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Abstract. The possibility of examining soft tissues by Raman spectroscopy is challenged in an attempt to
probe human age for the changes in biochemical composition of skin that accompany aging. We present
a proof-of-concept report for explicating the biophysical links between vibrational characteristics and the spe-
cific compositional and chemical changes associated with aging. The actual existence of such links is then
phenomenologically proved. In an attempt to foster the basics for a quantitative use of Raman spectroscopy in
assessing aging from human skin samples, a precise spectral deconvolution is performed as a function of
donors’ ages on five cadaveric samples, which emphasizes the physical significance and the morphological
modifications of the Raman bands. The outputs suggest the presence of spectral markers for age identification
from skin samples. Some of them appeared as authentic “biological clocks” for the apparent exactness with
which they are related to age. Our spectroscopic approach yields clear compositional information of protein
folding and crystallization of lipid structures, which can lead to a precise identification of age from infants to
adults. Once statistically validated, these parameters might be used to link vibrational aspects at the molecular
scale for practical forensic purposes. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.20.6

.065008]
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1 Introduction

In the vibrational spectra of biological molecules, indelible “fin-
gerprints” can be found for the occurrence (and frequency) of a
number of otherwise hidden natural phenomena. The discovery
and rationalization of such spectral “fingerprints” represents a
socially useful and fascinating practice, but also pose formidable
challenges to spectroscopists. Unlike simpler inorganic struc-
tures, an explicit description of the irreducible phonon represen-
tation for complicated organic molecules is a task of enormous
cumbersomeness, which can by no means be accomplished
without the help of computational programs. Even an “elemen-
tary” protein structure possesses a number of distinct vibrational
modes (i.e., in the order of 104),l which makes the task of
unfolding such a structural complexity one of the hardest chal-
lenges in modern science. On the positive side, however, there is
the high sensitivity of vibrational spectroscopy to structural fea-
tures. This method can be exceptionally sensitive to even quite
small variations of bond strength, i.e., in the order of 0.02%.2
Such variations can promptly be resolved by probing with a
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spectral resolution better than 5 cm™!, and modern spectro-

scopes usually possess spectral resolutions at least 1 order of
magnitude better than the above threshold. In other words,
Raman spectroscopy provides us with a suitably high sensitivity
for monitoring subtle bond modifications and molecular distor-
tions with high accuracy.

From an analytical point of view, the main consequence of
the complexity of biomolecules has been that Raman spectra
have often been treated as a mere matricial sequence of math-
ematical data, with little emphasis being placed on the interpre-
tation of the physical origin of individual bands in the recorded
spectra. Such a statistically driven approach could be quite
useful in locating spectral differences. However, despite the
huge piece of information potentially contained in the Raman
spectra, such spectroscopic “cryptograms” have, most of the
time, remained unfolded with only a small (qualitative) part
of their contents being physically interpreted. On the other
hand, several research groups have continued to intensely
work on basic interpretations of the Raman spectra emitted
from biological samples.* Such basic approaches have enabled
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clarifying a number of structural features in organic molecules,
including the interpretation of Raman bands and their spectral
positions from saccharides,’ lipids>**!° and carotenoids.” The
presence of mono-unsaturated acyl groups has also been related
to the first derivative value of scattering intensities measured at
1656 cm™!, which relate to the vibrational stretching of cis and
trans C=C bonds in 1ipids.'0 Moreover, classification overviews
of Raman spectra for biomolecules have recently become avail-
able.!! Specifically regarding model protein structures, Raman
bands represent vibrational modes of both the peptide backbone
and its side chains. Spectral positions, intensities and polariza-
tions of the Raman bands result in being quite sensitive to pro-
tein secondary, tertiary and quaternary structures, in addition to
side-chain orientations and local environments. In a number of
favorable cases, the Raman spectrum has provided a straightfor-
ward signature of the protein three-dimensional (3-D) structure,
intramolecular dynamics and intermolecular interactions.'?
Specifically related to skin, its constituent organic molecules
generally display in the Raman spectrum according to the cor-
responding model structures, but significant compositional and
structural variations can be expected with progressing age.
Collagen fibers are composed of collagen types I and III in a
ratio that depends on their location being either in the papillary
or in the reticular dermis. In young people, collagen fibers in the
region of papillary dermis take the form of densely packed and
irregularly arranged networks, whereas in the reticular dermis,
their morphology appears coarser and with loosely arranged and
intertwined bundles. Upon aging, the amount of collagen fibers
increases, packing becomes denser, and the stereological
arrangement is less twisted.'>!* Moreover, elastic fibers consist
of an amorphous fraction (~90% of the mature fiber), which is
exclusively composed of elastin and a microfibrillar component
consisting of nanostructured fibrils."*> Superficial microfibril
bundles gradually thicken and merge with increasingly large
amounts of amorphous elastin as the papillary dermis changes
into reticular dermis. However, with increasing age, the concen-
tration of elastin fibers in the papillary dermis decreases.
Accordingly, fibers from the skin of older individuals lose
some of their elasticity, thicken (fold) into agglutinated masses
and unravel.'* While the anatomical details of structural skin
modifications with aging are well studied and documented,
methods for finding such features in the recorded Raman spectra
are yet at their early development. Consequences of aging proc-
esses are obviously the changes in the biochemical structure
of tissue, which should also be seen in its Raman spectrum.
The challenge, therefore, shifts now to how to translate such
qualitative notions into a quantitative spectroscopic algorithm
capable of assessing human age to a degree of precision.
Building upon previous outputs of different approaches to
Raman evaluations of biological samples, we challenged, in
this paper, the establishment of parameters for the quantitative
assessment of human age from skin samples belonging to cadav-

that this study lacks statistical relevance, which has been a direct
consequence of the cadaveric origin of the studied samples and
the need to examine the skin sample within a narrow interval of
time (i.e., <1 week) since the date of decease and the necessity
of preliminary clearing up ethical issues with respect to donors.
Nevertheless, specific care was taken in obtaining “standard”
spectra for each donor with averaging on a large number of
acquisitions on each sample. In other words, the validity of
the shown concepts relies on the basic assumption that if an
age representing parameter (i.e., a “natural clock™) actually
exists in the vibrational behavior of skin tissue, this should
be independent of individual classes. The practical possibility
of retrieving age information from skin samples is a confirma-
tion that sensitive and selective “fingerprints” of natural aging
exist in the intermolecular interactions and dynamics of the
constituent phases of human skin. Further studies are presently
ongoing for obtaining a statistical validation of the proposed
parameters and procedures.

