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Abstract. Dermatologists need to combine different clinically relevant characteristics for a better understanding
of skin health. These characteristics are usually measured by different techniques, and some of them are highly
time consuming. Therefore, a predicting model based on Raman spectroscopy and partial least square (PLS)
regression was developed as a rapid multiparametric method. The Raman spectra collected from the five upper-
most micrometers of 11 healthy volunteers were fitted to different skin characteristics measured by independent
appropriate methods (transepidermal water loss, hydration, pH, relative amount of ceramides, fatty acids, and
cholesterol). For each parameter, the obtained PLS model presented correlation coefficients higher than
R? =0.9. This model enables us to obtain all the aforementioned parameters directly from the unique
Raman signature. In addition to that, in-depth Raman analyses down to 20 um showed different balances
between partially bound water and unbound water with depth. In parallel, the increase of depth was followed
by an unfolding process of the proteins. The combinations of all these information led to a multiparametric inves-
tigation, which better characterizes the skin status. Raman signal can thus be used as a quick response code
(QR code). This could help dermatologic diagnosis of physiological variations and presents a possible extension
to pathological characterization. © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.19.11.111603]
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1 Introduction hydration, natural moisturizing factors (NMFs) content, and lip-
ids classes’ content are the most frequently analyzed.

The measurements of the TEWL give an idea on the SC
barrier function, thus providing information on permeability
barrier status under normal, experimentally perturbed, or dis-
eased conditions.>™'7 Moreover, it has been established that
the pH value of the skin surface plays an important role for
the epidermal barrier.!!-18-1°

SC hydration is not only important for maintaining skin’s
functional properties, but also has great impact on the skin’s
aesthetic properties. Different in vivo methods for the assess-
ment of SC hydration have been described, namely electrical,
microwave, thermal, microscopic, magnetic resonances, and
spectroscopic including Raman spectroscopy.?®>*

However, most commonly applied methods are based on
measuring the electrical conductance, capacitance, or imped-
ance as an indirect indicator for SC water content.
Meanwhile, those conventional classical in vivo noninvasive
methods do not provide direct information about the depth pro-
files of water content and SC components structure.

Confocal Raman microspectroscopy is the first commercial
technique that provides an in vivo noninvasive method to deter-
mine depth profiles of water concentration in the skin.?**~ In-
depth measurements allow biopharmaceutical studies.'™* This
technique can also be used to study skin physiology and patho-
logical conditions including cancers.*®

Skin covers the body and accomplishes multiple defensive func-
tions. Its physiological health and function depend on many
parameters. The epidermis represents a barrier against the
loss of water and other components from the organism.'?
Furthermore, this epidermal barrier, mainly due to the stratum
corneum (SC), is the limiting unit for the penetration of exog-
enous substances through the skin.>~> This well-controlled func-
tion is fully assumed in intact skin, but sometimes the SC barrier
status can be modified by different external factors such as cli-
mate,® physical stressors, and internal physiological character-
istics like hormonal secretion,” nutrition, as well as the
composition of a lipid matrix, i.e., ceramides, free fatty acids,
and cholesterol and its derivatives in the intercellular
spaces.> " The modification of one parameter perturbs the
skin homeostasis.''='> Thus, the effect of each internal character-
istic and its relation with the surroundings should be understood.

In that optic, dermatologists and cosmetic scientists are
highly interested in global characterization of the skin status.
Due to the complexity of its structure and functions, a single
parameter is not sufficient to describe entirely the skin physio-
logical status.'* Therefore, different methods for monitoring
skin functions have been introduced.

Among the in vivo skin characterization parameters, transe-
pidermal water loss (TEWL), skin surface acidity (pH), SC
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Thus, Raman spectroscopy seems to be a highly sensitive
technique to tiny molecular changes. Therefore, one can assume
that variations in a skin parameter would induce changes in the
vibrational state. Raman signature associated with the adequate
data processing appears to be a good candidate for multipara-
metric analysis of the skin.

Partial least square (PLS) processing coupled to Raman spec-
troscopy has been presented as a novel approach, making pos-
sible to obtain qualitative information about the distribution of
the compounds.***°

The aim of this study was to demonstrate the proof-of-prin-
ciple of a novel and single-quantitative method in vivo assay for
different skin characteristics by using confocal Raman micro-
spectroscopy and PLS data processing.

