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1 | INTRODUCTION

Abstract

Background: Skin aging is a complex biological process mixing intrinsic and extrinsic
factors, such as sun exposure. At the molecular level, skin aging affects in particular
the extracellular matrix proteins.

Materials and Methods: Using Raman imaging, which is a nondestructive approach
appropriate for studying biological samples, we analyzed how aging modifies the ma-
trix proteins of the papillary and reticular dermis. Biopsies from the buttock and dor-
sal forearm of volunteers younger than 30 and older than 60 were analyzed in order
to identify chronological and photoaging processes. Analyses were performed on
skin section, and Raman spectra were acquired separately on the different dermal
layers.

Results: We observed differences in dermal matrix structure and hydration state
with skin aging. Chronological aging alters in particular the collagen of the papillary
dermis, while photoaging causes a decrease in collagen stability by altering proline
and hydroxyproline residues in the reticular dermis. Moreover, chronological aging
alters glycosaminoglycan content in both dermal compartments.

Conclusion: Alterations of the papillary and reticular dermal matrix structures during

photo- and chronological aging were clearly depicted by Raman spectroscopy.
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spectroscopy

architecture, and for this reason, the structure of the dermis has

been widely analyzed.

Skin aging is a physiological process that also involves biochemical,
structural, and functional changes. As life expectancy increases,
there is a growing need to gain better understanding of the molecu-
lar mechanisms of skin aging. This process is driven not only by en-
dogenous mechanisms but also by exogenous factors such as solar
exposure.

The functional properties of the skin are greatly affected by
aging, leading to poor mechanical properties and fragility.1 The
skin’s mechanical properties are mainly controlled by the dermal

The dermis is a connective tissue containing high levels of extra-
cellular matrix proteins, mainly collagens, elastin, and glycosamino-
glycan (GAG). Collagen |, which represents around 90% of collagen
fibrils, decreases with aging, due to a lower synthesis level and a
higher matrix degradation.>* Collagen degradation can be caused
either by direct UV absorption or through matrix metalloproteinase
activities.! Differences between photoaging and chronological aging
have been observed on collagen fibers’ structure: These fibers are
thickened and fragmented on photo-exposed areas,” while they ap-

pear more stable on skin subjected only to chronological aging.?¢
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Another feature of photoaging is the increase of GAG proportion in
the dermis.”8

Skin aging is also associated with changes in water level in the
dermis. Water molecules in biological tissue are either bounded
to proteins or in bulk state (also called “free water”). Bound water
plays a crucial role in maintaining the structural properties of pro-
teins. The structural stability of collagen is controlled by hydrogen
bonds established between amino acid residues and water mole-
cules.?*0 Indeed, hydroxyproline residues maintain the hydration
networks by linking the adjacent triple helices of the collagen
fibrils.1¥*2 Moreover, the collagen’s hydration level controls the
fiber bundles’ compactness, which has been described as de-
creasing with age.’® In young skin, water is essentially observed
in bounded form,*® while in photoaged skin the water-protein in-
teractions decrease.?'* This phenomenon leads to an alteration
of the overall protein stability.”> Moreover, in skin aging, the free
water content of the dermis increases,? principally in the papillary
dermis.1*1°

Raman spectroscopy is a noninvasive and nondestructive opti-
cal method used for obtaining molecular fingerprints of biological
samples. It is based on light-tissue interaction, which enables the
analysis of the molecule’s vibrational modes. Interestingly, iden-
tification of Raman spectral bands for collagen has already been
performed by several teams.**® This is a very suitable technique
for determining molecular and structural modifications occurring
during biological process such as skin aging.!%'41>1%20 Gnjadecka
et al studied the water and protein structure in photoaged and
chronically aged skin. They observed a decrease in amide Il band
intensity in the photoaged skin showing a change in the protein
conformational structure.** In a previous work, using Fourier trans-
form infrared (FTIR) spectroscopy and thermal analysis, we high-
lighted the difference between chronological and photoinduced
skin aging.2 In the present study, we show that Raman spectros-
copy brings precise information on the collagen structure of the
dermis.

2 | MATERIALS AND METHODS

2.1 | Volunteers

Seven healthy young women (age range 20-30 years old) and seven
healthy older women (age > 60 years old) presenting clinical signs of
photoaging (SCINEXA, SCore for INtrinsic and EXtrinsic skin Aging,
score 22) were enrolled after they had provided written informed
consent. SCINEXA is a score which grades intrinsic (<2) and extrinsic
(22) aging.?*

The clinical study was carried out at the Pierre Fabre Skin
Research Centre, Toulouse, France, in accordance with the ethical
principles of the Declaration of Helsinki. The protocol was approved
by the Southwest Ethics Committee and Overseas Il in Bordeaux,
France (VIEILBIOCLIDERM), and by the French Agency for the
Safety of Health Products (ID RCB 2017-A00698-39, ANSM).