2 Experimental Procedures

A series of cadaveric skin samples was obtained from donors
(human patients deceased at different ages spanning from
a few months to 62 years old) upon preliminary clearance of
ethical procedures at the Department of Forensic Medicine of
the Graduate School of Medical Science of Kyoto Prefectural
University of Medicine. Details of the cadaver samples available
for this study are provided in Table 1. The samples were taken
from abdominal locations in the body unexposed to solar irra-
diation. Skin samples were typically 10 x 10 mm? wide (cut by
hand) and encompassed the full thickness of the skin structure,
from the stratum corneum to the hypodermis. All the skin sam-
ples investigated in this study belonged to the same race, show-
ing similar color (pale white skin, with some yellow tones) on
the skin surface. No special medical treatments were performed
on the skin samples before and after they were extracted from
the human bodies. More importantly, all the donors examined in
this study died in a healthy situation and their pathological
records did not show specific items either related to liver or
other diseases specifically impacting on protein and lipid
structures. Neither the infant nor other donors received medical
therapy that might have induced changes in the molecular
structure of their skin. Raman experiments were conducted
on the skin samples within less than 1 week after the date of
the patient’s decease. The skin samples were preserved at
—70°C in a freezer before Raman analysis. Immediately before
the Raman experiments, skin samples were thawed and kept
on ice. Prior to Raman spectroscopic characterizations, each

Table 1 Information on the human cadaver samples investigated in
this study.

eric donors. This study was mainly motivated by the need in the Sample Age Sex Cause of death
field of forensic pathology to determine within an improved

degree of accuracy the age of human subjects lacking specific 1 3 months Female Aspiration asphyxia
1dent1§y 1nform:alt10n. Spectroscopic outputs were ratlopallzed o 15 years Male Hemorthagic shock
and discussed in terms of selected parameters, including the

degree of protein folding and the degree of lipid crystallization. 3 17 years Male Drowning
Some other parameters—such as the fractional ratio between a- '

helix and S-sheet, the presence of sphingomyelin in the ceram- 4 35 years Male Drowning

ide struc?ture, and the content of collagen versus lipids—were 5 61 years Male Cardiac rupture
also noticed. It should be stated at the outset of our awareness
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sample was divided into smaller specimens and hematoxylin
and eosin (H&E) stain histology and optical microscopy
were applied on the cross sections of one specimen for each
sample in order to preliminarily assess the location of different
zones of epidermis and dermis from morphological features.
As a spectroscopic reference, a sample of skin type I collagen
was also investigated, which was purchased from Sigma-
Aldrich, Co."®

All the Raman spectroscopic experiments described in this
paper were carried out in backscattering optical probe configu-
ration with using a triple monochromator (T-64000, Horiba/
Jobin-Yvon, Kyoto, Japan) equipped with a liquid nitrogen-
cooled charge coupled device. The excitation source in the
present experiments used a 532-nm Nd:YVO, diode-pumped
solid-state laser (SOC JUNO, Showa Optronics Co. Ltd.,
Tokyo, Japan) operating with a power of 200 mW. An objective
lens with a numerical aperture of 0.5 was used both to focus the
laser beam on the sample surface and to collect the scattered
Raman light. All the experiments described in this paper
were conducted with a pinhole aperture of 100 ym and by
employing an objective lens with a magnification of 100X.
All the experiments were conducted at room temperature
with a relative humidity of 68%. Each spectrum at a measure-
ment location was collected for five scans with the accumulation
time of each scan being 1 min. For each studied sample, several
tens of spectra were collected on the top skin surface and an
average spectrum could be obtained with a statistical validity
using commercial software (LabSpec Ver. 4.02, Jobin-Ivon/
Horiba, Tokyo, Japan). On the cross section of each skin sample,
spectral line scans were also performed, starting from the stra-
tum corneum to 800 um deep in the depth direction. Spectral
Raman lines were analyzed using a commercially available
software package (Origin 9.1, OriginLab Co., Northampton,
Massachusetts, United States). Fitting was performed according
to Gaussian-Lorentzian functions after subtracting the baseline.

3 Experimental Results

3.1 Labeling the Raman Spectrum of Human Skin

Similar to the case of other soft tissues, the Raman spectrum of
skin is dominated by the vibrational bands of its structural pro-
teins, amino acids and lipids. Figure 1 shows a Raman spectrum
detected by our microprobe equipment with focusing on the
stratum corneum of a sample (top-view spectrum) from a 3-
month-old donor. Raman spectra from the healthy skin of infants
are seldom found in the published literature. For this reason, we
have considered this spectrum as a “reference” one since it was
almost unaffected by environmental effects. In this study, it is
used for a preliminary screening of the emitted Raman bands
and to label them according to the published literature.

The Raman spectrum in Fig. 1 has arbitrarily been divided
into a low-frequency zone (250 to 1800 cm™') and a high-fre-
quency zone (2800 to 3200 cm™!). In these two spectral zones,
a total of 20 bands could be distinctly observed, as labeled in
Fig. 1 (bands 1 to 20). Table 2 summarizes the observed Raman
bands and their physical origin in the two noticed spectral zones
reported in literature.'” ' Bands associated with vibrations of
amide bonds in polypeptide chains were observed, with the
amide I emission being dominated by C=O0 stretching vibrations
and the amide III band by C—N stretching and N—H bending
vibrations. The former emission (band 13) at ~1652 cm™! (here
often observed, in agreement with other authors, at a slightly
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Fig. 1 Raman spectrum as detected with focusing on the stratum
corneum of a sample (top-view spectrum) belonging to a 3-month-
old infant donor. The spectrum has been arbitrarily divided into low
frequency and high frequency zones of investigation. The labeled
bands are assigned in Table 2.

higher frequency of 1657 cm™~")*31:62 i5 typical of mammalian

keratins with mainly a-helical conformation.'®!%%* On the other
hand, the latter emission presented two maxima: one at
1271 cm™! (band 10, assigned to nonpolar fragments with
high proline content forming collagen triple helix) and the
other at 1244 cm™! (overlapped to band 8 already assigned
to tryptophan and phenylalanine) from polar fragments of col-
lagen characterized by a low proline content.?**3> Band 9,
which appears as a low-frequency shoulder to the 1271 cm™!
band 10, is most likely an overlap of vibrational modes from
the adenine and cytosine belonging to the f-sheet structure of
amide III (reported at ~1258 cm™')** and lipids (reported at
~1255 cm™").** The strong emission detected at ~1440 cm™'
(band 11) and the weaker but clearly detectable band at
~1750 cm™' (band 14) can both be assigned to vibrational
modes in lipids (with a contribution from proteins, especially
in the former band).'”"1%26:3264 In particular, the former band
arises from CH, scissoring and CH; bending,* whereas the
latter one mainly represents the C=O stretching mode in lipids
and phospholipid molecules.*®3’

In the high-frequency zone, a broad overlapping emission,
contributed by at least five relatively strong bands (bands 15
to 19), could be detected, in addition to a rather weak and
isolated band centered at higher frequencies (band 20). In this
broad emission, the sub-band labeled as band 15 was centered at
around 2855 cm™! and represented the symmetric stretching of
lipids in the liquid state.*® However, band 15 is likely to be over-
lapped by the C—H symmetric stretching band of collagen cen-
tered at ~2850 cm~!.* The strongest sub-band in this spectral
zone was centered at ~2885 cm™! (band 16). This band has been
assigned to symmetric stretching in lipids.*®*° However, band
16 seemed to show a low-frequency shoulder at around
2881 cm™!, also of protein origin, which we did not explicitly
label here. This sub-band shoulder was related to C—H symmet-
ric stretching in collagen.*' Overlapping effects between lipids
and collagen will be discussed in more detail in the following
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Table 2 Assignment of Raman bands in skin and skin collagen samples: v, stretching mode; v, symmetric stretch; v, asymmetric stretch; §,
bending mode; and w, wagging mode.

