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1 | INTRODUCTION

Powered by the request for the quantitative non-invasive
determination of drug penetration into the skin in vivo,
developing new molecular level-specific analytical
methods becomes important and is in demand in derma-
tological and cosmetic research [1-6] and serves as a
promising topic in biophotonics. Hereby, the recent
advances prove that confocal Raman micro-spectroscopy
(CRM) has a great potential to determine the depth pro-
files of proteins, lipids, water, other inherent components
and penetrated topically applied substances in the stra-
tum corneum (SC) non-invasively and in vivo [7-12].
Caspers et al. [13] recently presented a quantitative
method to determine the penetration of trans-retinol and
propylene glycol into the SC, expressed in mg/cm’, by
calibrating the drugs in different solvents and introduc-
ing a new mathematical algorithm.

Application of CRM in skin research has been known
for decades and the pioneering results were also pub-
lished by Caspers et al. [14, 15], who semi-quantitatively
determined the concentration of keratin, lipids, water,
penetrated drugs, and other SC components, thus paving
the way for a non-invasive in vivo investigation of the SC
components influenced by exogenous factors and the
applied drugs [7, 8, 16-20]. The normalization by keratin,
which takes into account the intrinsic optical characteris-
tics of the SC, for example, the depth-dependent deple-
tion of excitation and Raman signal intensities, has been
used [7, 17, 21-23], as initially proposed by Caspers et al.
[15] Hereby, the coefficients related to the substances are
divided by those of internal criteria, that is the keratin
concentration. The main assumption is the homogeneous
distribution of keratin throughout the SC depth, which
had been widely accepted for CRM analysis of the SC [7,
17, 24-26]. However, this assumption had not been ini-
tially proven and recent studies suggest a non-
homogeneous distribution of keratin throughout the SC
[27, 28]. Thus, taking into account the importance of nor-
malization on proteins in CRM analysis of the SC [29]
and in order to obtain more accurate quantitative infor-
mation, it is crucial to consider the non-homogeneous
distribution of keratin, for example, by using an adaptive
normalization [28, 30] or a more sophisticated chemo-
metric methodology of CRM data [27, 31].

Zhang et al. [27] analyzed SC components quantita-
tively by employing multivariate curve resolution (MCR)
on the Raman spectra of skin to determine depth profiles
of keratin, lipids, and water in the SC. An important find-
ing of this work is that MCR showed a non-homogeneous
keratin concentration in the SC depth, which also influ-
ences the calculations of the drug penetration in the SC.
Choe et al. [32] recently presented the application of a

tailored multivariate curve resolution-alternating least
squares (tMCR-ALS) method using CRM for improved
quantitative determination of water profile in the SC of
untreated and oil-treated skin.

Not only the quantity but also the molecular struc-
tures of lipids, keratin, and the hydrogen bonding states
of water are altered from the surface toward the bottom
of the SC in healthy skin, which can be determined using
CRM [33]. For example, the hydrogen bonding state of
water, lateral organization, and the ratio of the hexago-
nal/orthorhombic phase of intercellular lipids are maxi-
mal at a depth of approximately 20%-40% of the SC
thickness [34-37] and the secondary structure and fold-
ing state of keratin are also non-homogeneously distrib-
uted throughout the SC [38, 39], which are slightly
varying with age [34, 40]. In the SC of diseased skin,
these parameters can vary widely and also depth-depen-
dently. For instance, the SC of atopic dermatitis patients
has a lower concentration of lipids [29, 41, 42], reduced
lipid organization [43], is less hydrated [10, 41], has a
reduced concentration of bound water, and a modified
secondary structure of keratin [43]. The SC of psoriasis
patients has a lower lipid concentration [42] and organi-
zation [44-46], a reduced amount of water [10], and a
change of keratin conformation [44, 45]. The SC of the
dry skin has reduced concentration and organization of
lipids [47] and a lower concentration of water [48].

