared to untreated skin for all volunteers.

Depth profiles of water and NMF

Figure 2a shows the depth profiles of the water concentration in
the SC of untreated and oil-treated skin. In the intermediate SC
region (40-70% SC depth), the water concentration is higher in
oil-treated skin than in untreated skin [33], which supports the
findings that the intermediate SC region is responsible for the
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swelling of the entire SC and that the upper and bottom SC regions
do not swell [26, 43].

The NMF profiles of oil-treated skin are not significantly different
from untreated skin in 0—-40% and 80-100% SC depth. In 50-70%
SC depth, oil-treated skin has significantly lower NMF concentra-
tion than untreated skin (P < 0.05; Fig. 2b), which might be the
effect of NMF dilution resulting from increasing water in corneo-
cytes.

Water mobility and the hydrogen bonding state of water

The depth profiles of the water mobility depending on the strength
of hydrogen bonds (tightly, strongly, weakly bound and free water)
are shown in Fig. 3. It is clearly visible that the amount of free
water is significantly larger in oil-treated skin than in untreated
skin and is largest in petrolatum-treated skin.

As shown in Fig. 3a, the concentration of free water in oil-trea-
ted skin is significantly larger than in untreated skin at 0-20% SC
depth (for jojoba oil at 10-20% SC depth) (P < 0.05). Petrolatum-
treated skin shows a significant difference at 0-30% SC depth from
untreated skin (P < 0.05).

(=2
-~

—a— Untreated
—e— Almond oil-treated

2 —4— Jojoba oil-treated
S v— Paraffin-treated
e} —&— Petrolatum-treated
<
c 0,6
Ke]
S 04+
c
@
2 024
o}
(8]
L 0,0+ * * %
% * * *
-0,2 * * *

* *

T

60

0 20 40
SC depth, %

80 100

Figure 2 SC depth profiles of the water content (a) and NMF concentration (b) measured in vivo in untreated (black squares) and oil-treated human forearm
skin (almond oil-treated skin — red circles; jojoba oil-treated skin — blue upward triangles; paraffin-treated skin — magenta downward triangles; petrolatum-trea-
ted skin — green diamonds). The SC thickness is normalized taking into consideration the oil-induced SC swelling and non-homogeneous distribution of keratin.
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represents significant differences P < 0.05 between untreated and oil-treated skin shown with appropriate colour.
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Figure 3 Depth profiles of the concentration of the free (a), weakly bound (b), strongly bound (c) and tightly bound (d) water normalized by the total amount
of water measured in vivo in untreated (black squares) and oil-treated human forearm skin (almond oil-treated skin — red circles; jojoba oil-treated skin — blue
upward triangles; paraffin-treated skin — magenta downward triangles; petrolatum-treated skin — green diamonds). The SC thickness is normalized taking into

consideration the oil-induced SC swelling and non-homogeneous distribution of keratin.

treated skin shown with appropriate colour.

Figure 3b shows a larger concentration of weakly bound water
at 0-30% SC depth in oil-treated skin (P < 0.05), compared to
untreated skin. At the bottom region of the SC, almond oil-treated
skin shows significantly higher concentration of weakly bound
water at 60% SC depth compared to untreated skin (P < 0.05).

Figure 3¢ shows a lower concentration of strongly bound water
at 10-30% SC depth in almond oil-treated and jojoba oil-treated
skin (P < 0.05) and at 0-30% SC depth in paraffin-treated
(P < 0.05) and petrolatum-treated skin (P < 0.01).

Figure 3d shows a significantly higher concentration of tightly
bound water at 0-20% SC depth for almond oil- and jojoba oil-
treated skin (P < 0.05) and at 20% SC depth for paraffin- and
petrolatum-treated skin (P < 0.05). Also at 20% SC depth, mineral-
derived oil-treated skin has significantly lower tightly bound water
than plant-derived oil-treated skin (P < 0.05).

s

represents significant difference P < 0.05 between untreated and oil-

Figure 4 shows the depth profiles of the hydrogen bonding state
of water in the SC. The application of oils results in a considerable
weakening of the hydrogen bonding state of water molecules in the
outermost region at 0-30% SC depth (P < 0.05 for all four oils). At
40-100% SC depth, skin treated with oils did not show significant
differences compared to untreated skin.

The transformation towards a lower hydrogen bonding state of
water in petrolatum-treated skin is significantly larger than for
almond oil-, jojoba oil- and paraffin-treated skin at 0-30% SC depth
(P < 0.05).

