Journal of Biomedical Optics 10(4), 044007 (July/August 2005)

In vivo chemical investigation of human skin using a
confocal Raman fiber optic microprobe

L. Chrit
L'Oréal Recherche
Aulanay sous Bois
France
and
Unité Médian CNRS UMR 6142
UFR Pharmacie, IFR 53
Université de Reims Champagne-Ardenne
51 rue Cognacg-Jay
51096 Reims Cedex, France

C. Hadjur

L'Oréal Recherche

Aulnay sous Bois

France

E-mail: chadjur@rd.loreal.com

S. Morel

Horiba Jobin Yvon S.A.S.
Division Raman

231 rue de Lille

59650 Villeneuve d’Ascq
France

G. Sockalingum

Unité Médian CNRS UMR 6142

UFR Pharmacie

IFR 53

Université de Reims Champagne-Ardenne
51 rue Cognacg-Jay

51096 Reims Cedex, France

G. Lebourdon

Horiba Jobin Yvon S.A.S.
Division Raman

231 rue de Lille

59650 Villeneuve d’Ascq
France

F. Leroy

L’Oréal Recherche
Aulnay sous Bois
France

M. Manfait

Unité Médian CNRS UMR 6142

UFR Pharmacie, IFR 53

Université de Reims Champagne-Ardenne
51 rue Cognacg-Jay

51096 Reims Cedex, France

1 Introduction

Abstract. To evaluate the potential of a new in vivo confocal Raman
microprobe, we undertake a pilot study in human skin. A fiber optic
probe is operated with a 633-nm laser and trials are conducted in
healthy volunteers. We examine changes in molecular composition
and structure of the stratum corneum, from different volunteers, from
different anatomical sites and skin layers. Main spectral variations are
detected in the following regions: 800 to 900 cm~' (amino acids);
1200 to 1290 cm™’ (proteins); and 1030to 1130 cm™',
1300 to 1450 cm™', and 2800 to 2900 cm™' (lipids). Curve fitting of
the amide 1 region performs in detail protein secondary structural
variations of the amide 1 band. Protein conformation is also found to
vary depending on the anatomical site and volunteer. Similar analysis
of the 730- to 1170-cm~" spectral window reveals a different organi-
zation of lamellar lipids: gel for forearm and palm, and liquid-
crystalline phase for fingertips. All these variations result from changes
in the stratum corneum components such as natural moisturizing fac-
tor (NMF), lipids (namely ceramides), and water. Hierarchical cluster-
ing classification is also performed to sort out Raman data obtained
from different subjects. Further improvement of the confocal probe
would be to adapt a 360-deg configuration enabling access to other

anatomical sites. © 2005 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.2003747]
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As a whole, they make the thin horny layer called stratum

The skin is a heterogeneous organ made of tissues and layers
that differ in morphology and molecular composition. The
upper, epithelial tissue is the epidermis. The underlying der-
mis is a connective tissue. The dermis varies in thickness from
1 to 4 mm. The thickness of covering epidermis can vary
from 40 um up to 1 mm on the palms and is stratified. The
uppermost layers contain cornifying cells called corneocytes.
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corneum, the ultimate barrier between the organism and the
external environment. Obviously, the stratum corneum (SC)
plays a key role not only in protecting and preventing against
external aggressions, but in regulating of water flux in and out
as well. The stratum corneum ranges from 10 to 15 um
thick, except for the palmo-plantar area, where it can be about
ten times thicker. These functions are fulfilled by a unique
structure consisting of 10 to 15 layers of flattened, anucleated,
keratinized cells embedded in lipids matrix, such as “bricks in
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Fig. 1 (a) Picture of the in vivo confocal Raman fiber optic microprobe in the configuration for investigating the forearm. The mount contains a
metal ring with a hole of about 1 mm in diameter. This hole avoids or limits the motion of the subject during the measurements and thus stabilizes
the whole system. (b) Representation of the schematic illustrating the light path of the system, (c) the reproducibility of the spectra, and (d) the axial
resolution. The easy handling of this microprobe allows access to other parts of the body.

mortar”' or more sophistically corneocyte cells surrounded by
a 3-D multilamellar lipid domain.> In general, molecular
composition of SC is: 75 to 80% fibrous protein (mostly in
a-keratin conformation),” 5 to 10% lipids (ceramides, cho-
lesterol, and fatty acids), and 5 to 10% of other materials
(amino acids, NME, etc.).®

Several biophysical techniques have been developed dur-
ing the last decade to improve skin description and knowl-
edge, driven by medical, pharmaceutical, and cosmetic
research.’ Vibrational spectroscopic techniques, such as infra-
red absorption and Raman scattering, are among such ap-
proaches that have emerged in this direction. Indeed, they
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give detailed information on molecular structure, composi-
tion, and microenvironment. Infrared (IR) absorption spec-
troscopy has been used for in vivo studies of stratum corneum
hydration and permeability.*”'> However, due to the strong
absorption of mid- and far-infrared radiation by water, the
penetration depth in naturally hydrated tissue such as the skin
is limited to a few microns. Therefore, in an in vivo IR-
spectroscopic experiment, only the outermost layer of the
stratum corneum is sampled.