In these cases, the classical ordinary least squares
(OLS) method [15] is inherently limited as it is based on
the main assumption that the model spectra are fixed as
pure materials and do not alter depth-dependently in the
SC. MCR was proven to be a potent chemometric method
for the analysis of Raman spectra [49-52], which was suc-
cessfully applied in skin research [27, 32, 53-57]. Its main
advantage is to model both, the spectra of the components
and their concentrations simultaneously without the need
of depth normalization. Recently, Yakimov et al. [31]
decomposed Raman spectra of the SC into various compo-
nents, for example, keratin, lipids, melanin, carotenoids,
urea, urocanic, acid and natural moisturizing factor, by
using non-negative matrix factorization without prior
knowledge of the SC components’ Raman spectra. In this
algorithm, the obtained decomposed spectra are assigned
to known SC components in the fingerprint region (400-
1800 cm ™ !). The spectra of decomposed components and
the known Raman spectra of SC components are very
similar with a high similarity score [31]. In this process,
the model spectra were not fixed, providing the possibility
to consider morphological changes of the SC components'
spectra. However, some band positions of the decomposed
spectra do not match the known SC components’ spectra,
indicating that they might originate from a combination
of two or more substances. A further issue is that the
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process of decomposing spectra cannot be controlled to
model the known SC components. Rather, the results
only rely on the mathematical processes that do not
“know” the component spectra of the skin. As reported by
Hancewicz et al. [54], this kind of self-modeling method
can hardly resolve collinear components. In our case, the
lipids and oils have similar Raman spectra, that is, they
are highly collinear. Thus, by only using principal compo-
nent analysis (PCA) or other self-modeling methods, an
efficient decomposition of the oil spectra from lipid spec-
tra of the SC is not expectable. The determination of the
quantitative concentration of the skin substances for
depth-dependent spectra might also be limited, because
composite substances like oils might be divided into two
or three components.

Meanwhile, the tMCR-ALS [58] or modified alter-
nating least squares (mALS) [54] methods could be
more suitable for the decomposition of these depth-
dependent Raman spectra in the high wavenumber
region (2000-4000 cm '), where the Raman spectrum
of skin is composed of lipids, proteins and water, thus
overcoming the above-mentioned disadvantages. Initial
model spectra can be set as the known SC components’
spectra and the process to model known initial spectra
can be controlled.

Here, we performed quantitative measurements of SC
components and penetrated topically applied substances
on exemplary cosmetic oils in vivo, and used the tMCR-
ALS method recently introduced by our group [32] to
determine the mass percentage distribution of keratin,
lipids, and water in the SC depth.

2 | MATERIALS AND METHODS

2.1 | Confocal Raman micro-
spectroscopy

Confocal Raman micro-spectroscopic (CRM) measure-
ments were performed using a skin composition analyzer
dedicated for in vivo/ex vivo skin measurements (Model
3510 SCA, RiverD International B.V., Rotterdam, The
Netherlands) [14, 15]. A 785-nm laser (20 mW on
the skin surface) was used to record Raman spectra in
the fingerprint region (FP, 400-2000 cm ') and a 671-nm
laser (17 mW on the skin surface) was used to record
Raman spectra in the high wavenumber region (HWN,
2000-4000 cm ). Raman spectra were recorded from
above the skin surface down to the depth of 40 pm at
2 pm increments. The acquisition time for one measure-
ment was 5 s in the FP and 1 s in the HWN region. The
spatial depth resolution was <5 pm and the spectral reso-

lution was 2 cm ™.

2.2 | Volunteers

Six healthy Caucasian volunteers aged from 23 to
62 years were included in the study. The volunteers
were instructed not to use any skin care products on
the forearms at least 72 h and not to bathe at least 4 h
before the experiments. The volunteers acclimated for
20 minutes in the laboratory at fixed environmental
conditions (room temperature +20 °C, relative air
humidity ~45%). The measurements were performed
on the inner forearm. In vivo Raman spectra of our
previous work [12] were reanalyzed in the present
study. Approval for the measurements had been
obtained from the Ethics Committee of the Charité -
Universitdtsmedizin Berlin (EA1/058/14).