Band label Band position (cm~1) Principal assignment References
Band 1 510 v(S—=8) in cysteine 17-19
Band 2 745 Symmetric breathing of tryptophan 21,22
Band 3 877 v(C—C) in hydroxyproline, §(tryptophan ring) 18,20,2324-25
Band 4 919 v(C—C) of proline rings 17,18,26,27
Band 5 1003 v(C—C) in phenylalanine 17,18,26,27
Band 6 1081 v(CO3%7) and v(PO,4%-), v(C—C) in lipids 22,24
Band 7 1157 Sphingomyelin 28
Band 8 1208 v(C—CgHs) in tryptophan and phenylalanine 29,30
Band A~ 1210 v(C—CgHs) in tyrosine and phenylalanine 35
Band A 1218 Amide llI, v(C—N) and §(N—H) in a-helix 36,45—49
Band 1* 1242 Amide lll, v(C—N) and w(CH,) in collagen 65
Band 9 1255, 1258 Amide Ill, adenine and cytosine p-sheet structure + lipids 33,34
Band 10 1271 Nonpolar fragments of proline in a-helix 24,31,32
Band 3* 1315 Amide ll, §(CH,) in a-helix collagen 65
Band B 1338 Amide Ill, v(C—N) and §(N—H) in hydrated a-helix 37
Band C 1370 Ring and v(C—N) in cytosine and guanine 44
Band D 1395 Symmetric §(CHj3) of the methyl groups of proteins 50
Band 114 1428 Proteins + lipids, CH, scissoring 56-58
Band 118 1450 8(CH) in proteins + lipids 56-58
Band 11€ 1467 8(CHy) in proteins + lipids 56-58
Band 12 1526 Sphingomyelin 28
Band E 1520 v(C=N) in adenine and cytosine in a-helix 51,52
Band F 1551 Amide Il, v(C—N) and §(N—H) 53,54
Band G 1584 §(C=C) in phenylalanine 44
Band H 1605 v(C=C) in phenylalanine and tyrosine 41,55
Band | 1638 Amide |, v(C=0) in a-helix + p-sheet 39,56
Band 13 1652 Amide I, v(C=0) in a-helix 23,31,62
Band J 1681 Amide |, v(C=0) in disordered structure 40,56
Band 14 1750 v(C=0) in lipids and phospholipids 36,37
Band 15 2855 vs(CHg3) in lipids (liquid state) 38
Band 16~ 2877 vs(CHa) in lipids (hexagonal) 60,61
Band 16 2881 vs(CHg) in lipids (orthorhombic) 56
Band L 2910 v(CH,) and v(CHjs) in cholesterol and phospholipids 59

Journal of Biomedical Optics 065008-4 June 2015 « Vol. 20(6)



Pezzotti et al.: Raman spectroscopy of human skin...

Table 2 (Continued).

Band label Band position (cm~") Principal assignment References
Band 17 2928 vs(CHg3) in proteins 42
Band 17+ 2950 Vas(CHg) in proteins 42
Band 18 2956 Vas(CHg) in proteins 42
Band 18" 2980 v(CH®a") 41
Band 19 3010 Vas(=C—H) in lipids and unsaturated acids 40,43

sections. Bands 17 and 18 are seen as two consecutive shoulder
sub-bands to the overall emission toward higher frequencies.
The origin of both these bands, which are located at 2928
and 2956 cm™!, respectively, is probably also a composite
one with components from both lipids and collagen. However,
the former band corresponds to CH; symmetric stretching (i.e.,
due primarily to proteins),®® whereas the latter one hits a fre-
quency related to their CH; asymmetric stretching.*> Band 19
is weaker than the other bands composing the overall high-fre-
quency Raman emission, but clearly appears as a more separate
sub-band. Its location is at ~3010 cm™!, which corresponds to
asymmetric stretching of =C—H groups in lipids, fatty and
unsaturated acids.*>* Finally, a quite weak but resolvable band
was observed at ~3140 cm~!'. We labeled it as band 20, and
it was tentatively assigned to N—H symmetric stretching.**

It has been reported that in tissue, the spectral range from
3200 to 3600 cm~! is occupied by a broad band peaking at
~3250 cm™!, which is associated with O—H stretching vibra-
tions of tissue-bound water and N—H stretching vibrations of
proteins.'”!#32 Conversely, the presence of unbound water
(i.e., tetrahedral water clusters) in skin is represented by a
band located at 180 cm™" in the Raman spectrum.®’ The status
of hydration of skin has been estimated through the intensity
ratio between the protein stretching band at 2938 cm™!
(which we observed at ~2928 cm™') and the water stretching
band at 3250 cm~'.®” Raman spectra from skin samples before
and after sunlight exposure revealed a total fraction of water
higher by ~30% in the latter sample as compared to the former
one.'” We also observed water-related features in our skin sam-
ples. However, although it has been recognized that the water
content in skin generally increases with age,®® we ruled out a
priori the possibility of using the hydration ratio as a meaningful
parameter for age assessments because of the strong environ-
mental effects on the hydration state of skin and the fact that
each skin layer might show a different hydration level.®”
We failed in observing a reliable trend in hydration levels inde-
pendent of environmental effects and depending on age, prob-
ably also because the Raman probe reached different structures
while in-depth penetrating samples from donors with different
ages, thus giving different intensity ratios. On the other hand,
an important hint in this work was that skin-aging processes
involve conformational changes in structural proteins. In the
Raman spectra of skin samples from older individuals and/or
of skin exposed to sunlight, the maxima of the amide I and
IIT bands were systematically detected at spectral positions
shifted toward lower frequencies as compared to the spectrum
of young and/or unexposed skin samples. Moreover, reduced
intensities were generally found and a shift occurred of the
CH, stretching band in the aliphatic side chains of amino
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acids toward lower frequencies. This latter spectral perturbation
was interpreted as the consequence of structural changes in pro-
tein folding.”®”!

3.2 Average Raman Spectra as a Function of
Donors’ Age

Prior to Raman spectroscopic characterizations, H&E stain his-
tology and optical microscopy were applied on the cross sec-
tions of all samples in order to preliminarily assess the location
of different zones of epidermis and dermis from morphological
features. Figure 2 shows a micrograph of the investigated his-
tological section with the H&E stain of the sample from the
3-month-old infant donor. Labels show the protocol for the line-
scan Raman spectroscopy characterization in various regions of
the skin at increasing depths. Similar line scans were performed
on all the investigated samples from donors of different age.
In this section, we compare typical Raman spectra collected
as a function of patient age from the stratum corneum (i.e.,
at depth from the sample surface, z = 0 ym), from a deeper
zone in the epidermis zone (just below the stratum corneum,
z =100 pym; simply referred to as “epidermis,” henceforth)
and from a zone further in depth, which was thought to prepon-
derantly be part of the dermis in all the investigated samples
(z = 700 pum). It should be noted at the outset that the thickness
of various zones along the depth of skin significantly varies with
location in the body and with age. We have minimized the for-
mer difference by sampling always from the same part of the

sturaapidyg

Fig. 2 Skin cross-sectional sample belonging to the 3-month-old
donor with H&E stain. Labels illustrate the procedure of Raman
microprobe line scan along the in-depth abscissa, z, with origin at
the free surface of the sample.
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Fig. 3 Average Raman spectrum collected on the skin cross-section
sample belonging to a 3-month-old infant. Spectra from both low fre-
quency and high frequency zones are shown as collected at different
depths. The origin of the labeled bands is assigned in Table 2.

donors’ body (abdomen). However, the latter difference is
itself a part of our assessments and yet stems from our sam-
pling. Figures 3-7 show average spectra collected on skin
cross-section samples of a 3-month-old infant, 15-, 17-, 35-,
and 62-year-old donors, respectively. The recorded spectra
showed a significant degree of complexity and there were a
large number of features coming out from a comparison of
average Raman spectra collected at different locations and
from donors with different ages. Table 2 lists all the Raman
bands discussed in the remainder of this paper, together with
their physical origin.