Intercellular lipid conformation

Figure 5a shows the depth profiles of the lamellar organization of
the SC lipids for untreated and oil-treated skin in vivo calculated
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using the swelling-adapted normalization method. At 0-10% of the
SC depth, the lamellar packing order of ICL of oil-treated skin is
higher than for untreated skin (P < 0.05), indicating that the
lamellar packing order of SC lipids in oil-treated skin has changed
towards a more disordered hexagonal state in comparison to
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untreated skin. The same tendency is observed at 60-70% for
almond oil-treated skin (P < 0.05).

Figure 5b shows the depth profiles of the lateral organization of
SC lipids for untreated and oil-treated skin in vivo calculated using
the swelling-adapted normalization method. At 0-30% SC depth,
the lateral organization of oil-treated skin is lower than that of
untreated skin (P < 0.05), indicating that the ICL of oil-treated skin
has more low-ordered hexagonal states than that of untreated skin
and therefore a reduced skin barrier function. Comparison of the
values for oil-treated skin at the regions exceeding 50% SC depth
shows that petrolatum-treated skin is closest to untreated skin,
while skin treated with other oils tends to have lower values,
although no statistical differences were found between oil-treated
skin and untreated skin.

Secondary structure of keratin

Figure 6 shows the depth profiles of the secondary structure of ker-
atin determined as the (f—sheet + turns and random coils)/o—helix
ratio by decomposition of the Amide I peak at ~1650 cm™. The
plant-derived oils (almond and jojoba oil) show significantly lower
values in comparison with untreated skin at 0-30% SC depth
(P < 0.01 at 0-30% SC depth), which might have been caused by
the contribution of pure oils (the inherent value is 0.034 for
almond oil and 0.045 for jojoba oil) on the skins’ spectrum (see
Table 2). Petrolatum-treated skin shows significantly higher values
than untreated skin at 0-30, 50-70 and 100% SC depth
(P < 0.05), while paraffin-treated skin shows significantly higher
values only at 50-70% SC depth (P < 0.05).

Petrolatum-treated skin shows significantly higher values than
almond oil-treated skin (0-100%, P < 0.01), jojoba oil-treated skin
(0-90%, P < 0.01) and paraffin-treated skin (0-20%, P < 0.05).
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Figure 5 Depth-dependent profiles of the lamellar (a) and the lateral packing order (b) of SC lipids measured in vivo in untreated (black squares) and oil-treated
human forearm skin (almond oil-treated skin — red circles; jojoba oil-treated skin — blue upward triangles; paraffin-treated skin — magenta downward triangles;

petrolatum-treated skin — green diamonds). The SC thickness is normalized taking into consideration the oil-induced SC swelling.

" represents significant differ-

ence P < 0.05 between untreated and oil-treated skin shown with appropriate colour.
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Figure 6 Depth profiles of the secondary structure of keratin measured
in vivo in untreated (black squares) and oil-treated human forearm skin (al-
mond oil-treated skin — red circles; jojoba oil-treated skin — blue upward tri-
angles; paraffin-treated skin — magenta downward triangles; petrolatum-
treated skin — green diamonds). The SC thickness is normalized taking into
consideration the oil-induced SC swelling. *' represents significant differences
(P < 0.05) between untreated and oil-treated skin shown with appropriate
colour.

Paraffin-treated skin has significantly higher values than almond
oil- and jojoba oil-treated skin at the 0—-60% SC depths (P < 0.01).

Tertiary structure of keratin

As shown in Fig. 7a, the stability of disulphide bonds (gauche-
gauche-gauche (474-508 cm™) conformation to the total disulphide
bond conformations (474-578 cm™)) shows no statistical differ-
ence between oil-treated and untreated skin, except for lower petro-
latum-treated skin at 10% SC depth (P < 0.05), indicating more
unstable disulphide bonds in keratin filaments than in untreated
skin.

Figure 7b shows that the amount of cysteine molecules involved
in the formation of disulphide bonds in keratin filaments. It does
not change after application of oils with the exception of almond
oil-treated skin showing a lower value at 40% SC depth
(P < 0.05), that is a smaller amount of disulphide bonds formed by
cysteine in keratin filaments, indicating the weakness of interaction
between side chains of cysteine in keratin filaments.