Raman spectroscopy is a complementary technique to in-
frared and provides molecular, structural, and compositional
information of the sample. Nevertheless, in the confocal

July/August 2005 « Vol. 10(4)



Chrit et al.: In vivo chemical investigation of human skin...

mode, it has the advantage of providing information from the
surface of the skin down to several microns deep into the skin.
This noninvasive and nondestructive technique can be oper-
ated without contact, does not require sample preparation, and
shows great potential for the study of biological tissues. Early
studies aimed at tissue characterization and pathological tis-
sue classification, many of them targeting the skin. """ The
first in vivo studies of human skin using Raman spectroscopy
were reported by Williams et al."” Schrader et al.,”” and Shim
and Wilson.'® The availability of in vivo confocal devices al-
lowed enhancing in-depth measurements of the skin from the
surface to several microns below the skin surface.'”” This
technique therefore provides a straightforward way to get
more insights into the chemical structure and physical behav-
ior of upper skin layers.

This preliminary work was carried out on healthy individu-
als using a newly developed in vivo confocal Raman micro-
probe operating with an optic fiber and a 633-nm laser. This
probe permits acquisition of the spectrum over the whole fre-
quency range from 500 to 3600 cm™'. Therefore, information
about the fingerprint region and the higher frequencies con-
taining water vibrations (2800 to 3600 cm™!) are collected
simultaneously without using two different wavelengths as
previously 1rep0rted.19 Our study aimed at demonstrating the
feasibility of the new probe in evaluating skin in vivo. Skin
composition and structure variations were examined and dis-
cussed from in vivo Raman spectra of human skin from
healthy volunteers. Data from several spots in the same area,
variations between different anatomical sites, various volun-
teers, and different layers were compared. Skin hydration was
also considered.

2 Material and Methods
2.1 Experimental Device

The equipment included a fiber-coupled dispersive Raman
spectrograph (InduRAM, Horiba Jobin Yvon, France) and a
confocal Raman probe (Conf Head, Horiba Jobin Yvon,
France). The objective used in this experiment was a 50X
long working distance lens (Olympus, Japan), with a numeri-
cal aperture of (.5, operating in air. In our cosmetics applica-
tion, it is necessary to work with this type of objective lens
instead of an oil or water immersion lens, which is in contact
with the skin. A piezo-electric device (Physics Instrument,
Germany) allowed us to control high-precision axial transla-
tion of the lens throughout depth profiling from the surface
down to a defined depth within the skin. This scanning device
was directly controlled by the data acquisition software (Lab-
Spec, Horiba Jobin Yvon, France), allowing automated depth
profiling procedures.

The excitation source was a 633-nm He—Ne laser (Melles
Griot, USA), delivering about 3.5 mW at sample level. The
spectrograph was equipped with an air-cooled CCD detector
(Wright Instrument, UK), with a chip size of 1024 X 256, and
a 600-gr/mm grating, which allows the covering of a large
spectral range from 500 to 3600 cm™ in a single shot acqui-
sition with a spectral resolution of about 7 cm™', which is
conserved at deeper regions. The acquisition time was about
20 s, which enabled us to perform rapid measurements at the
surface as well as in deeper layers. A color video camera
integrated within the probe enabled the user to visualize the
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sample in reflexion. Insertion of a density filter on the laser
path allowed us to avoid any saturation of the camera due to
the diffusion of the laser on the skin. The device also permit-
ted us to visualize the attenuated laser spot focused on the
sample, and therefore to achieve an accurate positioning of
the laser on the sample. The compact design and the ease of
handling the fiber optic probe also offer other possibilities
such as access to other parts of the body, which stands as the
very unique feature of this setup.

The main sampling difficulties arising from in vivo condi-
tions result from body movements, heart beat disturbances,
and laser heating effects, which all affect the laser focal point.
However, in the present case, the laser heating effects were
negligible due to the low laser power at the sample level. To
optimize the sampling conditions by limiting body motions
and heart-beat-induced disturbances, the device was first sta-
bilized using an inverted setup [see Fig. 1(a)]. A schematic of
the system to better understand the light path is illustrated in
Fig. 1(b). The investigated part of the body was pressed
against a holder, in which a small hole had been drilled to
perform measurements. Hence, skin was flattened near the
measured area so that large motions and therefore defocusing
interferences were avoided. The interest of using a small ap-
erture rather than a window placed between the lens and the
sample (as reported by Caspers et al.)" not only lies in avoid-
ing interferences of Raman features generated by the window
material itself, but also in limiting the refraction index effects
induced by an additional interface, which might affect the
spatial and namely axial resolution. Data reproducibility was
experimentally checked by recording ten successive spectra at
the skin surface, showing very slight spectral features and
intensity variations of less than 5% [see Fig. 1(c)].