In that purpose, semiquantitative analyses of skin character-
istics were realized on volunteers with normal nondiseased skin.
Lipid classes’ contents: cholesterol, ceramides, fatty acids;
hydration level; and TEWL and pH were monitored and directly
correlated to the Raman signal of the five outermost microme-
ters of the skin. The use of the different fitting coefficients in the
validation set enabled us to obtain all different parameters
directly from the unique Raman signature. Moreover, in addition
to the information obtained from the PLS models, in-depth
Raman analyses enabled us to evaluate the variation in water
and protein structures in deeper layers. The combinations of
all these information led to a multiparametric investigation,
which better characterizes the skin status. Raman signal can
thus be used as a skin quick response code (skin QR code),
because the information in a Raman spectrum can be decoded
quickly for predicting different skin characteristics.

2 Materials and Methods

The in vivo experiments were performed on 11 healthy
Caucasian women volunteers aged between 55 and 65 years.
Measurements were undertaken at four sampling locations:
the volar and outer forearm as well as the inside and outside
calf. After arest period of 20 min in an environmental-controlled
room, the different physiological parameters were measured on
the same side of the skin.

2.1 In Vivo Raman Microprobe Analysis

In vivo Raman investigations were performed using an in vivo con-
focal Raman optical microprobe (Horiba Jobin Yvon, Villeneuve
d’Asc, France).

The probe is coupled to 5-um-diameter fiber optic probe
(InPhotonics, Norwood, Massachusetts) with a coaxial two-
fiber probe, one for excitation and the other for collection. A
band-pass filter removes the unwanted signals and transmits
the pure laser light. A double-pumped Nd:YLF laser source
at 660 nm (Toptica Photonics, Munich, Germany) with 12-
mW power on the sample was used. The 660-nm excitation
wavelength was chosen because it gives a weak background
in the fingerprint region*! and a high Raman Stokes signal in
the high-wavenumbers region. A long-focal microscope objec-
tive MPlan FLN 100 X /NA0.75 WD 4.7 (Leica, Mannheim,
Germany) (3-um in-depth resolution) was coupled to a piezo-
electric system, allowing “z”” movement of 100 ym with adjust-
able increment. After the lens, an independent device with an
aperture of 1 or 2 mm, for adjusting the distance between the
skin and the lens, was added to the system so as to be positioned
at the optimum working distance. An ultrafast autofocus system
allows focusing of the laser on the surface of the skin in near real
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time. A display system for viewing the surface of the sample is
also incorporated to the probe.

Collected scattered light was analyzed with Micro-HR
Raman spectrometer with a compact rugged geometry
(178 X 267 x 140 mm) and no internal moving parts. The
raw signal was filtered through an edge filter and then dispersed
using a 600-lines/mm holographic grating and a 100-ym slit.
The Raman Stokes signal was recorded with a high-sensitivity
CCD detector cooled to —70°C by Peltier effect. The dispersion
of the signal provides a total coverage from 400 to 3700 cm™"
and spectral resolution of 1 cm™!. The used system is equipped
by a confocal microprobe attached to a movable arm, allowing
easy positioning of the probe on skin surface.

To monitor the intraindividual variability of the skin physio-
logical status, each location of each volunteer was analyzed on
seven different points. For each analyzed point, Z-profiles are
made by moving the laser focus point along the optical axis
from 0 to 20 ym depths with a 2-ym step. This permits us to
access in vivo depth information of the SC. All spectra were
subjected to the same automated preprocessing protocol. All
spectra were smoothed using a Savitsky—Golay algorithm on
11 points.*? In order to avoid the interference of the fiber back-
ground in the analysis, spectra were corrected by baseline sub-
traction using an automatically generated polynomial function
which individually fits to each spectrum of the dataset.’’”

The exact position of the skin surface was determined using
the method described by Tfayli et al.** For comparison, the
absolute intensity variations of spectra were corrected by vector
normalization.

2.2 Biometric Measurements

Trans-epidermal water loss (TEWL) was measured using
Tewameter TM210, pH values were measured using Skin pH
meter 905 and skin hydration was obtained with
Corneometer CM820 all from (Courage & Khazaka electronic
GmbH, Ko6ln, Germany). To minimize the intra-individual varia-
tion, the presented TEWL, pH and skin hydration values are the
mean of 3 measurements.