2.2 | Skin samples

Four-millimeter punch biopsies were taken from each subject on sun-
protected buttock and sun-exposed dorsal forearm skin. Samples
were immediately embedded into OCT (optimal cutting temperature)
compound and frozen in liquid nitrogen. Thin (10 um) longitudinal
cross sections were deposited on CaF2 windows and analyzed with
Raman spectroscopy in imaging mode. No sample pre-treatment was
performed. For each sample, the delimitation between the papillary

and reticular dermis was visualized from dark-field microscopic images.

2.3 | Confocal Raman microspectrometer
measurements

Raman data were collected with an optical fiber BX-FM micro-
scope (Olympus, Tokyo, Japan) coupled with an iHR320 spectrom-
eter equipped with a Peltier-cooled CCD detector (Horiba Jobin Yvon,
Villeneuve d’Ascq, France). A 660-nm laser diode was used as an excita-
tion source. The incident laser beam was focused on the sample using
a 100x objective lens (NA = 0.9, Olympus). The Raman scattering signal
was collected through a confocal pinhole of 100 pm. The laser power on
the sample was 26 mW. The collected light was dispersed using a holo-
graphic grating of 600 lines/mm. The data were collected on a spectral
range from 400 to 1800 cm™ with a spectral resolution of 2.8 cm™.
Spectral images were acquired using a motorized stage in point-by-
point mode. A step size of 20 um was used on the x-axis (parallel to skin
surface). On the y-axis, a step size of 4 pm in the papillary and 5 um in
the reticular dermis was used. To compare the intensity of bands in the
region of 400-1800 cm™, spectra were normalized with the 1004 cm™?
band relative to phenylalanine. No smoothing procedures were used.

2.4 | Statistical analysis

For each peak, a linear mixed model was fitted to estimate the dif-
ferences of Raman measurements between groups (young/older) by

» o«

site (forearm/buttock). The factors “group,” “site,” and the interac-
tion “group/site” were considered as fixed factors. The factor “sub-
ject” was considered as a random factor. Pairwise differences of
least square means for the interaction term were then computed and
tested. P-values were based on the t-distribution using degrees of
freedom computed with the Satterthwaite method. P values under
5% were considered significant. The R software v3.3.1 was used for
statistical analyses (The R Project for Statistical Computing [http://

www.cran.r-project.org/]).

3 | RESULTS

3.1 | Optical microscopy

Images and Raman spectra from the papillary and reticular dermis
of young (Y) and aged (A) skin samples taken from photo-protected
(P) and photo-exposed (E) body sites are presented in Figure 1.
Optical microscopy images (in dark-field mode) were taken on each


http://www.cran.r-project.org/
http://www.cran.r-project.org/

FIGURE 1 Optical microscopy—Raman
spectra. (A) Representative cross-
sectional microscopic images of human
skin sections of young and aged subjects
on sun-protected (buttock) and sun-
exposed (dorsal forearm) sites. The white
arrows indicate the dermo-epidermal
junction. Scale bars of 50 pm. Average
Raman spectra (n = 7) of papillary (B)

and reticular (C) dermis in sun-protected
buttock skin and sun-exposed dorsal
forearm skin from young and aged
individuals. All spectra were normalized
with phenylalanine (995-1015 cm™). A,
aged; au, arbitrary units; E, exposed; P,
protected; Y, young. YE, red spectra;

AE, blue spectra; YP, green spectra; AP;
yellow spectra

sample in order to determine the positions of the papillary and re-
ticular dermis (Figure 1A). Visual inspection of the images from the
different skin sites and groups was performed. For both skin sites,
we observed a decrease with aging of the dermo-epidermal junc-
tion thickness (Figure 1A, arrows). Moreover, the fibers appeared

less organized and less dense in the aged skin samples (Figure 1A).

3.2 | Full Raman spectra

Raman spectroscopy was used to determine the molecular fingerprint
of the different samples at different depth. For the papillary dermis,
only small differences between the two age groups’ average Raman
spectra could be visualized (Figure 1B). Nevertheless, AP spectra were
different from the spectra of the other samples (YP, YE, and AE). On the
reticular dermis, much larger difference in Raman spectra was meas-
ured between the two age groups (Figure 1C). Raman spectra were an-
alyzed in order to identify glycosaminoglycan and the two main matrix

skin components, which are collagen and elastin.¢??