Visible light excitation at 633 nm was preferred because
quantum efficiency (and therefore sensitivity) of charge
coupled device (CCD) detectors rapidly decreases above
850 nm and becomes blind beyond 1100 nm. However, at
633 nm, one benefits from the maximum sensitivity of such
detection devices over the whole spectrum, giving optimal
access to both low and high frequency regions, the latter be-
ing important for water content analysis. Nevertheless, using
near-infrared (NIR) excitations may be of interest when fac-
ing fluorescence background interferences generated by ap-
plying cosmetic or pharmaceutical products on skin that turn
out to be strongly fluorescent. Yet, one should bear in mind
that going further to the infrared domain leads to weaker Ra-
man scattering efficiency (as Raman intensity is directly pro-
portional to 1/\*) and high power laser sources are thus re-
quired.

2.2 Determination of Axial Resolution

The confocality principle is based on the selection of a re-
stricted collection volume, often using a small aperture. This
considerably improves lateral and depth resolution by filtering
out the signal coming from out-of-focus or adjacent regions.
Another advantage lies in a significant reduction of fluores-
cent background generated by the regions surrounding the la-
ser focus point. These two advantages, namely high axial dis-
crimination and fluorescence reduction, played a determining
role in obtaining good quality Raman data, both from skin
surface and from deeper layers.
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The depth of field of the objective used was directly re-
lated to the volume sampled and was determined experimen-
tally. For this evaluation, a silicon sample was moved through
the laser focus and the Raman collected signal was measured.
Raman spectra of silicon were measured using the long work-
ing distance 50X objective, at 0.5 um depth increments,
from 25 um above the surface to 25 um in depth. The area
of the Raman peak associated to the Si—Si vibrational mode at
520 cm™! was plotted against the position of the laser focus,
and the axial resolution was inferred from the full width at
half maximum (FWHM) of this response curve. Under the
conditions of the study, FWHM was found to be about 6 pm.
This is illustrated in Fig. 1(d).

2.3 Sample

The in vivo experiments were performed on seven healthy
volunteers (28 to 60 years old), including two males and five
females. The measurements were conducted at different ana-
tomical sites: the fingertip (index, major, right and left hands),
the thenar or palm, and the forearm. Before each measure-
ment, the skin was cleaned with a single wipe of tissue soaked
in 97% ethanol. For each individual and each site, three spec-
tra from different points were averaged. The collection times
varied about 20 s and depended on the subject. The spectra
were measured at a range of depths below the skin surface
with depth increments of 4 wm for the profile of the arm and
the hand. Considering the optical deconvolution and the over-
sampling, a step smaller than the axial resolution can be used.

2.4 Data Analysis
2.4.1 Data preprocessing

All spectra were acquired and preprocessed according to the
following scheme: linear baseline substraction (to get rid of
the intrinsic skin fluorescence); and normalizing bands, re-
spectively, at 1450 cm™! (which corresponds to the common
band of lipids and proteins in the stratum corneum) for the
range 400 to 2000 cm™!, and at 2940 cm™! for the range
2800 to 3600 cm™'."* The normalization is based on the inte-
gration of the area under the curve from 1445 to 1455 cm™!
and between 2935 to 2945 cm™!. This normalization is scaled
to have a standard deviation of 1. All these functions, together
with the averaging procedure, were performed using the data
acquisition software (LabSpec, Horiba Jobin Yvon, France).

2.4.2  Cluster analysis

Cluster analysis was performed on the average spectra col-
lected from the same anatomical site of different subjects,
using the fingerprint region 600 to 1700 cm™!. The spectral
classification is based on the spectral characteristics of the
skin available from different subjects. The result of the cluster
analysis is a dendogram that was calculated using Ward’s al-
gorithm and Euclidean distance available in the OPUS soft-
ware (Bruker Optics, Wissembourg, France).