In the following 10 points, we attempt to rationalize the main
features that came to light from the recorded Raman spectra.
The main findings can be summarized as follows:
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Fig. 4 Average Raman spectrum collected on the skin cross-section
sample belonging to a 15-year-old donor. Spectra from both low fre-
quency and high frequency zones are shown as collected at different
depths. The origin of the labeled bands is assigned in Table 2.
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Fig. 5 Average Raman spectrum collected on the skin cross-section
sample belonging to a 17-year-old donor. Spectra from both low fre-
quency and high frequency zones are shown as collected at different
depths. The origin of the labeled bands is assigned in Table 2.

(1) The spectrum acquired in the stratum corneum of the
3-month-old infant was quite different when recorded
from the sample surface and from cross section (cf.
Figs. 1 and 3). On the low-frequency foot of the 1150
to 1750 cm™' spectral interval, a new band appeared at
around 1210 cm™! (labeled band A~ in Fig. 3), which
was rather weak in the stratum corneum but became well
resolved in both epidermis and dermis spectra. Band
A~ was assigned to the stretching mode of C—C¢Hj
in tyrosine and phenylalanine.*® Additional new features
also appeared in spectra from epidermis and dermis.
Although the intensity ratio between band 10 (assigned
to nonpolar fragments with high proline content forming
collagen triple helix) and band 9 (overlap of vibrational
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Fig. 6 Average Raman spectrum collected on the skin cross-section
sample belonging to a 35-year-old donor. Spectra from both low fre-
quency and high frequency zones are shown as collected at different
depths. The origin of the labeled bands is assigned in Table 2.
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Fig. 7 Average Raman spectrum collected on the skin cross-section
sample belonging to a 62-year-old donor. Spectra from both low fre-
quency and high frequency zones are shown as collected at different
depths. The origin of the labeled bands is assigned in Table 2.

modes from the adenine and cytosine belonging to the
P-sheet structure of amide III and lipids) was similar
in the stratum corneum for spectral acquisitions from
top surface and cross section, four additional bands
appeared in the latter measurements at 1218, 1338,
1370, and 1395 cm™! (labeled as bands A, B, C, and
D, respectively, in Fig. 3). Band A was especially pro-
nounced in both epidermis and dermis, quite different
from the morphology of a low-frequency shoulder to
band 9, as detected in the case of stratum corneum. It
was assigned to amide III and, specifically, to coupling
of C—N stretching and N—H bending (mixed with
vibration of side chains in proteins).* Note also that
band 9 could be considered as being composed of
two distinct sub-bands at lower and higher wavenum-
bers (at 1243 and 1274 cm™', respectively). However,
these two bands were both assigned to C—N stretching
in the a-helix conformation of amide II1,’*** and we
neglected their distinction in this study. Band B has also
been reported to arise from amide III hydrated a-helix
(N—H bending and C—N stretching)’” and to be partly
contributed by tryptophan (CH, /CH; wagging, twisting
and bending).”> Band C was interpreted as ring and
C—N stretching in cytosine and guanine,** whereas
band D arose from symmetric CH; bending of the
methyl groups of proteins.”® Bands B, C, and D became
extremely pronounced (comparable or even more
intense than bands 9 and 10) in both epidermis and
dermis spectra of the infant sample (cf. Fig. 3).

(2) The intensity of the sphingomyelin band (band 12)
appeared relatively weak in the cross-section spectra
of the stratum corneum of the 3-month-old-donor
sample (i.e., comparable with that detected on the top
surface; cf. Figs. 1 and 3 at z =0). This band did
not appear at all in both epidermis and dermis spectra.
Another striking feature in the cross-sectional spectra of
both epidermis and dermis of the infant sample was
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a quite pronounced Raman activity in the zone 1550 to
1682 cm~!. While in the spectrum of stratum corneum
recorded from the top surface, we could only observe
one main band (band 13; related to mammalian keratins
with mainly a-helical conformation) in cross section and
six additional bands could be observed in this spectral
zone (i.e., besides band 13) in both epidermis and der-
mis. Those bands were centered at ~1520, 1551, 1584,
1605, 1638, and 1681 cm™' (labeled as bands E, F, G,
H, I, and J, respectively). Assignments were made, as
follows: (1) band E, probably an overlap of (—C=C—)
stretching in carotenoid and C=N stretching in adenine
and cytosine in a-helix;*" (2) band F, amide II of pro-
teins (N—H bending and C—N stretching);*>>* (3) band
G, C=C bending mode of phenylalanine;* (4) band H,
protein C=C stretching in phenylalanine and tyro-
sine;*'> (5) band I, amide I band related to both
a-helix and pf-sheet (C=O stretching vibrations);**°
and (6) band J, amide I band related to a disordered
structure, nonhydrogen bonds, and C=0 stretching.**¢
Note that band E, which is absent in normal tissues,
might be contributed here by carotenoids contained in
the infant’s artificial milk. Bands F, G, H, and I were
also observed in the stratum corneum of the cross-
section sample, but with significantly lower intensity.
Moreover, band F in the stratum corneum was shifted
by few wavenumbers toward higher frequencies as com-
pared to epidermis and dermis spectra.

‘When collected from cross section, band 11 in the sam-
ple from the 3-month-old donor became clearly resolv-
able into three distinct sub-bands located at 1428, 1450,
and 1467 cm™! (labeled 114, 11B, and 11€, respec-
tively). We have mentioned in the previous section that
band 11 can be assigned to vibrational modes in both
lipids and proteins. Deconvolution into three distinct
sub-bands enabled us to resolve CH, scissoring (114),
C—H bending (11®), and CH, bending (11¢) compo-
nents.’*>® In the high-frequency zone of the cross-
section spectra from the 3-month-old-infant sample, a
comparison with topside spectra showed that the basic
structure of five sub-bands was still preserved, but
several differences were also spotted. In the stratum
corneum, one significant variation was observed in
the presence of a new band centered at ~2910 cm™'.
This new band, labeled as band L in Fig. 3, was assigned
by other authors to CHj stretching vibrations in pro-
teins.®>’> However, there is also a clear overlap with
CH, and CHj stretching contributions from cholesterol,
phospholipids and creatine.” Significant variations in
the relative intensity of various sub-bands could also
be recorded. While spectra from the stratum corneum
of the infant sample were found, except for the presence
of the newly detected band L, to experience a quite sim-
ilar balance between sub-band intensities when recorded
from top surface and cross-section, a significant drop-
down was found in both epidermis and dermis spectra
for bands 15 and 16 (cf. Fig. 3), which could be assigned
to symmetric stretching of liquid-state and crystalline
lipids, respectively. This band was relatively strong
only in the stratum corneum, whereas a new sub-band
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appeared and was labeled as band 16~, at ~2877 cm™!
in both epidermis and dermis. We justified the intensity
annihilation of band 16 with the low content of lipids in
infant skin. The presence of band 16~ could then be
interpreted according to not only a contribution from
collagen (C—H symmetric stretching), but also with
the presence of lipids in different physical states. The
packing of lipids within skin lamellae is usually referred
to as the lateral lipid organization. In the order of
increasing packing density, such lipid organization
could either be liquid, hexagonal, or orthorhombic.*
In a healthy human stratum corneum from adult skin,
the lipids mainly assemble themselves in an orthorhom-
bic lipid organization at skin temperature, although
domains with a hexagonal or liquid organization also
exist along the in-depth abscissa.’*®' In infant skin,
the lipid structure is expected to be strongly oriented
toward a liquid and a hexagonal package. In substance,
the conspicuous intensity reduction in intensity of band
15 in spectra collected upon cross-section sampling
enabled resolving the actual structure of what we
have detected in topside spectra (cf. Fig. 1) as a cumu-
lative band 16 (seen at around 2881 cm™!). Band 15, the
sub-band 167, band 16, and band L can all be assigned
to symmetric stretching of CH; units.’® However, it is
hard to distinguish where such CHj units exactly belong
in the structure of skin. Bands 15 and 16 should mainly
arise from CH; units embedded in lipids with different
physical states, namely liquid and crystalline (i.e., ortho-
rhombic), respectively. Band 16~ stems from CHj units
embedded in collagen, but should also be contributed by
lipids in hexagonal packing (i.e., intermediate between
liquid and orthorhombic structures). Band L is also a
mixed contribution from proteins, cholesterol, phospho-
lipids, and creatine. Additional discussion regarding
the fractional contributions of proteins and lipids in this
spectral zone will be given in the forthcoming discus-
sion section.