Figure 7c shows the depth profiles of buried/exposed tyrosine in
oil-treated and untreated skin. Significantly higher values were
only found between oil-treated and untreated skin at 70% SC depth
(P < 0.01 for almond oil- and paraffin-treated skin and P < 0.05
for jojoba oil- and petrolatum-treated skin), while the overall ten-
dency is visible for 60-80% SC depth. This means that the tyrosine
side chains of keratin transformed into more strongly hydrogen
bound state at this exemplary SC depth, which might have been
caused by the enhanced amount of water molecules around keratin
molecules.

Figure 7d shows the depth-dependent profile of the folding state
of keratin determined by the Gaussian peak position at 2930 cm’,
which is significantly lower in oil-treated skin than in untreated
skin at 0-40% SC depth (P < 0.01). This could be explained by the
strong superposition of the oil’s and skin Raman spectra at approx.
2930 cm™ (Fig. 1), which is supported by the inherent values of
pure oils (lowest value for petrolatum and highest value for almond
oil, Table 2). Paraffin-treated skin also shows significantly lower
values than almond- and jojoba oil-treated skin (0-10% SC depths,
P < 0.05). Petrolatum-treated skin shows significantly lower values
than for the skin treated with other oils (0-40% SC depths,
P <0.01).

Discussion

Effect of oil occlusion on the hydrogen bonding states of water
molecules

From Figs 2—4, we postulate that the occlusive effect of oils can be
interpreted as the transformation of water molecules towards
weaker hydrogen bonding states at the uppermost SC region (O—
30% SC depth). Figure 3 shows that free and weakly bound water
increased at the outermost SC region in oil-treated skin, but the
amount of strongly bound water decreased. An increase of tightly
bound water is, probably, an artefact related to the superposition of
plant-derived oils- and skin-related Raman bands at approx.
3005 cm™ (see Fig. 1b).

This specific increase of weaker hydrogen bound water (Fig. 3a—
b) or transformation towards a weaker hydrogen bonding state of
water (Fig. 4) in the uppermost SC regions can be explained by the
difference in diffusion coefficients for different hydrogen bound
water molecule types, proposed previously [25]. Due to their high
mobility, the weakly bound and free water types diffuse faster
towards the SC surface than strongly bound water and then accu-
mulate below the impermeable thin layer created by the oils and,
as a result, the hydrogen bonding state of water in oil-treated skin

Table 2 Raman features measured on the pure oils and untreated SC. The symbol ‘~" means absence of Raman contribution

losgo/(h130 + los0) loggo/logso (he7o + hess)/hess Maximal position around 2930 cm™
Almond oil 1.26 + 0.03 0.83 + 0.01 0.034 + 0.008 2902 + 1
Jojoba oil 1.02 + 0.02 0.76 + 0.01 0.045 + 0.006 2896 + 1
Paraffin oil 0.72 + 0.03 0.86 + 0.01 - 2896 + 1
Petrolatum 0.42 + 0.11 1.06 + 0.07 - 2882 + 1
SC surface 0.53 + 0.12 1.24 + 0.17 0.433 + 0.048 29339 +£ 0.2
30% SC depth 0.33 + 0.07 1.45 + 0.30 0.437 + 0.027 2934.8 + 0.2
90% SC depth 0.56 + 0.08 1.00 + 0.23 0.480 + 0.044 2935.3 + 0.5
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priate colour.

transforms towards a lower hydrogen bonding state near the skin
surface (Fig. 4).

This explanation partly coincides with the results of van Logtes-
tijn et al. [17] who showed, without separation for water hydrogen
bonding states that oil-treated skin, and especially petrolatum-trea-
ted skin, has a higher resistance to water diffusion than untreated
skin and its resistance reaches a maximum at the uppermost SC
region (approx. 20% SC depth). As shown in Fig. 4, the water
transformation towards a lower hydrogen bonding state is larger in
petrolatum-treated skin compared to other oils. Considering that
the large part of the water diffusion might occur by the weakly
bound and free water, this can be explained by the fact that the
diffusion of water is more suppressed in petrolatum- treated skin
compared to other oils [17].

490

Effect of oil application on the secondary and tertiary structure of
keratin

The oils could affect the Raman spectra of the SC. Table 2 shows
the values calculated for pure oils (Fig. 1) and for exemplary depths
of untreated SC. The other parameters, for example disulphide
bonds (Fig. 7a), cysteine (Fig. 7b) and buried/exposed tyrosine
(Fig. 7c), are not influenced by the pure oils’ spectra and, therefore,
are not shown in Table 2.