2.4.3 Curve-fitting of Raman spectra

When the natural bandwidth is greater than the adjacent peak-
to-peak separation, it is difficult to observe resolved features
of overlapping Raman bands. The problem cannot be solved
by increasing instrument resolution. To gain more insight into
the overlapping structures, some mathematical processes can
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be applied to extract the hidden structural information from
the spectra. Fourier deconvolution, second derivatives, and
curve fitting are some of the currently used methods.”” The
curve-fitting method was used on two spectral windows:
730 to 1170 cm™! and 1600 to 1700 cm™! after area normal-
ization and second derivative for the peak selection. The
curve-fitting procedure used was based on a least-square
method using Gaussian and Lorentzian bands.” This proce-
dure calculates a theoretical spectrum that best fits the experi-
mental one. The accuracy of the fit is given by the chi-square
( X2)21value. The lower the value of the chi square, the better it
fits.

3 Results

The main spectral features of the human stratum corneum
obtained with our fiber microprobe are assigned and described
in Table 1. No visual or spectral changes are observed during
the measurements, which would indicate degradation or heat-
ing of the sample. The fiber optic probe operates with a
633-nm laser and tests were conducted on healthy volunteers.
We described earlier changes in in vivo Raman spectra be-
tween different spots of the same area, different anatomical
sites, different individuals, and different skin layers.

3.1 \Variations between Different Spots in the
Same Site and Different Anatomical Sites
in a Single Subject

Figure 2 shows in vivo Raman spectra of different spots of the
fingertip (same site) from the same subject. Some variations
of intensity can be noticed as well as slight changes in mo-
lecular composition. These variations concern amino acid
composition, for instance at 642 cm™! (tyrosine), at 855 cm™!
[8(CCH) aromatic], and a NMF constituent [885 cm™' vibra-
tion from the pyrrolidone-5-carboxylic acid (PCA)]. So, this
analysis only reveals slight differences within the same site.

In vivo Raman spectra at different anatomical regions are
shown in Fig. 3. The spectra were recorded from the fingertip
of the middle finger, the thenar (ball of the hand), and the
volar aspect of the forearm. All spectra represent the average
of several recordings per measurement spot. Site selection
was made considering the ergonomics of the device, which
means based on easy accessibility. Furthermore, the thickness
and the functionality of the stratum corneum vary widely in
tested areas. For example, the stratum corneum of the volar
aspect of the forearm is very thin, about 10 to 15 um,
whereas the stratum corneum of the fingertip or hand palm is
much thicker (about ten times), due to the high frictional
forces it has to withstand. In all the stratum corneum spectra
extracted from various anatomical sites, we observed that the
amide 1 and amide 3 vibrations are located around 1655 cm™!
and 1270 cm™!, respectively, indicating the helical conforma-
tion of the major protein previously described for skin.”*"* In
addition, the presence of the variation around 935 cm™! con-
firmed this observation (Fig. 3). The stratum corneum spectral
signatures taken at different anatomical sites display several
differences in the amide 1 region, the amide 3 region, and the
band 1420 cm™!, the intensity of the bands 855 and
880 cm™'.

To provide further understanding concerning these varia-
tions, especially about the protein secondary structure, we
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Table 1 Raman assignment of the major vibrational modes for the
human stratum corneum updated. S=deformation; v=stretch; p
=rock; str.=stretching. * are revised bands. Values and assignments
are resulted from this work and other literature reports.

Wavenumber (cm™1) Assignment

424 &(CCC) skeletal backbone

526 ¥(SS) trans-gauche-gauche”

600 p(H) wagging

623 »(CS), phe ring str.; tyr ring str.”

644 »(CS); amide 4; tyr

702 cholesterol”

746 p(CHy) in-phase

827 8(CCH) dliphatic/tyrosine “exposed””

850 8(CCH) aromatic/tyrosine “buried””

883 p(CH,); COC ring sym.; »(CC); »(CN);
lys"; PCA

939 p(CHj) terminal; »(CC) a-helix

956 p(CHj); 8(CCH) olefinic

1002 »(CC) aromatic ring; phe

1031 1(CC) skeletal conformation; lipid

1062 »(CC) skeletal trans conformation

1088 »(CC) skeletal random conformation

1102 wCaCp); p(CBH3); ala (CC str.)”

1126 »(CC) skeletal trans conformation

1155 1(CC); 8S(COH)

1172 1(CC)

1207 tyr, phe, amide 3"

1244 S8CH, wagging; »(CN) amide 3
disordered

1274 »(CN) and 8(NH) amide 3 a-helix

1296 3(CHy)

1336 —

1385 S8(CH3) symmetric

1421 8(CHz); NMF”

1450 8(CH,) scissoring (lipids and proteins)”

1552 S(NH) and »(CN) amide 2

1585 »(C=C) olefinic

1607 »(C=C) olefinic; phe, tyr"
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Table 1 (Continued.)