On the high-frequency side of the spectral zone at 2800
to 3200 cm™!, for both epidermis and dermis spectra,
the sub-band related to asymmetric stretching of =C—H
groups in lipids, fatty and unsaturated acids (band 19)
completely disappeared, while a strong band newly
appeared at ~2980 cm™! shifted by about 12 cm™!
toward higher frequencies as compared to band 18
(cf. Fig. 3). This new sub-band was labeled as 18" and
was assigned to CH,, ,, stretching.*' Moreover, band 17
at 2928 cm™!, which corresponds to CH; symmetric
stretching primarily in proteins, became accompanied
by a new sub-band located at ~2950 cm~!, which was
labeled as band 17%. This latter band could also be
assigned to CH; asymmetric stretching in proteins.*?

As a general trend in the low-frequency region between
1150 and 1750 cm™!, the sample from the infant donor
was the one that showed the most marked differences
between spectra collected at the three investigated loca-
tions, namely at the stratum corneum, epidermis and
dermis (i.e., z = 0, 100, and 700 ym in depth from the
sample surface, respectively). The remaining samples
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showed less significant variations in the spectral
characteristics recorded at different depths with increas-
ing donor’s age, with the least variations apparently
recorded for the oldest 62-year-old donor (compare
Figs. 3 and 7). In particular, the high-frequency part
of the spectra in the sample from this latter donor
was almost exactly the same at z = 0, 100 and 700 pgm
in depth (cf. Fig. 7) and also exhibited a morphology
profile similar to the spectrum recorded from the top-
side acquisition in the stratum corneum (not shown
here). Regarding the low-frequency side of the spectrum
from the oldest donor in Fig. 7, the morphology of
bands 11 (lipids) and 12 (sphingomyelin) was very sim-
ilar for detections at different locations in cross section,
although their intensity ratios were different. The inten-
sity ratio of band 12 over band 11 (considered as the
sum of sub-bands 114, 118, and 11€) increased signifi-
cantly in both epidermis and dermis of the sample from
the oldest donor, reaching values ~1.3 to a value ~0.87
in the stratum corneum. Note that in the spectra retrieved
from the sample belonging to the youngest donor (cf.
Fig. 3), the average ratio between band 12 and band 11
in the stratum corneum was very low, namely ~0.06.
Similarly, band 12 was also hardly resolvable in spectra
collected from both epidermis (i.e., at z = 200 ym) and
dermis (at z = 700 ym). Another main feature in the
spectrum retrieved from the oldest donor investigated
was that band B, only pronounced in the stratum cor-
neum, apparently tended to disappear with increasing
depth until becoming completely annihilated in the der-
mis. Band B corresponds to molecular vibrations in
amide III hydrated a-helix, in particular N=H bending
and C—N stretching. Its full annihilation might thus sug-
gest a drastic reduction of hydrated a-helix in the amide
1T structure of dermis. Limited to the stratum corneum,
the skin of the oldest patient showed a detectable
intensity for band G at ~1585 cm™!, while this band
also tended to become very weak in the epidermis and
almost disappeared in the dermis (cf. Fig. 7). Note that
we noticed the inverse trend in the skin sample from
the infant donor, namely a conspicuous increase in
the intensity of band G in both epidermis and dermis
as compared to the stratum corneum. Band G is related
to the C=C bending mode of phenylalanine and its
decrease suggests a lack of this essential a-amino acid
in the skin structure. Phenylalanine is found naturally in
the breast milk of mammals, which explains its abun-
dance in the skin sample from the infant donor. Finally,
another feature appearing from the comparison between
samples from the youngest and the oldest donors was
the different intensity of band J in epidermis and dermis
(cf. Figs. 3 and 7). This band showed a quite weaker
intensity in the older donor as compared to the younger
one, a characteristic that confirmed the notion of a more
disordered structures for amide I in the skin of infants.

A morphological comparison between epidermis and
dermis spectra from skin samples of the 35-year-old
and 62-year-old donors showed very few differences,
except for a stronger Raman activity in the spectral
zone between 1200 and 1400 cm™! in the stratum
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corneum of the sample from the former donor (cf.
Figs. 6 and 7). Independent of location and unlike
the case of the infant donor (cf. Fig. 3), band J was
quite weak in samples from both the 35- and 62-year-
old donors (cf. Figs. 1 and 7). A pronounced intensity
for band J in the epidermis and dermis was also found
in samples from both 15- and 17-year-old patients
(cf. Figs. 4 and 5). An attempt to rationalize the findings
related to band J will be given in the forthcoming
discussion section. In the high-frequency zone, the dif-
ferent behavior of band 19 was also resolvable and was
more markedly present in the oldest donor. However,
samples from both the 15- and 17-year-old donors
showed quite different patterns regarding band 19,
which seems to be quite affected by the donor habits and
lifestyle. Regarding spectra from the stratum corneum
and specifically the overlapping set of low frequency
bands (A, 9, 10, B, C, and D), a comparison as a func-
tion of donors’ age revealed tangible morphological
differences. However, spectra from the stratum corneum
appeared by far the most difficult to rationalize with
the same criteria. The spectrum from young donors
(3 months, 15 and 17 years old, in Figs. 3-5, respec-
tively) showed low intensities for bands B and C relative
to the intensity of band 10. The intensity of these bands
increased in the 35-year-old donor (cf. Fig. 6), but it was
similar to the infant donor in the spectrum from the
62-year-old donor (Fig. 7). A similar trend was found
for the intensity of band D in the stratum corneum.
Some inconsistencies between the samples from 15-
and 17-year-old donors could be found in the low-
frequency spectral zone. Although these donors were
close in age, quite different spectral morphologies
could be found in the stratum corneum (cf. Figs. 4
and 5). These considerations lead us to the conclusion
that low-frequency Raman spectra from the stratum
corneum could be less suitable for age analyses due
to the strong effect of environmental conditions and
individual habits.