3.3 | Analysis of papillary dermis matrix

A significant increase of the CH bending mode of collagen at
1451 cm™ was observed on the AP samples comparing to the YP
samples (Figure 2D). Scattering modes v(C-C) of proline residues at
857 cm™* were also observed larger in the AP samples compared to
YP samples (Figure 2B). Moreover, the proline-poor/proline-rich ratio
(1245/1271 cm™) was significantly lower in the AP samples (Figure 2C).

Vibratory modes relative to hydrogen bonds between carbonyl
groups of proline and hydroxyproline residues of collagen and
water molecules were measured at 938 cm™1.71%23 The 938/922
ratio was significantly lower for the AP samples (Figure 2A), indi-
cating a decrease in collagen hydration state.'® This later observa-
tion showed that the papillary dermis hydration state is modified
during chronological aging. But on the photo-exposed papillary
dermis, no clear changes between age groups in the matrix struc-
ture were observed.

3.4 | Analysis of reticular dermis matrix

Raman measurements in the reticular dermis showed significantly
lower signals for all the peaks related to proline and hydroxyproline
residues of collagen (857, 876, 938, 1245, and 1271 cm™) 8 on the
AE samples (Figure 3) comparing to the YE samples. Constitutive
amino acids of collagen have a strong Raman scattering due to their
aromatic rings, visualized at 1422 cm ™ (carboxyl groups of aspartate
and glutamate).17 Interestingly, this peak was significantly decreased
on the AE reticular dermal samples compared to YE samples con-
firming a structural alteration of the collagen structure or a decrease
of collagen content (Figure 3).

We observed that collagen alterations occurring during photo-
aging are associated with lower signals of the proline and hydroxy-
proline residues in reticular dermis. But on the photo-protected
reticular derma, no clear changes between age groups in the matrix
structure were observed.
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FIGURE 2 Raman spectroscopy analysis of collagen structure in the papillary dermis during chronological aging. Mean area values of
peaks relative to collagen structure: A, 938/922 cm ™% B, 857 cm™; C, 1245/1271 cm™%; and D, 1451 cm ™. All spectra were normalized with
phenylalanine (995-1015 cm'l). A, aged; au, arbitrary units; AUC, area under curve; E, exposed; P, protected; Y, young. Data are visualized
using boxplots. The black line represents the AUC median values. The bottom and top of the boxes represent the 25th and 75th percentile,
respectively, whereas the box represents the interquartile range. The whiskers extend to the most extreme data point which is no more
than 1.5 times the interquartile range from the box. The points at the top (respectively bottom) of the boxplots represent the maximum
(respectively minimum) AUC value. *P < 0.05, **P < 0.01, ***P < 0.001, linear mixed model

3.5 | Elastin

No modification between the two age groups was observed for the
722 cm™* band relative to elastin?* (data not shown).

3.6 | Glycosaminoglycan content

For both papillary and reticular dermal areas, the 1160 cm™ band,
1022 5

peared with a significantly lower signal for AP samples compared to
YP samples (Figure 4A,B).

which is attributed to glycosaminoglycan Raman scattering,

4 | DISCUSSION
In this study, changes in dermal structure during chronological and
photoaging were measured by Raman spectroscopy. Raman analy-
ses without staining were performed on transverse skin section in
order to analyze the papillary and the reticular dermis separately.
The analysis showed that collagen structure in papillary dermis
was modified during chronological aging. First, we observed a higher
CH bending mode at 1451 cm™ for AP compared to YP subjects on
the papillary dermis. This vibrational signature takes place outside

the protein chain and does not strongly participate in intermolecular
interactions.***® In our previous study,? thermal analysis highlighted
an increase of heat-stable crosslinks in response to chronolog-
ical aging, which could reflect oxidation mechanisms such as age-
induced glycation products and/or carbonyl changes.?> However, in
a vitro model the Raman band at 1451 cm™ was described as remain-
ing constant upon glycation of type | coIIagen.26