Wavenumber (cm™) Assignment
1652 »(C=0) amide 1 a-helix
1743 »(C=O0) lipid
1768 »(COO0)

2723 »(CH) aliphatic
2852 v(CH;) symmetric
2883 »(CH,) asymmetric
2931 v(CH3) symmetric
2958 v(CH3) asymmetric
3060 v(CH) olefinic
3280 »(OH) of H,O

have used a curve-fitting method to decompose the lamellar
lipids region 730 to 1170 cm™" and the broad amide 1 band
(1600 to 1700 cm™') (Tables 2 and 3, and Fig. 4). Undeni-
ably, in some cases there is an overlapping of the stratum
corneum vibrations with another component such as, for in-
stance, water with S(OH) vibration around 1640 cm™!.

3.1.1  Curve-fitting analysis of protein

The analysis of the range 1600 to 1700 cm™!, including the
amide 1 band, reveals different secondary conformation of
proteins [Fig. 4(a)]. In all three regions, the major protein of
the stratum corneum, Keratin, is mainly in an a-helix confor-
mation (forearm 38%; thenar 53%; fingertip 39%) (Table 2).
This technique discloses another band of the protein at
1660 cm™" for the thenar (11%) and the fingertip (33%),

v(c-s) and tyrosine 855 cm-' 880 cm*' 935cm-

{

Amide 1/ v(C=0)

Intensity (a.u.)

400 600 800 1000 1200 1400 1600
Wavenumber (cm-1)

Fig. 2 Raman spectral variability between different spots of the same
site: the middle finger tip. The time collection is 20 s per spectrum.
Intensity variations and slight molecular variations are observed in this
case. Excitation wavelength 633 nm, power at sample is 3.5 mW. The
spectra were recorded at the surface of the skin.
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Fig. 3 Comparison of mean spectra obtained at different anatomical
sites: (a) fingertip, (b) thenar (ball of the palm of the hand), and (c)
forearm. The time acquisition is 20 s per spectrum. (Average of three
to six recordings per measurement point.) The spectra were recorded
at the surface of the skin.

which corresponds to the random coil conformation of the
protein. However, this band is upshifted to higher frequencies
1666 cm™! in the forearm region, which determines the 3
sheet nature of the protein conformation. We noted that the
1642 cm™! band of water is higher in the thenar region (18%)
than in the forearm (10%) or the fingertip (6%) (Table 2). In
accordance with the work of Byler and Susi,” we can identify
the low-frequency component around 1632 cm™' to “out of
phase” beta-components of protein. At last, we identify the
last band at 1612 cm™!, which is assigned to ¥(CC) of aro-
matic amino acids (phenylalanine, tyrosine).

3.1.2  Curve analysis of lipids and NMF

We use 12 bands for the curve fitting of this region [see Fig.
4(b)], which includes the characteristic band of lipids and
amino acids as well (Table 3). The band 1087 cm™', charac-
terizing the ¥(CC) vibration of lipids in disordered conforma-
tion, is two times higher in the fingertip region than the thenar
(other region of the hand) or the forearm. Both bands at 1065
and 1125 cm™! describe the “trans” conformation of the lip-
ids. Therefore, the lamellar lipids are in a crystalline phase
liquid in the fingertip (disordered state), whereas they are in a
gel phase (mixture of trans and disordered conformation) in
the thenar and forearm regions. So, this state of organization
is most probably related to the anatomical site of the body.

Moreover, the contribution of the band around 850 cm™!,

which is assigned to 8(CCH) aromatic of the tyrosine,**** is
higher in all three regions. The spectral vibration around
885 cm™! is attributed to a constituent of NMF, namely the
pyrrolidone 5 carboxic acid.'”" The proportion of this com-
ponent is quite similar in both the forearm and the fingertip,
and is estimated to about 15%, whereas it is higher in the
thenar (about 26%) (Table 3). The 930-cm™! band is the high-
est in the forearm, ten times in comparison with the fingertip,
while approximately two times than the thenar region. The
band 969 cm™! is higher (35%) and downshifted to 955 cm™!
in the fingertip. This latter corresponds to p(CHj;) and
S(CCH) olefinic (Table 3). The band 1001 cm™! assigned to
V(CC) of phenylalanine is the most important in the forearm.

3.2 \Variations between Different Subjects in
Analyzing the Same Skin Area

Figure 5 shows spectra obtained in the same area (fingertip)
from four volunteers. We can note spectral changes between
the different individuals in the whole range of frequencies
concerning the lipid contents, NMF content, and amino acids.
Using these differences, we performed a cluster analysis and
the result is shown in Fig. 6. The cluster analysis, shown by a
dendogram, helps to highlight the differences observed be-

Table 2 Areas and assignments of bands resulting from curve fitting of in vivo Raman spectra in the
frequency range 1600 to 1700 cm™' (amide 1 band). x*=0.02"10"2. The smallest x?, the better the

deconvolution.