2.3 | Data analysis
2.3.1 | Determination of the skin surface and
the SC thickness

The surface of the skin is determined as the position,
where the area under the curve of the keratin-related
Raman band (2910-2965 cm ') reaches the half of its
maximum [15]. Also, the skin surface settings from the
FP region are used for the oil-treated SC because in the
HWN region the spectra of oils are highly superimposed
on the (2910-2965 cm ') region, and thus, interfere the
surface settings of the HWN region [28].

Normally, the water mass percentage in the SC gradu-
ally increases from the skin surface toward the stratum
granulosum (SG). In order to determine the boundary
between SC and SG, the point, where the first derivation of
the water concentration gradient value is 0.5 mass %/pm,
was determined as proposed by Crowther et al. [21] The dis-
tance between the surface point and the boundary of the
SC and the SG is considered to be the SC thickness.

2.3.2 | Calculation of water, lipids, and
proteins in the SC

Three different methods were employed for the calcula-
tion of water, lipids, and proteins in the SC.

The first method was initially proposed by Caspers
et al. [15] and used for determining the semi-quantitative
concentration of SC components from the FP spectra and
water from the HWN spectra based on the assumption
that keratin is homogeneously distributed in the SC. This
method is implemented in the Skin Tools software
(RiverD International B.V.), and is therefore further
denoted as SkinTools.
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The second method represents the improved calculation
of the concentration of SC components in the FP and HWN
regions, based on the normalization by considering the
non-homogeneous distribution of keratin [28, 30]. This
method is further referred to as non-homog. Keratin.

The third method, that is, a newly applied method
denoted as tMCR-ALS, was used to obtain the information
of the concentration of the SC components and topically
applied substances from the HWN spectra, which has sev-
eral advantages compared to those of the FP region. The
HWN spectra of water, lipids, and proteins are broad and
simply distinguished, that is, the water has the vibration of
the OH group in the 3100 to 3800 cm ' range, lipids have
long alkyl chains and CH, group vibrations in the 2820 to
2900 cm ™! range, and the keratin (main protein of the SC)
has CH; group vibrations in the 2910 to 2965 cm ™' range.
This simple categorization cannot be applied in the FP
region, where many substances, such as keratin, urea, natu-
ral moisturizing factor, ceramides, cholesterol, and so forth,
have their own fully or partially overlapped Raman bands.
This tMCR-ALS method was recently applied by our group
for improved quantitative determination of the water profile
in the SC [32].

2.3.3 | Statistical analyses

Statistical analyses were performed using Microsoft Excel
2010 and Matlab R2015a (MathWorks). In order to test for
normality distribution, a Jarque-Bera test was performed.
To confirm the statistical differences for two groups, a
paired student t test was applied. To compare the mean
values of more than two groups, ANOVA tests were per-
formed. A p value of <0.05 is considered as significantly dif-
ferent and p < 0.01 as strongly significantly different.

3 | RESULTS AND DISCUSSION
3.1 | Mathematical modeling of the
quantitative determination of the

concentrations of skin components

3.1.1 | Depth-dependent intensity depletion
of Raman spectra in the skin

The intensity of Raman spectra Sg at a certain skin depth
z is expressed in the following equation:

Sg =Pp(z)e” **(kpDAp)and Pp(z) = Pp(z=0)e” %, (1)

where Pj, is the power density of the excitation laser, ag,
ar are scattering and absorption attenuation coefficients

of the Raman and excitation signals, respectively. D is the
density of molecules in the sampling volume of the CRM
(molecules/cm?), f3 is the differential Raman cross sec-
tion, Ap is the sample area monitored by the spectrome-
ter (cm?), and k is the coefficient related to the device
[28]. As shown in Equation (1), the Raman signal in the
skin has two main characteristics. (1) The intensity of the
Raman signal is proportional to the molar concentration
of Raman-active substances in the sampling volume of
the CRM; (2) the intensity of the Raman signal decreases
with increasing skin depth, even though the concentra-
tion of the substances is constant throughout the depth.