2.3 In Vivo SC Lipid Extraction

The in vivo SC lipid extraction was performed using a previ-
ously described method.**® The sampling area of the skin
was wiped (without rubbing) with a filter paper moistened
with ether. Then, a surface of 5 X4 cm was drawn. For lipid
extraction, a cotton swab presoaked in a mixture of ethyl
acetate/methanol (20/80 v/v) was used to skip the skin area
10 times in the same direction. The two sides in cotton were
removed from cotton swab using fine forceps and placed in a
glass flask with polyethylene stopper (PTFE) stopper. The
last step was repeated three more times, and each time a new
cotton swab was used in a different rubbing direction of the rec-
tangle. The flask containing eight halves of four cotton swabs
was surrounded with Parafilm® M at the bottle and cap closure,
and then the entire bottle was wrapped with aluminum foil. The
extracts were kept at —20°C. The contents of the vials were
thawed for analysis at room temperature. A 6-mL mixture of
chloroform/methanol (2: 1v/v) was added in the bottle and vor-
texed for 2 min. The solvent mixture was collected and put in a
glass test tube before evaporation to dryness under a stream of
nitrogen with gentle heating (50°C). The extraction is repeated
with 6 mL of solvent mixture and insert after stirring the dry
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residue formed previously. The obtained mixture is evaporated
once again in the previous described conditions. Therefore, the
dry residue is dissolved in 200-1 solvent mixture of heptane/
(chloroform:methanol 2:1) (180:20 v/v) before high-perfor-
mance liquid chromatography (HPLC) analysis.

2.4 HPLC Instrumentation

HPLC was performed using a normal phase separation.***’ A

silica-grafted polyvinyl alcohol (PVA)-Sil column (PVA-bonded
column; 5-um particle size, 150 X 4.6 mm purchased from
YMC (Kyoto, Japan) and thermostated at 35°C in an ultimate
oven 3000 RS was used for separation. The solvents were
degassed prior to use, and the mobile phase was continuously
degassed in a RSLC Ultimate 3000 connected to a Dionex®
Ultimate 3000 RSLC pump.

Normal-phase liquid chromatography was performed using a
binary-gradient solvent system of heptane/chloroform
(80:20 v/v) (solvent A) and acetone (solvent B) using a
flow rate of 1 mL/min, and the injected volume was 5 uL.
The HPLC system was coupled to Corona® CAD (ESA
Biosciences, Chelmsford, Massachusetts). The analysis was per-
formed using Chromeleon software. Solvents [Heptane (99.7%
purity), chloroform (99.3% purity), and acetone (99.7% purity)]
were purchased from VWR (Fontenay-sous-bois, France).

2.5 Chemometric Analysis

Multivariate data analysis was performed on Simca P-11
(Umetrics, Sweden) software. The PLSs**~>° method was applied
for the identification of Raman features correlated to the different
studied parameters. PLS is a multilinear calibration method that
can be used for prediction of events involving multiple variables.
The process calculates the maximum covariance between two
matrixes X and Y. Thus, the main aim of PLS is to predict
the Y-variables from the X-variables. Applied on Raman spectra
(X-variables), the aim is to obtain an estimation of the multipara-
metric skin characteristics (¥-variables) from the spectral dataset.

The X matrix of the PLS models contained smoothed, base-
line-corrected, and scaled spectral data using univector method.
The X and Y matrices were centered and autoscaled: unit vari-
ance (UV) scaling which gives all variables equal weight. The Y
matrix contained the relative amount of ceramides, fatty acids,
cholesterol, hydration level, TEWL, pH, and different depths of
the analyzed site of the skin as well.

Orthogonal signal correction (OSC)’! was performed prior to
PLS regression.

2.5.1 PLS fitting model

For a clear illustration of how the PLS coefficients are used for
the prediction of the present skin characteristics, it is necessary
to explain briefly how the linear PLS model is obtained.**->
First, principal component analysis is performed for X varia-
bles and it finds new orthogonal variables that are rotated to fit with
Y. They are called T-scores. They are estimated as linear combi-
nations of the original X variables with the weights W. For the
model calibration, we determine the appropriate number of latent
variables by cross-validation technique with seven rounds and a
maximum of 200 iterations. The approach leaves out data in
turn for latent variable calculation and stops when predictive
residual sum of squares is not significantly improved. The number
of latent variables was limited to four to avoid model overfitting.
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T=XW. (1)
The T-scores model X and are predictors of Y
Y=TC'+F. 2

C expresses the Y weights. The Y-residual matrix, F' repre-
sents the deviations between the observed and modeled
responses.