The high-frequency part of the Raman spectra in sam-
ples from donors of intermediate age was also analyzed
in comparison with the two extreme cases of infant and
older donors. In dermis spectra, band 18% was only
present with relatively high intensity in samples from
the two youngest donors (Figs. 3 and 4), while it
disappeared in samples from the three older donors
together with the appearance of band 18 (with intensity
decreasing with increasing age) and band 19 (with
intensity almost constant with age; cf. Figs. 5-7).
Both band 18 (CH; asymmetric stretching) and band
18+ (CH,, stretching) are related to vibrational modes
in proteins; therefore, the preferential presence of one
over the other might serve to specify protein quality
in the donor. However, the present data do not seem
to allow qualifying whether or not such a feature spe-
cifically relates to the donors’ ages. For example, in
the 35-year-old sample, band 18+ from CH,,, stretch-
ing was present in the stratum corneum and epidermis,
but it disappeared in dermis (cf. Fig. 6). On the other
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hand, in the infant donor sample, band 18" was detected
in epidermis and dermis, but it disappeared in the stra-
tum corneum (cf. Fig. 3). In the sample from the 15-
year-old donor, band 18" appeared at any location
(cf. Fig. 4), while it disappeared at any location in sam-
ples from the 17- and 62-year-old donors in favor of a
clearly resolvable band 18, present at any location along
the cross section (cf. Figs. 5 and 7). A meaningful trend
with increasing donor age seemed to arise in the varia-
tions of Raman intensity in the low-frequency shoulder
of the cumulative spectrum at 2800 to 3200 cm™,
namely for the group of bands 15, 16™, 16, and L. Upon
considering the relative intensity of bands (167, 16, L)
versus band 15, namely the fraction of bands contrib-
uted by crystalline lipids versus the one contributed
by lipids in the liquid state, a consistent trend showing
a tangible increase of the former state with increasing
donor age could be observed. A plot and a more detailed
discussion of this trend will be given in Sec. 4.2.

Band B, which arises from N—H bending and C—N
stretching in amide III hydrated a-helix, seemed to pro-
vide a coherently decreasing trend with age in the der-
mis zone of all the available samples. A decrease in
content of hydrated o-helix with increasing age repre-
sents a reasonable argument from the viewpoint of
ceramide containing structures and skin barrier func-
tions.”® This trend was less clear (i.e., more scattered)
in epidermis spectra and completely absent in a com-
parison among spectra from the stratum corneum
among the investigated samples. This means that envi-
ronmental factors can also strongly affect hydration
of a-helix in portions of skin exposed to sunlight or
externally treated. Moreover, dietary effects have also
recently been reported in this context, which might
alter both dryness and dehydration of the skin.”
Renugopalakrishnan et al.”* noticed the amide T emis-
sion (i.e., dominated by C=O stretching vibrations
and typical of a-helical conformation in mammalian
keratin) for spectroscopically evaluating thermal dena-
turation in chick skin. The used band corresponds to
band 13 in Figs. 3-7, which we observed as centered
at a frequency of ~1657 cm~'. Moreover, Tosato
et al.” discussed band 13 as a sensor for structural mod-
ifications of the amide group. The rationale of the dis-
cussion was based on the observation that the C=0
stretching mode in amide I is weakly coupled to the
stretching mode of the carbon-nitrogen bond and to
the in-plane deformation mode of the nitrogen—hydro-
gen amide bond. Accordingly, changes in the molecular
geometry due to degradation of collagen triple helix
chains might result in the dissociation of the triple
helix into a simple string or a double string.”®”’ Band
13 in spectra at any location of our samples showed
significant shifts in frequency, but no morphological
variations nor any obvious correlation with band B in
different samples. On the other hand, again in Ref. 74,
the most striking difference of thermal denaturation was
observed for the amide III doublet, which we labeled
as band 9 (vibrational modes from the adenine and
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cytosine belonging to the f-sheet structure of amide III)
and band A (coupling of C—N stretching and N—H
bonding in amide III). This doublet collapsed upon
denaturation to produce a strong band at lower frequen-
cies at around 1243 cm~!. We also noticed a collapse of
band A in dermis spectra with increasing age, but no
similar trend could be observed for band 9. Moreover,
no strong new band could be detected at around
1243 cm~'. Following Renugopalakrishnan et al.,”* the
collapse of band A could, in principle, be interpreted as
a signal of incipiency for a denaturation process of pro-
tein and polypeptides in the amide III structure, which
progressively occurs with increasing age.

The lipidic content of skin is a key factor in the per-
meability barrier function, including cosmetics effects
and transdermal drug delivery. Abnormalities in barrier
function, which are related to lipid content, have been
shown to lead to atopic dermatitis and other common
cutaneous diseases.”® Free fatty acids and triglycerides
are affected in their compositions by ultraviolet irradi-
ation,” and a decrease in lipid content with age leads to
an increased susceptibility to exogenous insults.® These
latter two aspects are essential to our research because
they show that if the effect of environmental factors
could be separated, a detailed spectroscopic knowledge
of lipidic content, composition, and structure might not
only help to elucidate skin function, malfunction and
abnormality, but it could also be a marker of the actual
age of skin. An early study by Ghadially et al.** showed
that fatty acids in senescent murine epidermal lipids are
clearly different from young controls, since they contain
a disproportionate increase in medium and long
chain species. On the other hand, no changes were ap-
parent in very long chain species. Moreover, in both
aged human and mouse epidermis, a paucity of secreted
lamellar body contents was present at the stratum
granulosum/stratum corneum interface, a finding that
matched the lipid biochemical observation showing that
lipids in aged stratum corneum are globally reduced in
quantity, without exhibiting any specific abnormality in
species distribution or fatty acid composition. A former
study by Gaber and Peticolas®® suggested the use of the
Raman activity of lipids in the spectral interval between
2850 and 2890 cm™! (our bands 15 and 16) for assess-
ing the physical state of phospholipids. As we have
discussed in point (4), we detected in this study a clear
monotonic variation with donors’ ages of the Raman
activity in this high-frequency region, which suggests
the presence of lipids in an increasingly crystalline
state (over liquid and semicrystalline states) in donors
with increasing age. On the other hand, if we look at
the lipid/protein activity in the low-frequency region,
as represented by bands 114, 118, and 11€ at around
1440 cm™!, we could not find any monotonic trend with
increasing age at any investigated location. This trend is
probably due to the fact that both lipids and proteins
contribute to the three sub-bands. This point will be dis-
cussed in more detail in the initial subsection of the
forthcoming discussion. Moreover, the balance between
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the intensity of various sub-bands was barely altered as a
function of age and location (cf. Figs. 3—7). Translating
the above set of information into physical arguments,
our experiments prove that band 11, which “feels”
local motifs encoded into the primary structure of lipids
and proteins [i.e., CH, scissoring (11%), C—H bending
(11B), and CH, bending (11€)], is not strongly affected
by age; but, regarding lipids, it is their physical state that
monotonically changes with progressing age, namely
bands 15 and 16, which reflect the tertiary structure
of the lipid molecules, actually undergo a progressive
crystallization process of lipid assembly in older
patients.