3.1.2 | Tailored multivariate curve
resolution-alternating least square (tMCR-ALS)
method: mathematical modeling

Traditionally, the ordinary least square regression (OLS)
method has been used in determining the concentration
of lipids, keratin, and water in the SC. In OLS, the
Raman spectra x of the observation number i can be pre-
sented, as shown in the following equation:

m
X = Z CiSk, (2)
=1

where the subscript i and k are the number of the mea-
surements and substances, respectively. C is the coeffi-
cient value that can be transformed into concentration of
the kth substance. S; denotes the model spectrum of the kth
substance. In the MCR-ALS method, C and S are known as
“score” and “loadings” [27]. Normally, in the OLS method,
the coefficient C is obtained provided that the model spectra
S are fixed in the optimization process, whereas in the pro-
posed tMCR-ALS method, both C and S, are simultaneously
optimized in the convergence process. Therefore, in the
skin, the model spectra of keratin, lipids, and water are
allowed to change differently within the skin depths, repre-
senting their depth-related chemical changes. When SC
HWN spectra are decomposed into three factors, that is ker-
atin, lipids, and water, Equation (2) can be expressed
according to the following equation:

x =S, x merW +8; x merL+ S, x mcrP, (3)

where S, S;, and S, are the scores of water, lipids, and
proteins, respectively, and mcrW, mcrL, and mcrP are the
loadings of water, lipids, and proteins decomposed by the
tMCR-ALS method. The source code of “MCR-ALS GUI
2.0” [49] was used as a base for implementation of the
utilized tMCR-ALS method, where the main code was
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modified in order to handle the input of the skin CRM
spectra and to optimize the convergence process [58],
which minimized the difference between the modeled
and acquired skin Raman spectra. The maximum itera-
tion was set to 30 and the relative tolerance value was set
to 0.01 [32]. Figure 1 shows the working principle of the
tMCR-ALS method applied to skin Raman spectra. Steps
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2 and 3 were repeated, until the convergence conditions
were achieved (Figure 1).

Figure 2A shows the upper and lower limits of the ini-
tial model spectra of water, lipids, and proteins. These
upper and lower limits were set for the spectra not to devi-
ate far: +15% from the initial spectra of water, lipids, and
proteins (totally 30% from upper to lower values). These

Setting initial parameters:

their upper and lower limits,

initial spectra of Proteins, Lipids and Water (mcr Py, mcrLg, merWy),

the maximum iterations and the tolerance for loop breaking

|

mSinIIX — S x merX||? such that S; > 0

Calculate scores for all spectra at the same skin depths:

]

Convergence criterion achieved?

T T
[[sFxs; =SLyxsia|
N
iteration number > max iteration number

< Tolerance or

No | Calculate loadings for all wavenumbers: j =1...n, min[|X —§ x merX||?
merX

such that merW, — e, < merW < mecrW, + e,

merLy — e, < merL < mcrLy + ¢,
mcrPy —ep < mcrP <mcrPy —ep

Yes

Break

FIGURE 1

tMCR-ALS scheme for the analysis of the SC using non-negative constraints for scores and upper and lower constraints for

loadings. As the first step, the Raman spectra of the nonhydroxy fatty acid- phytosphingosine ceramide (ceramide NP C-18), keratin

(measured in dry nail), and distilled water were measured and set as initial loadings. Then, for the group of these spectra, the loadings and
scores were calculated iteratively by the tMCR-ALS method at the same skin depth. At the first step of tMCR-ALS processing, the score
values S were calculated by using linear least squares regression with non-negative constraints. Next, the loadings/spectra were calculated by

using constrained least squares regression, based on the obtained score values. The constraints for the spectra were: they are within a certain

range from the initial model spectra and also non-negative. These constraints are reasonable, so as to prevent the deviation of model spectra

from the reasonable initial setting spectra of water, lipids, and keratin.
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Lower limit of Water 800+
§2) 300 Upper limit of Proteins 2 7004
g Upper limit of Lipids 5
2509 Upper limit of Water £ 600
g ] 20
> 200 2 500 18
= 2 16
g 150 9 £ 400 1421
£ 004 é 300 10
§ I 8
£ 2004 6
g °
Ca S, S 100 4 2
09 0
: : . : : ‘ : : : - ; )
2600 2800 3000 3200 3400 3600 3800 2600 2800 3000 3200 3400 3600 3800
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limit Raman spectra of water, lipids, 2 600 £ 6004 yv—//\-wf\.
=
. 5 20 S 20
and proteins (A), the depth- 5 500 18 5 s00] .A—/\‘,/\ 18
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increments.