Thus, the regression model can be written in the following
way:

Y=XWx«C'+F=XB+F. 3)
The PLS regression coefficient “B” can be summarized as
B=WxC' @)

As illustrated by Eq. (4), having B and X, we can predict Y.

As the X and Y data used for coefficient calculation were
UV-scaled, the new spectral data “X;” that will be used for
prediction should be equally transformed. For that, the
means (X _vectors Ym—valwe) and the standard deviations
(Xgtd—vectors Ystd—vae) Of X and Y, respectively, from the
model are needed.

Thus, new Y; prediction could be calculated as follows:

Xic = (Xl _Xm)/Xstd (5)
Yie = X * B, (6)

where X;. is UV-scaled X;, and Yic is UV-scaled Y;
Yi = Yic * Ystd + Ym (7)

Thus, the proposed fitting model contains a matrix composed
by all PLS coefficients (B) calculated for each Y observation:
amount of ceramides, fatty acids, cholesterol, pH, TEWL,
and hydration level (Fig. 1). The fitting model’s structure should
also contain information about the mean spectrum (X,,) and Xq
as well as the Y,, and Yy of each observation.

3 Results and Discussion

3.1 Prediction of Skin Characteristics Using SC
Raman Signal and PLS

The first part of this work deals with the potential of Raman
spectroscopy to indirectly quantify the SC lipid classes, pH,
TEWL, and hydration of different volunteers. Raman spectra
collected from the five outermost micrometers of the skin sur-
face were coupled to PLS regression to monitor the different
skin parameters and to try to develop a predicting model.
The outermost five micrometers of the skin were chosen for
PLS fitting model because the independent molecular and bio-
metric measurements were recorded from the skin surface.

3.1.1 Raman analysis can quantify indirectly ceramides,
fatty acids, cholesterol content, pH, TEWL, and
hydration level

In vivo Raman measurements revealed a correlation between the
Raman signal and other studied parameters of the skin. Raman
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Fig. 1 Prediction of skin characteristics [ceramides: CER, fatty acids: FA, cholesterol: Chol, hydration
level, transepidermal water loss (TEWL), and pH] using Raman spectrum and partial least square (PLS)

regression coefficients.

spectra are characteristic of the chemical structure of the studied
sample. For each skin parameter (relative amount of ceramides,
fatty acids, cholesterol, pH, TEWL, and hydration level), the
obtained PLS model presented correlation coefficients higher
than R? = 0.9, reflecting a good predictive ability of the models
(Figs. 2 and 3).

In order to obtain an estimate of the predictive ability of the
present PLS regression model, a cross-validation®>>> was used.
Some characteristics of the PLS model are illustrated in Table 1.

The difference between the predicted parameters and true
value was very small. Root mean square error of estimation
and root mean square error of prediction were found to be
less than 0.5% and 0.7%, respectively. The mean confidence
interval for the test set was between 0.1 and 0.2, demonstrating
a good precision and accuracy for those models. Thus, we
showed that we can indirectly quantify the different parameters
of the skin using only its Raman spectra (Figs. 2 and 3).

In addition to that, the PLS coefficient “B” [Eq. (4)] showed
that Raman features are sensitive to a specific analyzed param-
eter. The model enables the detection of those characteristic
Raman modifications which were related to each studied cri-
terion of the analyzed site. As an example, Figs. 4 and 5 illus-
trate, respectively, the evolution of the Raman signal related to
each class of SC lipids, i.e., ceramides, fatty acids, cholesterol,
and biometric measurements. Taking the present PLS process-
ing, as mentioned above, it is possible to set up a “data structure”
that contains the PLS calibration factors and uses them for
prediction of newly acquired spectra [Fig. 1; Eq. (7)].