Wavenumber  Band area (%) Band area (%) Band area (%)
(cm™) forearm thenar fingertip Assignment (422
1606 6.27 0.97 — »(CC) olefinic; phe; tyr
1612 7 3.72 18.9 —
1632 9.74 5.02 — “out of phase” B sheet
1642 9.84 18.48 (+4 cm™')  6.21 (+4 cm™")  8(OH) water
1653 37.82 52.68 39.03 « helix keratin
1660 25.87 — — B sheet keratin
1666 — 10.9 32.87 Random coil
1699 3.43 — 2.93 —
Journal of Biomedical Optics 044007-6 July/August 2005 « Vol. 10(4)
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Table 3 Areas and assignments of bands resulting from curve fitting of in vivo Raman spectra in the
frequency range 730 to1170 cm™'. x?=7"10"*. Assignment are referred to Refs. 4, 5, 17, 19, 24, and 25.

Wavenumber Forearm Thenar Fingertip
(cm™) band area (%) band area (%) band area (%) Assignment
773 4.9 8 (+2 cm™) 6.64 (+10 cm™')  »(CC) ring breathing
815 7.76 3.45 — 8(CCH) aliphatic
850 12.33 11.2 18.65 S8(CCH) aromatic
880 1577 26.58 (+3 cm~')  14.83 (+5 cm-!) PCA, p(CHy)
930 24.47 13.74 (+5cm™) 276 (+9 cm™)  »(CC) a-helix
969 6.88 12.06 (-2 cm™)  34.6 (=14 cm™")  8(CCH) olefinic
1001 11.2 3.5 2.8 »(CC) aromatic ring
1038 5.84 6.43 6.22 »(CC) backbone (lipids)
1060 — 11.42 (-8 cm™) 58 »(CC) trans (lipids)
1087 1.9 2.5 4.8 »(CC) random (lipids)
1125 2.1 — 1.96 »(CC) trans conf lipids
1154 5.66 0.9 (+4 cm-1) 0.83 WCC), S(CCH)

tween the different volunteers. For this approach, the aver-
aged spectra from a fixed anatomical region have been used,
namely the volar aspect of the forearm from seven volunteers.
The volunteers were chosen with regards to their skin charac-
teristics, which encompass a sampling from suntanned skin
[Subl(a), Subl(b)] to a reddened skin (Sub7). The analysis
was based on the fingerprint region, which includes the fre-
quencies in the 600 to 1700 cm™!. This interesting approach
allowed a separation of the spectra from the same site from
different subjects, even close skin, for instance, Sub2 and
Sub3 (Fig. 6). The threshold of heterogeneity indicates the
degree of the similarity of the compared spectra.

On the other hand, we compared two close skins (visual
selection) from two women aged about 50 years old, by ana-
lyzing different anatomical sites. The spectra were obtained at
the fingertip, the thenar, and the volar aspect of the forearm.
In both cases, the spectra were successfully classified accord-
ing to the anatomical site (data not shown).

3.3 \Variations between Different Skin Layers

Another important issue of this experiment was the depth pro-
filing from the surface of the skin to a fixed depth. We inves-
tigated the spectral variations at different layers from the skin
surface (0 wm) to approximately 48-um depth at the finger-
tip with a step of 4 um. Figure 7 displays only the in vivo
spectra obtained with 12 um of increment.

Spectral changes occurred, especially in the region be-
tween 600- to 1700-cm™" frequency range and around
3000 cm™!. The most prominent variations were seen in the
bands at 885 and 1420 cm™!. Changes in water content
(3100 to 3600 cm™') were less conspicuous. In contrast, the
depth profile of the forearm showed similar variations to the
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Intensity (u.a)

1580 1600 1620 1640 1660 1680 1700 1720
(a) Wavenumber (cm-1)

El
&
2
7]
c
@
E
800 900 1000 1100
(b) Wavenumber(cm-1)

Fig. 4 Curve fitting of in vivo Raman spectra of skin in the frequency
ranges (a) 1580 to 1720 cm™', and (b) 730 to 1170 cm™". The black
and gray lines represent respectively the experimental and calculated
spectra. This spectral region is area-normalized to 100% for calcula-
tion of band areas (8 and 12 bands are used). (x*=2"107*.) The spec-
tra were recorded at the surface of the skin.
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Fig. 5 In vivo Raman mean spectra of the stratum corneum at the
same anatomical site (fingertip), measured at the skin surface. The
spectra are from four different volunteers (a) through (d). Time collec-
tion is about 20 s. The spectra were recorded at the surface of the
skin.

fingertip in the 700- to 1700-cm™! range, but also a strong
increase in water content between skin surface and 28 pum
deeper (Fig. 8).