Wavenumber, cm™

Wavenumber, cm™
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limits were determined experimentally: the evolution of the
loading spectra is not finalized if the total deviation is
<24%; appearance of unknown loading spectra occurs if the
total deviation is >40%; the loadings spectra are not chan-
ged if the total deviation is within a 24% to 36% range.
Figure 2B-D shows the spectral loadings of water, lipids,
and proteins for the different skin depths from 0 to 20 pm
at 2 ym increments.

3.1.3 | Transformation of the score value to
the mass percentage

The SC's substances can be categorized into three main
groups, that is, water, lipids (free fatty acids, cholesterol,
and ceramides) and proteins (mainly keratin, filaggrin,
water-soluble free amino acids). Therefore, the mass per-
centage of water, lipids, and proteins are expressed in
Equation (4), where P, P}, and P, are the mass percentage
(g/100 g skin) of water, lipids, and proteins, respectively,
and m,,, m;, m,, and M are the mass of water, lipids, pro-
teins, and the total mass of the skin in the sampling volume
of CRM.

on my,
Py=—=———" (mass, %
YT M mw+ml+mp( 0)
m m
P=—t=—"1_ (mass,%)
M my+m+m,
m m
P,=—"L= P (mass, %). (4)

M myt+m+m,

Equation (4) is determinable if the scores can be trans-
formed to the real masses of the substances. One of the
key problems to make Raman spectroscopy quantitative
in skin analysis is to design the calibration curve, for
example, as proposed in the literature [15].

Here, we present a new calibration algorithm for this
transformation from scores to mass. First, when the spec-
tra of the unit mass of water, lipids, and proteins are
given, that is, unit mass water spectra (UMWS), unit
mass lipids spectra (UMLS), and unit mass proteins spec-
tra (UMPS), the multiplication of the mass and unit mass
spectra are equal to the production of the score and MCR
loadings shown in Equation (5), as mentioned in the lit-
erature [27]

Sy 0 0 merW my 0 O UMWS

0 S0 | x|merL |=|0 m O x | UMLS

0 0 S mcrP 0 0 my UMPS
(5)

In Equation (5), if UMWS, UMLS, and UMPS are deter-
mined, the mass of water, lipids, and proteins can be
obtained.

For solving this problem, pure water spectra (PWS),
pure lipid spectra (PLS), and pure protein spectra (PPS)
were recorded. With regard to the sampling volume v of
the utilized CRM, Equation (6) was derived, where p,,, p;,
and p,, are the density of water, lipids, and proteins

PV 0 0 UMWS PWS
0 pv O |x|UMLS |=|PLS |. (6)
0 0 pu UMPS PPS

Substituting Equation (6) to Equation (5) results in the
following equation:

Sy 0 0 merW m, 0 O
0 S0 | x|merL | =10 m O
0 0 S mcrP 0 0 m
ppy 0 0 |
x |0 pv O
=0 0 pyv
PWS
x | PLS |. (7)
| PPS

Deriving the proportional coefficients S/M results in
Equation (8).

Sw/my 0 0 1/p, O 0
0 Si/m; 0 =10 1/p; O
0 0 Sp/mp, 0 0 1/,0p
PWS mcrW
x | PLS | x | mcrL
PPS mcrP

(8)

Using pseudo invert matrices in Equation (8) for MCR
loadings results in Equation (9)

merW | merw ] "
mcrL = | mcrL
mcrP mcrP
mcrW merw "
X merL | x | merL .9
mcrP mcrP
When the proportional coefficients, that s,

R :i—‘;,R, :%,ande :%, from Equation (4) are
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obtained, the mass percentages can be expressed accord-
ing to Equation (10), where p,,, p;, and p,, are the density
of water (1 g/cm’), lipids (0.9 g/cm’ from ceramides
[59]), and proteins (1.15g/cm’ from dry SC [13]),
respectively