At the uppermost SC region, the secondary structure of keratin in
petrolatum-treated skin has an apparent transformation from the -
helix towards the f-sheet structure (Fig. 6), which was not observed
in paraffin-treated skin. In contrast, in skin treated with plant-derived
oils the secondary structure of keratin is transformed towards the o-
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helix structure, which is an artefact related to the superposition of the
plant-derived oil-related Raman peak at approx. 1655 cm™ on the
Raman peak of keratin in the SC (see Fig. 1a and Table 2).

The significantly lower values for plant-derived oils compared to
untreated skin are the result of the contribution of plant-derived
oils’ inherent Raman peak at 1650 cm™, which superimposes the
Amide I band of skin spectra, giving rise to the artifactual decrease
of the f-keratin/a-keratin ratio at 0-30% SC depth. As the Raman
spectra of mineral oils (paraffin and petrolatum), have no peak
around 1650 cm™, the higher values of petrolatum-treated skin at
0-30% SC depth indicate the transformation of o-helix towards f-
sheet keratin, induced by the water due to swelling (increase of
weakly bound and free water).

The analysis of the tertiary structure of keratin at the uppermost
SC region shows no changes from the viewpoint of side-chain inter-
actions, that is the stability of disulphide bonds (Fig. 7a), the amount
of cysteine formed disulphide bonds (Fig. 7b) and the buried/exposed
ratio of tyrosine side chains of keratin (Fig. 7c). At the intermediate
SC region, more transformation from o-helix to f-sheet keratin is
observed in mineral oil-treated skin, but not for plant-derived oil-
treated skin. The disulphide side chains of keratin are not changed
(Fig. 7a-b), while the tyrosine side chains transformed into more bur-
ied states at 70% SC depth in oil-treated skin (Fig. 7c).

At the bottom of the SC (80-100% SC depth), no changes in the
tertiary structure/side-chain conformation in keratin filaments were
found for oil-treated skin (Fig. 7a—d). Meanwhile, the secondary
structure of keratin in petrolatum-treated skin has a higher f-sheet
structure (Fig. 6).

These results are in agreement with the findings that corneocytes
do not swell equally by the application of oils: intermediately located
corneocytes swell more than those located in the upper and bottom SC
regions [26,43]. The swelling of corneocytes is accompanied by an
increase of the distance between the keratin filaments [56] and also
changes the isomerization of keratin filaments in corneocytes. As pre-
sented in Fig. 6, the swelling of the SC induced by mineral oils is
apparently accompanied by the transformation of keratin from o-helix
to f-sheet structure in the intermediate region (50-70% SC depth)
and not with side-chain reactions in keratin filaments (Fig. 7). The
stronger hydrogen bond interaction of tyrosine or buried states of tyro-
sine (Fig. 7c) might be related to the prevalence of f-sheet keratin,
where the keratin chains are arranged parallel and wider than for the
o-helix structure. Thereby, the possibility of forming hydrogen bonds
with other keratin chains (interchain bonds) in p-sheet keratin
increases, compared with coiled o-helix keratin.

Swelling of corneocytes and water binding with NMF, lipids and
keratin

Considering the obtained depth profiles for NMF (Fig. 2b), lipid
organization (Fig. 5), the concentration of water depending on the
strength of its binding (Fig. 3), the hydrogen bonding state of water
(Fig. 4), the secondary structure (Fig. 6) and the tertiary structure
of keratin (Fig. 7), the following conclusions about the swelling-in-
duced changes in the SC have been provided:

In the uppermost SC regions (0-30% SC depth), there is no dif-
ference in NMF concentration for untreated and oil-treated skin
(Fig. 2b). The concentration of free and weakly bound water
increases (Fig. 3), while the concentration of strongly bound water
and, as a result the hydrogen bonding state of water molecules,
decreases (Figs 3 and 4) in oil-treated skin compared to untreated
skin. The values vary between the applied oils.

In the previous studies, the concentration of NMF and the
removal of mechanical constraints (non-peripheral corneodesmo-
somes) [57-60] are considered the key factors for the swelling of
corneocytes and the hygroscopic NMF molecules are considered the
critical biomolecules for binding water [42, 59].

These findings might explain the hydrogen bonding states of
water as follows:

The water in the uppermost non-swelling SC region might be
mainly in the intercellular space of corneocytes, as in an interca-
lated phase in the applied oils and ICL of the SC.