4 Discussion

In this study, we demonstrated how the new confocal Raman
microprobe is a powerful device for investigating molecular
and structural skin composition in an in vivo and noninvasive
way. Excellent Raman high-resolution skin spectra separate
clearly the spectral variability between different spots of the
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Fig. 6 Cluster analysis of in vivo Raman spectra taken from the same
anatomical site (left forearm) from different volunteers (n=7) (Sub1 to
Sub?). For the subject 1 (Sub1), we present also the right forearm
[Sub1(b)]. We note two different groups with a heterogeneity level of
1.2. The analysis was performed on the 600 to 1700 cm™' range, the
fingerprint region.
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Fig. 7 In vivo Raman spectra of the stratum corneum of the fingertip
in the 500 to 3600-cm™" range. Raman spectra were recorded at dif-
ferent depths, starting from the skin surface down to 48 um below the
skin surface. Numbers to the right of the spectra indicate this depth in
um. The spectra are intensity normalized (using the 2940 cm™') as-
signed to protein CH stretching mode. Signal collection time: 20 s per
spectrum.

same region, between different anatomical sites, intervolun-
teers, and between different layers. Barry, Edwards, and
Williams,4 and Williams et al.,13 showed that there was only
little variation in the spectra of the stratum corneum intra- and
intercadavers. Gniadecka et al.'* demonstrated in vitro by
Fourier transform (FT) Raman that protein conformation is
changed in both chronologically aged and photoaged skin
compared with young skin. They based their analysis on the
amide 1, amide 3 (especially 1268 cm™'), and »(CH,) band
at 2940 cm™!.

In our investigation, we distinguished from prior studies
operating on the whole spectra range from 500 to 3600 cm™".
The in vivo human skin spectral features are in accordance
with those described previously in the literature.* This table
has been updated by adding findings from other recent
reports“’w’z‘*’25 (see spectral vibrations marked with an asterisk
in Table 1). The spectral variation between different spots of
the same body region (fingertip of same subject) was evalu-
ated (Fig. 2). In agreement with Gniadecka et al.,14 the change
in amide 1 band intensity is a consequence of water-protein
interactions. Moreover, we have detected other spectral
changes related to the band at 855 cm™!, assigned to S(CCH)
of aromatic of tyrosine, and which reveals a hydrophilic en-
vironment. Along these lines, we suggest that these changes
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Fig. 8 Comparison of in vivo spectra obtained at the forearm at different depths: (a) 0 um, and (b) 28 um. The acquisition time is
20 s per spectrum. An increase in water content is observed for 28 um. The comparison of the water content to 28 um deep into the skin is
represented through a curve; the upper is about the forearm, whereas the lower concerns the fingertip. This ratio consists of OH (water)/CHj
(proteins).*® The error bars plotted represent 5% in the determination of the intensity ratio.

are due to the presence of sweat, which is mainly composed
of lactate (band at 855 cm™!) and urea that can modify the
environment. Consequently, this Raman probe enables the de-
tection of sweat and its effect on skin composition.

Our analysis between different anatomical sites (fingertip,
thenar, and forearm from same subject) showed differences in
amide 1 (1600 to 1700 cm™) and amide 3
(1240 to 1300 cm™!), regions characteristic of keratin (major
protein), which predominantly adopts an «-helical
conformation.* More specifically, the results of curve fitting
indicate the presence of different secondary protein conforma-
tion. We distinguish a-helix conformation mostly at
1653 cm™!, S sheet conformation featured at 1666 cm™', and
random coil configuration at 1660 cm~!. Moreover, the con-
tent of these different secondary structures varies following
the anatomical site. Indeed, according to the curve fitting, the
forearm presents a mixture of organized structures, namely
38% of a helix and 26% of B sheet (Table 2). In contrast, the
fingertip region displays about the same amount of structured
protein (39% a-helix form) and unstructured protein form
(33% random coil). These findings support the view that the
proteins are more highly organized in the forearm than in the
fingertip. The deconvolution of this amide 1 band also en-
hances the hidden vibration of the water bending mode
around 1642 cm™'. The proportion of this band is clearly
linked to the hydration of the stratum corneum of the ana-
tomical site. Thus, the water content is about 18% in the th-
enar compared to 10% in the forearm and 6% in the fingertip
(Table 2). We make evident here an inhomogeneous distribu-
tion of water, depending on the different anatomical sites.
This allowed a better understanding of protein change, previ-
ously unexplained.
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The curve-fitting analysis of the 730 to 1170 cm™' reveals
the lamellar organization of lipids in all studied anatomical
sites (see Table 3). The bands at 1060, 1125, and 1296 cm™!
are characteristic of ceramides 1 (major lipids component of
the stratum corneum).3 The first two bands are attributed to
the all-trans conformation (gel phase) of the acyl backbone in
lipids, whereas the band at 1087 cm™! is mainly due to the
gauche conformation (liquid crystal phase).26 This indicates
markedly a lipid structure in a gel phase for the forearm and
the thenar regions in contrast to a liquid crystalline phase in
the fingertip region, which is a disorganized state. In addition,
the intensity of the band at 2885 cm™' corresponding to
asymmetric CH, stretching of lipids is more prominent in the
forearm than in other anatomical sites (Fig. 3). Thus, this
feature suggests not only a qualitative difference in lipids con-
tent but a quantitative one as well, relevant to the anatomical
site.