On the papillary dermis, we also observed that chronological
aging was associated with a decrease of the 938/922 ratio. This
result is in agreement with a recent study performed in vivo on
the papillary dermis, where de Vasconcelos Nasser Caetano et al'?
attributed the reduction of the 855 cm™ and 938 cm™ band in-
tensities to collagen alterations during intrinsic aging. Zhang et al
showed that the 938 cm™ band provides a measurement of the
collagen highly bonded with water. Xiao et al?® studied the ef-
fect of environmental changes (temperature, salt concentration)
on the trans-to-cis proline and hydroxyproline isomerization. They
demonstrated that the 938 cm™ peak was also a good indicator
of trans-to-cis isomerization changes in proline and hydroxyproline
residues in collagen.23 Nguyen et al studied the water content in
skin in samples from different age groups by calculating the two
ratios 938/922 and 1658/1668 cm™1.12 They observed an upward

trend for 938/922 cm™ ratio and a significant increase of the
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FIGURE 3 Raman spectroscopy analysis of photoaging on reticular dermis. Mean area values of peaks relative to collagen structure. All
spectra were normalized with phenylalanine (995-1015 cm™). A, aged; au, arbitrary units; AUC, area under curve; E, exposed; P, protected;
Y, young. Data are visualized using boxplots. The black line represents the AUC median values. The bottom and top of the boxes represent
the 25th and 75th percentile, respectively, whereas the box represents the interquartile range. The whiskers extend to the most extreme
data point which is no more than 1.5 times the interquartile range from the box. The points at the top (respectively, bottom) of the boxplots
represent the maximum (respectively, minimum) AUC value. *P < 0.05, **P < 0.01, ***P < 0.001, linear mixed model
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FIGURE 4 Raman spectroscopy analysis of skin glycosaminoglycan content. Mean value of glycosaminoglycan content for the different
samples (band area in the range 1150-1170 cm™?) in the papillary (A) and in the reticular (B) dermis. A, aged; au, arbitrary units; AUC, area
under curve; E, exposed; P, protected; Y, young. All spectra were normalized with phenylalanine (995-1015 cm™2). Data are visualized using
boxplots. The black line represents the AUC median values. The bottom and the top of the boxes represent the 25th and 75th percentile,
respectively, whereas the box represents the interquartile range. The whiskers extend to the most extreme data point which is no more
than 1.5 times the interquartile range from the box. The points at the top (respectively bottom) of the boxplots represent the maximum

(respectively, minimum) AUC value. *P < 0.05, **P < 0.01, ***P < 0.001, linear mixed model

1658/1668 cm™ ratio in the older skin sample, proving that colla- compactness probably results from trans-to-cis isomerization of
proline and hydroxyproline residues in the collagen molecules.
Moreover, we also observed a decrease in glycosaminoglycan con-

tent as demonstrated by Oh et al?” with biochemical methods.

gen fiber compactness decreases during skin aging.
Our observations tend to show that during chronological aging,
collagen hydration and fiber compactness diminish. This reduced



Previous studies investigated changes in fiber orientation with
chronological aging. Using polarized FTIR microimaging, Eklouh
et al®® showed that in young subjects, collagen fibers are mostly
oriented perpendicularly to the skin surface, whereas in aged skin,
samples fibers are highly parallel to it, principally in the papillary
dermis. Using Raman spectroscopy, conformational changes in the
dermal collagen between normal and peri-tumoral tissue were mea-
sured through the 1245/1271 ratio.?? Similar results have also been

reported by Short et al,%°

who interpreted these observations as a
degradation of collagen into gelatin.

Furthermore, we observed in the present study that photoaging has
astrongimpact on the collagen structure of the reticular dermis. Several
works have studied how the hydrogen bonds, which are between water
molecules and collagen, stabilize the fiber structure.®*1214 We high-
lighted the decrease of all peaks related to proline and hydroxyproline
collagen residues in AE skin. This observation agrees with previous
studies.>® Using a biochemical method, Smith et al®* observed a re-
duced amount of proline and hydroxyproline in the insoluble collagen
fraction of actinic elastosis. Shuster et al® observed, also using a bio-
chemical approach, a decreased collagen density with aging. Nguyen

etal®©

did not observe any variation among subjects of different ages,
probably due to the small sample size. In the present study, the decrease
of proline and hydroxyproline content in reticular dermis of photoaged
skin was clearly measured with Raman spectroscopy.

Raman imaging is a biophysical method well adapted to the
analysis of skin samples. This is a technique with strong innovation
potential in medical diagnosis and in particular in the field of oncol-
ogy and dermatology.”’33 Here, Raman spectroscopy allowed us to
identify molecular markers and organizational states associated with
chronological and photoinduced skin aging.

We showed that chronological and photoinduced aging mod-
ified both collagen structure and the dermis hydration state.
Chronological aging altered in particular the collagen of the papillary
dermis while photoaging caused a decrease of collagen stability by
altering proline and hydroxyproline residues in the reticular dermis.
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