(10) The Raman activity in the interval of frequencies from

1600 to 1700 cm™! typically appeared as a triplet (bands
I, 13, and J), with bands 13 and I being the most promi-
nent in the stratum corneum and in epidermis or dermis,
respectively. As already mentioned, band 13 has unam-
biguously been assigned to the amide I vibrational
mode,?! which mainly involves C=O0 stretching and,
to a lesser extent, N—H in-plane bending of peptide
groups.®% The exact spectral location of this band
strongly depends on the secondary structure of the
polypeptide chain and could, therefore, be useful for
estimating secondary structure fractions of proteins.®*
In comparing epidermis and dermis spectra from the
oldest and the youngest donors in this study, band
13 was found to be clearly shifted towards lower
frequencies in the former donor. Regarding samples
from donors with intermediate age, the sample from
the 35-year-old donor displayed band 13 at nearly
the same frequency as the sample from the 62—year-
old donor. On the other hand, band 13 from both
samples from the 15- and 17-year-old donors was
very close in frequency to that of the infant donor.
Despite a possible interaction with vibrational modes
in lipids, a strong intensity of band 13 in the Raman
spectra should testify to a preponderance of proteins
with high o-helix content.’8385 On the other hand,
band I, which comprises amide I contributions from
both a-helix and f-sheet (C=O stretching vibrations)
is more difficult to interpret.3*>® A spectral shift toward
lower frequencies of bands 13 and I could be inter-
preted as a mark for the presence of heavier structures
in a-helix and f-sheet, and thus for a larger interac-
tion with lipids. The spectral intensity of band J,
which encompasses all the amide I contributions
from disordered structures, nonhydrogen bonds, and
C=0 stretching,*> to the sum of a-helix-representa-
tive band 13 and a-helix and f-sheet-related band I
can be assumed as a direct measure of the degree of
disorder of the protein structure in the tissue. Our
data showed that in epidermis and dermis, the intensity
of band J with respect to band 13 seemed to decrease
with increasing age, although its absolute value appa-
rently depended on individual donors. This point
will be discussed in more detail in the forthcoming
sections. In principle, there could also be another addi-
tional spectral feature that characterizes the fractional
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presence of f-sheet structures. This is a band appearing
at around 1517 cm™!, which mainly involves N—H
in-plane bending and C—N stretching of the trans
peptide group of amide II vibrations.®! However, this
band was hardly observed in this study. According
to a study by Shao et al.,’® dealing with structural
changes in heated up proteins upon interaction with
lipids, the increase of f-sheet formation is due to pro-
teins—lipids and proteins—proteins interactions during
environmental exposure. In general, the behavior of
Raman bands related to peptides and proteins, also
including the band at 1517 cm™', in the stratum cor-
neum is not necessarily intrinsic to the skin structure
but might be altered by environmental conditions.
For this reason, we have neglected it in our further
characterizations.

According to the spectral characterizations shown above,
we monitored the following spectral features:

(1) the intensity ratio of band 10 on band 9, I,y/1o,
representative of the fractional ratio between a-helix
and f-sheet;

(2) the intensity ratio of band J on band 13, I, /1,3, rep-
resentative of the fractional ratio between disordered
and ordered structures (in peptides and proteins);

(3) the intensity ratio of band 12 on band 118, 1,,/1,s,
representative of the content of sphingomyelin as
compared to the overall amount of lipids in the
sample;

(4) the intensity ratio of band 16 on band 15, I,4/1;s,
representative of the physical state of lipids, namely
liquid versus crystalline state; and

(5) the spectral shift of band 13, w3, representative of
changes in molecular geometry of amide I, due to the
degradation of collagen triple helix chains and their
dissociation into simple or double strings.

More information about the variation of these five factors
along the in-depth axis on cross sections of the investigated
skin samples is available in the Appendix, and the dependence
of these parameters on age will be further discussed in the
following section.

4 Discussion

4.1 Subtracting from Skin Spectra the Contribution
of Standard Collagen

The Raman spectrum of dermis is dominated by collagen, which
in turn constitutes 70% of the dry weight and 90% of the total
protein content. Important contributions to the Raman spectrum
of skin are also expected in the stratum corneum and in the
epidermis zones. Of the about 20 types of collagen existing
in the human body, skin consists of ~80% type I and 15%
type III, while the remaining 5% is predominantly type IV col-
lagen.®” Figure 8 shows the Raman spectrum of skin (type I)
collagen purchased from Sigma-Aldrich Co, which was col-
lected under exactly the same experimental conditions as the
spectra of skin as shown in Figs. 3-7.
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Fig. 8 Raman spectrum of skin (type I) collagen in (a) low and (b) high
frequency regions, which was collected under exactly the same
experimental conditions as that the spectra of skin. The labeled
bands are assigned in Table 2.

On the low-frequency side of the spectrum, as shown in
Fig. 8(a), most of the bands could be labeled, similar to what
was detectable in the skin samples (cf. Table 2). The relatively
strong intensity of the C—H vibration bands (11#, 118, and 11°)
in skin collagen suggests that the contribution of collagen to
their overall intensity in skin samples is not negligible as com-
pared to the respective contributions in lipids. Only two addi-
tional bands (i.e., bands 1* and 3*) remained to be assigned;
these bands were not obviously detectable in the skin samples
as they appeared on the low-frequency side of the collagen spec-
trum. Band 1* was centered at around 1242 cm~! and could be
related to amide III disordered structures (C—N stretching and
CH, wagging), whereas band 3*, at 1315 cm™!, was again
related to a-helix amide III (CH, bending mode).%

Regarding the high-frequency side of the Raman spectrum of
pure collagen, we have collected six distinct bands (labeled as
15, 167, 17-19 and L) with an overall morphology comparable
to that found in skin spectra. However, non-negligible shifts
(toward lower or higher wavenumbers) could be found for some
bands. Interestingly, band L was quite weak, thus suggesting a
preponderant contribution of lipids over proteins. Moreover,
band 16, observable in skin, could not be found in the collagen
spectrum. The important implication in these findings is that
band 15 and band 16~ as observed in the skin sample, which
were assigned to symmetric stretching of CH; units in lipids
embedded in phases with different physical states, also exist
in collagen with the same physical origin, but appearing at
shifted frequencies. In an attempt to better visualize this com-
plex spectroscopic situation, we normalized the high-frequency
side of the skin spectra to the respective intensity maxima along
the cross-section scan (in Figs. 3-7), and from them we sub-
tracted the contribution of the similarly normalized collagen
spectrum (Fig. 8). The results of this procedure are shown in
Fig. 9 for spectra belonging to the youngest and to the oldest
donors in this study [spectra from the 3-month- and 62-year-
old donors in (a) and (b), respectively]. In the plots, the
Raman intensity difference, Al = I, — I, is plotted as a func-
tion of spectral locations, where /, and /.. represent the normal-
ized intensities of skin and collagen spectra, respectively. In
each figure, three plots are given which correspond to different
depths along the z-axis, namely z = O (stratum corneum), z =
100 pym (epidermis), and z = 700 ym (dermis). In the plots,
positive and negative values for Al correspond to a preponder-
ance of lipids or collagen contributions to the skin spectra,
respectively. For better clarity, the spectral location of these
bands, belonging to collagen, is also shown in insets of both
figures.
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Fig. 9 Raman intensity difference, Al = I; — I, as a function of spec-
tral locations, as calculated after spectral normalization to the respec-
tive intensity maxima; the plots refer to the 3-month- and 62-year-old
donors [in (a) and (b), respectively]. Three plots are displayed for
each donor, which represent averages over the stratum corneum,
epidermis and dermis.