NMF are known to be efficient humectants, especially in
the stratum corneum layer.® They comprise a highly water
soluble and hygroscopic mixture of amino acids, and the ma-
jor components are serine, PCA, and glycine.>*"** As de-
scribed earlier, the intense 855-cm™! band indicates a chemi-
cal hydrophilic environment of the tyrosine in the three
analyzed regions. This provides additional insights into the
behavior of different components of the skin, like tyrosine and
lactate. The intensity change of the band at 1420 cm™' de-
scribed as originating from glycine, serine, and alanine (con-
stituent of the NMF) and that at 885 cm™' (PCA of NMF),"
reveals that the NMF molecular composition of the stratum
corneum varies according to the anatomical sites (Fig. 3).

We established that different anatomical sites differ from
their NMF constituent, lipids, and secondary conformation of
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proteins, which is in total agreement with the results obtained
with  different Raman  systems and  ATR-FTIR
investigations.'* Accordingly, the molecular variation of the
stratum corneum is closely related to the physical properties
of the skin. The forearm stratum corneum presents not only
more organized proteins but also more organized lipids as
well, compared to the fingertip stratum corneum. This better
arrangement implies that the barrier function is more efficient
within the forearm, despite its smaller thickness, than within
the fingertip.

Figure 5 exposed unequivocally similar variations of NMF
components, lipids, and proteins between different individuals
using measurements of the same region. The intersubject
variations are explained partly by their lipid (ceramides 1) and
protein contents.*® The protein variation results from different
levels of maturation and natural hydration of the skin between
different subjects. The observed NMF changes are consistent
with a different state of the protein proteolysis pattern, the
filaggrin protein being the main precursor of the NMF. Hence,
NMF spectral features can be used as a biochemical marker to
evaluate dry skin or the physical properties of the stratum
corneum, as has been described by other methods.>"** The
cluster analysis based on the spectral window
600 to 1700 cm™! allowed a classification of the spectra of
the stratum corneum acquired at the volar aspect of the fore-
arm from different volunteers. We distinguish two extreme
cases in the dendogram33 related to the suntanned or matt skin
[Subl(a) and Subl(b)] and the reddened skin (Sub7) (Fig. 6).
This original approach can offer a quick and noninvasive way
of classifying the skin in a given area and according to body
area.

The depth profiles of the stratum corneum were carried out
from the surface to approximately 50 um deep in the finger-
tip (Fig. 7). Spectral variations were observed between
800 to 900 cm™! and at the 1420 cm™! band (NMF). The wa-
ter content of a fingertip does not vary from the surface of the
skin to a depth of 50 um, because this region lies within the
100 pm thickness of the stratum corneum at this site. In con-
trast at the level of the forearm, water content increases very
quickly from the surface to about 28 wm in-depth. This in-
crease discloses the stratum corneum/stratum granulosum in-
terface (Fig. 8),**° taking into consideration that the thick-
ness of the stratum corneum is about 10 to 15 um for the
forearm. Changes in water content according to the depth are
associated with changes in the molecular composition of stra-
tum corneum, especially regarding NMF and lipid
contents.'*?

5 Conclusion

This study clearly demonstrates the availability of the in vivo
confocal Raman microprobe for rapid, noninvasive, and non-
destructive molecular characterization of skin with respect to
various anatomical sites, various layers (outermost and
deeper) of the skin, and between individuals. Additionally,
this probe reveals the water gradient from the surface to sev-
eral microns below the skin surface. Thus, monitoring the
percutaneous penetration of active molecules (drug, cosmet-
ics), elucidating their interaction with skin components, their
in vivo kinetics, and better understanding of the barrier func-
tion are feasible with this in vivo confocal Raman microprobe.
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Indeed, both qualitative and quantitative information are
available.

Further ergonomics improvement of the in vivo confocal
Raman microprobe will offer an easier access to other ana-
tomical sites, for example, leg, forehead, or cheek. With this
point of view, a in vivo confocal Raman microprobe can gen-
erate useful information concerning the skin in pharmaceuti-
cal and dermatological approaches. The strong features of this
probe are the widespread applications, the noninvasive and
nondestructive aspects, and the flexibility of the ergonomics.
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