Like every instrumental measurement, a calibration pro-
cedure is needed for the present method. The presently found
coefficients should work on data acquired with the similar
Raman microprobe and be using exactly the same data prepro-
cessing and processing. It is known that the noise and the spec-
tral resolution depend on the performances of a system used in
Raman spectroscopy measurements. The preprocessing meth-
ods used as the fluorescence removal algorithm highly affect
the spectral features shape.>* Therefore, for a different operating
environment, a new model should be developed. Thus, to
facilitate clinical use, integrated real-time Raman spectroscopy
systems™ for skin evaluation and characterization, which com-
bines real-time data acquisition and processing, should be
encouraged.
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The present processing showed that there is a lot of informa-
tion hidden in a Raman spectrum. Since the developed predict-
ing model is based on standard independent measurements, an
accurate quantification of real content of ceramides, fatty acids,
cholesterol, pH, TEWL, and corneometry could be obtained
from the unique Raman signature. Each of these skin character-
istics is important to evaluate the skin’s health.

The advantage of the proposed method lies in the rapidity,
noninvasiveness, label-free and reagent-free analysis, and
molecular characteristics of Raman measurements. Indeed, indi-
rect quantification of lipid content could be done in less than
1 min instead of many hours and solvent consuming that is
required by the HPLC method. This means that the cost of
analyses is dramatically reduced. Instead of using many appa-
ratus which, in addition, requires specialists of all the above-
mentioned analytical methods, only the Raman microspectrom-
eter is needed to quantify fully and automatically all these skin
parameters.

3.2 Relationship Between Skin Characteristics

In addition to the accessibility to different characteristics of skin
by combining different approaches, it is of highest interest to
evaluate how different skin characteristics are interrelated.
Thus, the internal balance between different classes of lipids
was monitored. Moreover, the measured biometric values
were compared with each other in order to highlight the link
involved between SC hydration level, barrier function, acidity,
and its lipid composition.

3.2.1 SC lipid composition

The lipid composition of the epidermis governs the skin barrier,
mechanics, and appearance. The method commonly used to
determine lipid profiles is HPLC.*7-%

The used polar stationary phase allows separation of the lip-
ids according to the nature or the polar head. The presently used
method refers to the work of Merle et al.* Control solutions of
cholesterol, palmitic acid, cholesteryl palmitate, glyceryl trio-
leate, and ceramides (cer2, Cer IIIB, Cer 6) were injected to
determine the elution order and retention time. All the lipid
classes are eluted between 2 and 26 min with the elution
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Fig. 2 The PLS regression after orthogonal signal

correction (OSC): amount of lipids quantified by high-

performance liquid chromatography (HPLC) versus predicted amount of lipids using Raman spectra and
PLS data processing. The Y observation is: (a) ceramides; (b) fatty acids; and (c) cholesterol. The num-

ber of latent variables is in brackets on x-axis.

order as follows: cholesterol ester is eluted within 2 min, fatty
acids between 3.5 and 6 min, cholesterol about 5 min, and fol-
lowed by ceramides. Within the ceramides class, the elution
order is essentially conditioned by the number of OH content
in the polar head of ceramides. Thus, we observe the first elution
of dihydrosphingosine bases and sphingosine bases that would
be followed by phytosphingosine bases and 6-hydroxy sphingo-
sine bases. There is a partial overlapping area between the elu-
tion characteristics of each base depending on the alkyl chain
lengths and number of unsaturations. Similar elution was
described by Van Smeden et al.*’ on normal phase with a col-
umn of PVA. As an example, Fig. 6 represents a chromatogram
obtained from one sample.

Relative quantification was performed by lipid classes after
deducting interfering compounds present in the cotton swab
areas. The results of lipid class amounts are presented as a per-
centage of the total chromatogram area.
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Figure 7 illustrates that fatty acids evolved in the opposite
way from ceramides, whereas the cholesterol varies slightly.
Variations in skin composition and supramolecular structure
may impact on biometric measurement and/or Raman spectra.
It is worthy to notice that Raman features from Fig. 4 evolve in
the same way for fatty acid and cholesterol, whereas ceramides
features evolve inversely. The same phenomenon is observed in
Fig. 7 using HPLC quantification. Once more, this observation
illustrates that the PLS coefficients of the model can be used to
calculate the different skin parameters based on a Raman
spectrum.

3.2.2 Lipid content impact on hydration level and TEWL

We have seen that fatty acids are inversely related to ceramides
with small variations of cholesterol amount. It must be interesting
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Table 1 Characteristics of the partial least square (PLS) goodness of fits.