The corneocytes transit from ‘fragile’ to ‘rigid’ phenotypes as they
move towards the surface of the SC [60]. These ‘rigid’ corneocytes
have an increased level of transglutaminase-mediated protein cross-
links and envelope-bound ceramides. The strengthened cornified
envelopes of corneocytes in the uppermost non-swelling SC region
withstand the osmotic effects of NMF and, thus, prevent the water
molecules from entering into the corneocytes and also hinder com-
bining the NMF molecules inside the corneocytes with water [61].
This is often observed by cryo-electron microscopy [43] and our
results [26]. In addition, the corneocytes get stronger and do not
swell at the superficial SC depths [59, 60]. In uppermost non-swel-
ling SC region, the applied oils and the SC lipids consist of hydropho-
bic environments, which promote the weakly bound hydrogen
interactions of water with environmental molecules. Furthermore,
the occlusion widens the intercellular space between corneocytes
[21] and might create the storage of water in the intercellular space
of the SC [19, 62]. As shown in Figs 3 and 4, the water molecules in
the uppermost non-swelling SC region of oil-treated skin are in
weaker hydrogen bound states. We therefore assume that the water
storage might emerge from the oil-treated SC reservoir surrounded
by lipophilic substances in the intercellular space.

Compared to untreated skin, the more disordered hexagonal
state of intercellular lipids in the uppermost SC depths (Fig. 5)
could additionally indicate the widening or a SC reservoir creation
inside the intercellular lipid lamellas.

The secondary structure of keratin is changed stronger in min-
eral oil-treated skin compared to plant oil-treated skin.

The amount of f-sheet keratin in 0-30% and 50-70% SC depth
in petrolatum-treated skin provides more possibility for keratin
chains to bind water via hydrogen bonds (Fig. 6).

Despite the increase of water concentration at these SC depths
(Fig. 2a), the hydrogen bonding states of water do not change at
50-70% SC depth (Fig. 3a—d), although the hygroscopic NMF con-
centration significantly decreases (Fig. 2b).

The observed hydrogen bonding of water in the intermediate
swelling SC region in oil-treated skin can be explained as follows:

If the diffusion path of water, the intercellular lipid space [63] is
occluded by the oils in the uppermost non-swelling SC region, it
causes a decrease of transepidermal water diffusion. This retention
of water could provide the possibility for water that is transported
through the intercellular space to penetrate into the corneocytes
due to osmotic effect. The mass percentage of water increases in
oil-treated skin in the intermediate swelling SC region, for example
at 60% SC depth, the presence of a larger amount of f-sheet- than
a-helix keratin provides more vacancies to bind water and plays a
compensatory role for dilution of NMF by the increasing water con-
centration and water binding (Fig. 6). Higher swelling of the cor-
neocytes in the intermediate region was also reported by Caussin
et al. [43]. At the bottom region (80-100% SC depth), the confor-
mation of keratin and the hydrogen bonding states of water remain
unchanged in oil-treated skin, except for petrolatum-treated skin,
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which implies that the application of oils usually does not change
the corneocytes at these depths.

Regarding the tertiary structure of keratin, it seems that the
influence of the oils’ occlusion is limited.

Conclusion

In conclusion, our investigations addressed the changes of the
depth profiles of the hydrogen bonding states of water in oil-trea-
ted skin (almond, jojoba, paraffin and petrolatum). Until now, the
understanding of occlusion effects on the SC is the retention of
excessive water in the SC, the increase of SC thickness and a
decrease of the TEWL. In this study, new concepts of occlusive
effects by oils and swelling of the SC were proposed. The occlu-
sive properties might be defined as the increase of free water and
the transformation of water from strongly to weakly bound state
in the uppermost non-swelling SC region, even if there is no
TEWL change in oil-treated skin. The accompanied changes in
the keratin conformation in the secondary structure in the inter-
mediate swelling SC region also emphasize the role of keratin in

the water-transporting system in the SC, that is the water is
stored intracellularly in the intermediate swelling SC region and
the secondary structure of keratin might be the hydrogen bond-
ing partner for water. From these viewpoints, almond, jojoba and
paraffin oils are not occlusive from the conventional viewpoints,
that is do not significantly increase the SC thickness and do not
change the TEWL, but in respect of the hydrogen bonding state
of water, they have an occlusion effect similar to petrolatum for
skin.
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