Sw/Ru S

P, = =
SwySiy S SRy | Sprw
R TR TR, Sw g+ R,

P = Si/R _ Sy
SP/Rp Sp
Pp= =5.R, . SR, (10)

T Se S S
RW+R1+RP Ry R JrSp

By Equations (7)-(9) and Raman spectra of pure mate-
rials, the values of R,/R, and R)/R, are calculated
to be 3.4 and 16.2, respectively. The main difference of
this method compared to previously reported methods
[13, 27, 54] is that R,/R,, and R/R,, are not constant
and vary depending on the SC depth, because the
loadings of tMCR-ALS are different from the sur-
face toward the bottom SC depths (Figure 1 and
Equation 8).

3.1.4 | Depth-dependent concentration
profiles of penetrated oils in the SC

If exogenous substances, such as oils, exist in the
SC, Equation (10) is extended to Equation (11). [32],
where S, is the score of the oils in tMCR-ALS,
which is calculated by Equation (12) [32], derived

from a similar process as shown in Equa-
tions (5)-(9).
P Sw/Ruw
WS S S S
rFRYRTE
_ Sl/Rl
TS S L S S,
ReTRTR TR
_ S/Ry
PSSy 1 S 5% | S,
R TR TR TR
So/R
P, o/ Ro (11)

TS S5 S
m+&+&+&
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S/ O 0 0
0 Sl/ml 0 0
0 0 S,/m, 0
0 0 0 S, /My
1/p, 0 0 0 PWS merw
0 1/p; O 0 PLS merL
0 0 1/p, O “1pps | | merp
0 0 o0 1/p, POS mcrO
(12)

In Equation (12), pg, mcrO, and POS are the density,
MCR loadings and the pure oils' Raman spectra that will
be used for the calculation of R, :i—‘;. By substituting R,
into Equation (11), the depth-dependent mass percentage
of oils in the SC are calculated quantitatively. The pure
oils' Raman spectra were measured by CRM and the den-
sity of almond oil, jojoba oil, paraffin, and petrolatum are
0.90, 0.91, 0.84 and 0.85 g/cm3, respectively.

315 |
proteins

Depth profiles of water, lipids, and

The quantitative depth profiles of water, lipids, and proteins
calculated using tMCR-ALS (Equation 10) are shown in
Figure 3A-C. For comparison, the depth profiles of water,
lipids, and proteins were calculated using SkinTools [15],
and the non-homog. Keratin [28, 30] and depicted from
Zhang et al. [27] after calculation using the MCR method.
The mass % of the water concentration presented in
Figure 3A calculated by SkinTools and non-homog. Kera-
tin are significantly higher than the values calculated by
tMCR-ALS at 10% to 60% SC depth (p < 0.01) and higher
at 0% and 70% SC depth (p <0.05). As shown in
Figure 3A, at the depth exceeding 70% of the SC thick-
ness, these three methods show no difference for the
water concentration profile. Therefore, we can conclude
that the SC thickness calculated by the water gradient
value of 0.5 mass %/pum [21] will be correctly determined
using these three methods. The lower water values calcu-
lated by tMCR-ALS at 10%-70% of the SC thickness
might be explained by the fact that the algorithms of
SkinTools and non-homog. Keratin methods ignore the
contribution of lipids to the water mass calculation,
which have a maximum concentration in the superficial
SC depth (Figure 3B). The higher amount of lipids in the
upper SC depth (0%-50% of SC thickness) result in a
decrease of the water concentration in this SC region (see
the denominator of Equation 4). Meanwhile, at the
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Quantitative depth profiles of water (A), lipids (B), and proteins (C) in the SC of untreated human skin in vivo calculated by

using SkinTools (black squares), non-homog. Keratin (blue circles) and tMCR-ALS (green upward triangles) (mean + SD), and depicted
from Zhang et al. [27] using MCR (red downward triangles, dotted line) methods. Semi-quantitative lipid (B) and protein (C) depth profiles
calculated using SkinTools and non-homog. Keratin are normalized on the absolute maximal concentration determined by tMCR-ALS, to
make the data comparable. Penetration profiles of almond oil (black squares), jojoba oil (red circles), paraffin (blue upward triangles), and
petrolatum (magenta downward triangles) applied topically on human skin in vivo shown in mass % calculated using tMCR-ALS (mean