Parameter Components R2X(cum) R2X R2VYAd| (cum) R2VY (cum) Q2VY (cum) RSD(Y) RSD(Y)WS
Ceramides 2 0.3239 0.1415 0.993 0.993 0.988 1.233 0.085
Fatty acids 2 0.3016 0.1152 0.993 0.993 0.985 1.142 0.086
Cholesterol 3 0.2776 0.1006 0.951 0.952 0.909 1.672 0.222
pH 2 0.3563 0.1240 0.988 0.989 0.978 0.054 0.108
TEWL 4 0.3249 0.2839 0.927 0.931 0.812 0.241 0.269
Corneometry 4 0.3648 0.1897 0.908 0.913 0.755 1.767 0.303

Note: R2X(cum): predictive + orthogonal variations in X that is explained by the model; R2X: the amount of variation in X that is correlated to Y;
R2VY: the cumulative percent of the variation of the response explained by the model after the last component. R2 is a measure of fit, i.e., how well
the model fits the data; R2VYAd]: the cumulative percent of the variation of the response, adjusted for degrees of freedom, explained by the model
after the last component; Q2VY: the cumulative percent of the variation of the response predicted by the model, after the last component, according
to cross-validation. Q2 tells how well the model predicts the new data. A useful model should have a large Q2; RSD(Y): residual standard deviation
of Y, in original units, after the last component; RSD(Y)WS: residual standard deviation of Y, as scaled in the workset, after the last component.
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to investigate how the balance between those two types of lipids
affects other skin characteristics.

Free fatty acids are thought to play an important role in SC
acidification and its role not only for barrier homeostasis, but
also for the dual functions of SC integrity and cohesion.'”
Here, no such effect on pH was demonstrated (data not
shown). Furthermore, we did not observe obvious direct corre-
lation between fatty acids, TEWL, and hydration. However, it
appeared that maximum hydration and minimum TEWL are
observed when fatty acid amount is around 40% of total lipids
(Fig. 8).

It is demonstrated that the present studied characteristics are
interrelated in the skin.’’ For example, the pH modifications
affect the conformation of some molecules like urocanic acid
and thus modify the spectrum of the SC samples.>®
Moreover, the influence of the lipid composition and the barrier
function was highlighted based on the study of the conforma-
tional order and the compactness of the lipid matrix.’>%%
Therefore, since the proposed skin QR code could provide
the values of different skin characteristics including the content
of SC lipids, we could characterize the relationship existing
between all different parameters for specific skin status such
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as physiological status, pathological phenomena, and popula-
tion specificity. This multiparametric investigation leads to a
better understanding of the studied phenomena.

3.2.3 Skin surface pH impacts on epidermal barrier
function

From Fig. 9, we observed a trend relating TEWL and pH of the
investigated skin site. Our results suggest that a decrease of the
pH level increases the epidermal barrier function (lowering
TEWL). This is in accordance with previous studies. It has
been established that the acidic status of the skin surface
plays a central role for the epidermal permeability barrier
homeostasis'' and the restoration of the disrupted barrier. The
recovery of the perturbed barrier is delayed at a neutral pH,
due to the disturbance in extracellular processing of the SC lip-
ids.'® Therefore, acidification of the skin is advised in diseases
with skin barrier."’

Meanwhile, the hydration from corneometer measurements
seemed to vary randomly (Fig. 9). Even though there is a slight
trend, contrary to previous studies,’' no correlation between SC
hydration and TEWL values was observed in the present study.
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of latent variables is in brackets on y-axis.

However, it is known that the water content of the SC affects its
physical properties such as barrier status as well as the regula-
tion of physiological functions. The lack of SC water content
generally induces dryness and impairs epidermal barrier func-
tion.%? Thus, it is increasingly evident that methods like corne-
ometry are less useful in the assessment of skin dryness. Indeed,
depending on the frequency used, this technique penetrates

around 40 ym under the skin surface, which is deeper in the
SC layer (thickness ~20 um. It has been shown recently that
the only correlation between capacitance measurements and
confocal Raman spectroscopy data is the water content in the
lower layers of the epidermis.®> Moreover, this technique is
not able to detect small changes in SC hydration and is subjected
to interference from other substances.®* The observations appear
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Fig. 6 Chromatogram of in vivo stratum corneum (SC) lipids extracts obtained using HPLC/Corona sys-

tem (see text): (A) cholesterol esters; (B) fatty acids; (
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C) cholesterol; and (D) ceramides.
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Fig. 7 Correlation between the three classes of SC lipids: ceramides,
fatty acids, and cholesterol. The quantification is expressed in per-
centage of the chromatogram total area.

to be supported by near-infrared analysis, which indicates that
impedance measurements and capacitance are relatively insen-
sitive to small water content changes.65 Then, confocal Raman
microspectroscopy appears to be an alternative and more reso-
lute technique to record with precision the SC hydration level
and water structure in the SC.
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3.3 In Vivo SC Depth Analyses

In addition to the multiparametric characterization of the skin by
combining PLS models to Raman spectra, and the interrelation
between the different parameters, Raman data are directly
informative on the water structure (tightly bound, partially
bound, and unbound water) and protein folding within the
skin. In this optic, in-depth analyses were performed in order
to assess the evolution of water and protein structures (Fig. 10).

3.3.1 Skin hydration profile

The electrical methods give an integrated value of the SC hydra-
tion, rather than the actual water distribution of the superficial
epidermal layer. The efficiency of the Raman measurement to
evaluate the hydration profile of SC was determined through
the correlation with high-frequency electrical conductance of
tape-stripped human skin in vivo.®® The results obtained in
the present study on water profile using Raman microspectro-
scopy revealed that global water content rises gradually from
the skin surface to the lower parts of SC (Fig. 10). This is in
accordance with previously recorded data using in vivo confocal
Raman microspectroscopy.?>?® In addition to that, Raman
microscopy can provide information on different structures of
water.”>%"""0 Interestingly, as observed on PLS coefficient
plot [Fig. 11, Eq. (4)], the fraction of spectral features between

10 20 30 40 50 60 70
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Fig. 8 Comparison between fatty acid content of the SC, hydration level, and TEWL. Each patient was
analyzed on two anatomical areas. The curves are based on data fitting using polynomial function and

serve to guide the eye.
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Fig. 9 Comparison of TEWL, hydration level, and pH values of the epidermis: the curves are based on
data fitting using linear function and serve to guide the eye.
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Fig. 10 Mean Raman spectra acquired at different skin depths: from
surface (0 um) down to 20 um. The spectra are smoothed, baseline-
corrected, and normalized.

3245 and 3420 cm™! (zone A on Fig. 11) related to partially
bound water content decreased with depth [Fig. 12(a)], whereas
the fraction of spectral features between 3420 and 3620 cm™!
(zone B on Fig. 11) from unbound water increased with
depth [Fig. 12(b)]. In parallel, a recent in vitro study has

revealed that at over 60% of relative humidity, the SC partially
bound water content decreases in favor of unbound water.??

The observed phenomenon must be due to the equilibrium
between those two types of water. The increase of unbound
water weakens the forces of intermolecular bonds between
water and SC components, which results in a decrease of the
partially bound water features around 3300 cm~!. The same
behavior was observed for forearm as well as for calf.

The unique and direct quantification of partially bound and
unbound water contents provided by in vivo confocal Raman
microspectroscopy offers a whole new perspective for funda-
mental skin moisturization. This is an additional application
of the present technique that has proved the ability to assess
detailed in vivo concentration profiles of water and of NMF
for the SC.20-»-2871

3.3.2 Protein folding profile

The modification of water content is accompanied by protein
structural changes. The shift of v,,,CH3 toward high wave-
numbers testifies to the unfolded status of the keratin, so favored
due to the interaction between the side chains of its amino acids
and water molecules.®”%
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Fig. 11 Coefficient plot of PLS regression after OSC. The Y observation is in depth under skin surface

down to 20 ym.
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Fig. 13 Protein folding status evaluated using maximum intensity wavenumber of the peak around
2940 cm~! monitored directly on the experimental spectra: in vivo skin profile down to 20-um depth:

(a) volar forearm; and (b) calf.

For all analyzed sites, the increase of depth and consequently
the increase of water were followed by an unfolding process of
the protein, i.e., shift of v, CH; toward higher wavenumbers
(Fig. 13). This is in conjunction with ex vivo observations.?

4 Conclusion

The methodology used in the present study combines chemo-
metrics and analytical measurements. This processing greatly
advances our capabilities for research by dealing with large vol-
umes of information that involve computer-based resources such
as algorithms and multivariate statistical methods. A key task in
this processing is to facilitate the representation of information
hidden in data for a better understanding of the underlying
biological complexities.

The present in vivo noninvasive Raman analysis of the skin
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