+ SD). The detection limit is shown as green diamonds (D).

bottom layers of the SC (>80% of SC thickness), the con-
tent of lipids is much lower and their contribution could
be ignored compared to the content of water and keratin
and thus the results of water mass % are almost identical
for all methods. The decrease of keratin (Figure 3C) is
dermatologically valid, as the water mass percentage
increases substantially toward the bottom of the SC
(Figure 3A). Thus, in the sampling volume of the Raman
microscope, the total mass percentage is always 100% and
is composed mainly of keratin and water (the content of
lipids is small), the keratin mass percentage should
decrease when the water mass percentage increases.

It should be noted that the tMCR-ALS method is also
able to determine an influence of topically applied sub-
stances on skin hydration correctly [32], without the need
of normalization on Raman band intensity of keratin,
which is often superimposed with the Raman spectra of
formulations [60]. Moreover, tMCR-ALS is applicable to
estimate the concentration depth profile of different
water mobility states, that is tightly-, strongly-, weakly-
bound, and unbound water in the SC, because it can

track the water-related spectral changes in depth. How-
ever, no significant differences in depth profiles are
expected compared to the used Gaussian function-based
deconvolution procedure [61], which takes the contribu-
tion of proteins in the Raman spectrum of water in the
HWN region into consideration.

In order to compare quantitative and semi-quantitative
lipid and protein depth profiles, we have normalized max-
ima of semi-quantitative profiles obtained using SkinTools
and non-homog. Keratin by the maximum absolute concen-
tration obtained using tMCR-ALS.

Thus, Figure 3B shows the comparable non-
homogeneous depth profiles of lipids in the SC calculated
using SkinTools, non-homog. Keratin and tMCR-ALS,
which is in accordance with published data [29, 31, 62,
63]. The enhanced lipid concentration is only visible at
70-100% of the SC thickness (p < 0.05 at 80%-100% of SC
thickness) after application of SkinTools. The lipid con-
tent is higher at the surface of the SC (x6.5%) and rapidly
decreases toward the bottom of the SC, reaching ~2% at
the boundary between the SC and the SG. The entire
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lipid content calculated using tMCS-ALS is 4.42%, which
is higher than 2.75% calculated using the MCR method
proposed by Zhang et al. [27] and depicted in Figure 3B.
This higher value might be due to the fact that during the
PCA procedure different calibration processes were
applied on the MCR method. The entire lipid profile cal-
culated using the non-homog. Keratin is almost identical
to those calculated by tMCR-ALS, which shows that the
semi-quantitative results can be also used for quantita-
tively estimating the lipid concentration in the SC.

Figure 3C shows the depth profiles of proteins
(mainly keratin) calculated by SkinTools, non-homog.
Keratin and tMCR-ALS methods and the depicted line
from reference Zhang et al [27] The concentration of pro-
teins is presented in mass %, as calculated using tMCR-
ALS. Showing the depth profiles obtained by different
methods gives a good insight in the effort to reveal the
quantitative concentration of keratin in the SC as a func-
tion of depth. First, at the upper region of 0%-30% of SC
thickness, the keratin profiles calculated by tMCR-ALS
are close to the profiles calculated by non-homog. Keratin
and significantly larger than those calculated by Skin-
Tools. For the deeper region of 60%-100% of SC thick-
ness, the keratin profile calculated by tMCR-ALS
decreases much faster than those calculated by non-
homog. Keratin, but is similar to the profile calculated by
SkinTools. The depicted keratin concentration profile
presented by Zhang et al. [27] is smaller than that calcu-
lated by tMCR-ALS and decreases monotonically.

3.1.6 | Depth profile of oils in SC

Figure 3D shows the penetration depth profiles of four
cosmetic oils topically applied on the skin and quantita-
tively calculated using tMCR-ALS by Equation (11). The
oil concentrations at the surface are 4.3 + 3.1 for almond
oil, 5.9 + 3.8 for jojoba oil, 8.2 + 2.4 for paraffin, and
12.6 &+ 5.6 g/100 g skin for petrolatum, which is in accor-
dance with results published by Mack Correa et al. [64]
and our results for oil penetration [12]. The order of the
concentrations determined at the 0% to 10% of SC depth
is petrolatum > paraffin > jojoba oil > almond oil. In
order to test whether tMCR-ALS is able to distinguish oil-
treated from untreated skin, it was applied based on
Equation (11) to untreated skin. In untreated skin, calcu-
lations using tMCR-ALS should result in a concentration
of zero for oils; however, a concentration of (0.4 + 0.7)
g/100 g skin was obtained that is further considered as
the detection limit of tMCR-ALS for determination of oils
in the oil-treated skin. The obtained value can depend on
the algorithms of the tMCR-ALS method and on the
CRM properties, such as the signal-to-noise ratio, the
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wavenumber resolution, and so forth. The Student ¢ test
shows highly significant differences between oil-treated
and untreated skin at the depth of 0% to 30% of the SC
thickness (p < 0.01); only almond oil-treated skin shows
a difference at the depth of 30% of the SC thickness
(p < 0.05). At the depth of 40%-100% of the SC thickness,
no oils are detectable in the oil-treated skin.

Thus, the penetration depth of the four examined oils is
limited to ~30% SC thickness, which is in accordance with
previous semi-quantitative studies [12, 25] and correlates
with the maximal orthorhombic lateral packing organiza-
tion of intercellular lipids at this SC depth [34], representing
the highest skin barrier function. Assuming that the average
SC thickness for the human forearm skin is ~20 pum [12],
the results of the CRM measurements showed that the
examined oils could only penetrate to the depth of ~6 pm.
To the extent of the authors’ knowledge, Figure 3D shows
the first quantitative results of oil penetration profiles into
the SC expressed using in vivo CRM. Caspers et al. [13]
implemented a quantitative method in penetration of reti-
nol and propylene glycol into the SC based on the calibra-
tion curve between the different solvents with different
substance concentrations, which requires additional calibra-
tion experiments. The advantage of tMCR-ALS is that only
the Raman spectra of the pure materials and their densities
are needed for analysis.

4 | CONCLUSION

We have applied tMCR-ALS to quantitatively determine
the mass percentage depth profiles of the main SC com-
ponents, such as proteins, lipids, and water, and topically
applied substances, with the example of cosmetic oils
(almond oil, jojoba oil, paraffin, and petrolatum). tMCR-
ALS requires a few experimental processes for the cali-
bration process (Raman spectra of the pure materials and
their densities), taking automatically account of the
depth-dependent spectral changes and yet does not
require the normalization on the keratin concentration to
match depth-dependent attenuation of excitation and
Raman signals and yields the quantitative results based
on the proposed rigid mathematical algorithm.

The tMCR-ALS results show that in the SC of
untreated human skin in vivo the water concentration
increases from ~34 mass % at the surface to ~63 mass %
at the bottom of the SC, which is slightly lower than
determined previously. The concentration of proteins
decreases monotonically from ~63 mass % at the surface
to =35 mass % at the bottom of the SC, which is higher
than determined previously. The concentration of lipids
decreases monotonically from ~7 mass % at the surface
to &2 mass % at the bottom of the SC, which is slightly
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lower than determined previously. The topically applied
oils show the highest concentration on the surface: 4.3
+ 3.1 for almond oil, 5.9 + 3.8 for jojoba oil, 8.2 + 2.4 for
paraffin, and 12.6 + 5.6 g/100 g skin for petrolatum,
respectively, further decreasing monotonically and disap-
pearing in the depth exceeding 40% of the SC thickness.

Therefore, the tMCR-ALS method proposed here is
well suitable for practical application in dermatological
and cosmetic research to determine the quantitative con-
centrations of drugs penetrated into the skin and the con-
centrations of the intrinsic components of the SC, such as
water, lipids, and proteins. We expect that the introduced
tMCR-ALS method could be enabled for the wide appli-
cation of Raman micro-spectroscopy in skin research by
its capability of in vivo, non-invasive, rapid and easy
quantitative determination.
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