The following conclusions could be drawn as the main out-
puts of the spectral subtraction procedure:

(1) The Raman spectrum from the dermis zone of the
skin sample was completely composed of type I col-
lagen in the case of the infant donor [cf. Al ~ 0 over
the entire high frequency zone in Fig. 9(a)]. However,
increasingly pronounced spectral contributions from
lipids could be noticed at 2800 to 2930 cm~! when
proceeding along the cross-section line-scan toward
the surface of the sample.

(2) In the Raman spectrum from the 62-year-old donor,
from surface to z = 700 um, subtraction of the col-
lagen spectrum from the skin spectrum produced
the same results, independent of location along the
line scan. Lipids were preponderant in the spectral
interval 2800 to 2930 cm™!, while the main spectral
contribution at higher frequencies mainly stemmed
from type I collagen structures [cf. Fig. 9(b)].

(3) The spectral subtraction procedure, showing that the
band labeled as 16~ in skin corresponded to C—H
symmetric stretching in collagen, has provided
an important confirmation about the possibility of
using bands 15 and 16 (centered at ~2855 and
~2885 cm™!, respectively) for discussing the physi-
cal state of lipids in skin. However, discussions on
lipid structures using the above two bands should
be limited to the stratum corneum and epidermis,
since their contributions in the spectrum from dermis
were, in young donors, completely contributed by
collagen structures.
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4.2 Possible Spectroscopic Parameters for
Evaluating Human Age

Our attempts “to decode” skin spectra in search for a possible
natural “clock” in the vibrational behavior of skin have brought
us several hints concerning the evolution of the chemical and
physical nature of proteins and lipids with age. Figure 10
shows plots of different selected parameters as a function of
donors’ ages.

As previously discussed, the intensity ratios 1,9/ly and
I;/1;5 can be considered as representative of the fractional
ratio between the a-helix and p-sheet, and of the fractional
ratio between disordered and ordered structures (in peptides
and proteins), respectively. The plots in Figs. 10(a) and 10(b)
display these (average) parameters as a function of donors’
ages. In the averaging process, we have excluded the stratum
corneum in order to minimize environmental effects. The
trend for 1,5/1y in the former plot, when averaged on different
areas of the cross section of the samples, showed a minimum for
the 17-year-old donor. This clearly nonmonotonic nature was
more pronounced in the epidermis than in the stratum corneum.
We have similarly found nonmonotonic plots (not shown here)
for other parameters [e.g., the sphingomyelin ratio, 11, /1], as
proposed above. On the other hand, the plot of 1,/1,5 versus
donors’ ages remarkably fitted to a high degree of precision
with an exponential decrease in donors’ ages. According to
our data, the algorithm relating the Raman intensity ratio
I;/15 to age, x,, can be given as

1,/1,5 = 0.74 x Exp[—=0.048 X x,]. (1)

The notion of folding and misfolding in peptides and proteins
is a well-known one in the field of biophysics.”*> In order to
become functionally active, newly made (or “nascent”) protein
chains must assemble into a “fold,” namely a well defined 3-D
pattern. An amino acid sequence specifies the information that
specifies the fold, which is a process thermodynamically driven
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Fig. 10 Plots of different parameters as a function of donors’ ages:
the intensity ratio, /19/ly, (a) representative of the fractional ratio
between a-helix and p-sheet; the ratio, /,/143, (b) representative of
protein folding upon aging; the spectral shift of band 13, w3, (c) rep-
resentative of the amount of rupture of triple helix molecules within the
collagen macromolecule due to degradation of collagen type 1V; and
(d) the ratios of /gy = l1g- + l1 + I, 10 15 and Ig = l15- + l1g 10 I45 as
representative of the process of lipid crystallization upon aging.
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by the hydrophobic effect. Structural rearrangement gives rise to
the correct amino acid packing that corresponds to the most sta-
ble and active state in healthy subjects. This task is completed
within intervals of time between milliseconds and many
minutes, depending on protein size. On the other hand, band
13, in the region at around 1659 cm™!, is associated with the
triple-stranded helix stabilized in collagen by a large number
of interchain hydrogen bonds.”® Fourier transform infrared spec-
troscopy data by Federman et al.* have assessed band displace-
ments from the 1652 toward 1658 cm™!, which indicates the
rupture of the triple helix molecule within the collagen macro-
molecule due to degradation of collagen type IV by the metal-
loproteinase trypsin. In other words, the plot in Fig. 10(c), which
shows the spectral displacements of band 13 as a function of
age, is another aspect of protein changes related to aging. It
should be noted that in the case of collagen, newly synthesized
premature collagen is imported into the lumen of endoplasmic
reticulum and folded and modified during transportation
through the Golgi apparatus and is then secreted as a mature
form. During this protein maturation, misfolded proteins are
subjected to degradation. Mature proteins are also degraded
when damaged. This protein metabolism can be affected by
both age and environmental stress. The protein state in the skin
should thus be the result of both synthesis and degradation,
which is altered in an age-dependent manner, so young skin
contains a higher amount of fresh collagen than old.

In conclusion, our data in Fig. 10(b) simply show that the
amount of proteins in skin, which are yet to assembly into
folds, is largest in infants and gradually reduces with aging.
This circumstance is thus the spectroscopic representation of
the fact that the dermis of newborns contains less mature colla-
gen than adults. Moreover, Fig. 10(c) shows that stabilization of
the triple helix is maximized at intermediate ages, a behavior
that is in good agreement with the maximization of a-helix
contents testified by the concurrent minimum of the intensity
ratio, I1o/Io[Fig. 10(a)]. In other words, as far as proteins are
concerned, Raman spectroscopic data have provided us with
a consistent picture of structural evolution with age which is
in agreement with well-established concepts in biophysics of
the aging process.

Regarding lipids, we show here another spectroscopic plot
which apparently contained characteristics of remarkable preci-
sion with respect to the evolution with increasing age. This plot
is shown in Fig. 10(d) and represents the relationship found
between the first two maxima appearing in the high-frequency
zone investigated at around 2885 and 2890 cm™'. In epidermis
and dermis, the presence of more crystallized and ordered struc-
tures (i.e., a decreasing trend for the /1,5 ratio) through aging
corresponds to a general and well-established notion in biophys-
ics.”7 We plotted, in Fig. 10(d), both the ratio of I1¢4 = I,¢- +
I+ I; to I;5 and the ratio of I = I, + 14 to I;5. Both plots
show a similar trend of exponential increase with increasing age,
although the former plot gives a more distinct separation
between young and old donors. Note also that the former
plot could be preferable to the latter one because it just repre-
sents the ratio between the first two maxima in correspondence
of the lower foot of the high-frequency zone of the skin spec-
trum; thus, it does not require any spectral deconvolution pro-
cedure to be calculated. Interestingly, a plot that simply uses
the intensity of the deconvoluted band 16 to band 15 leads to
the opposite trend (i.e., a decreasing ratio with age; cf. Figs. 11
and 12 in Appendix). This finding, together with the observation

Journal of Biomedical Optics

065008-13

of the remarkably low intensity of band L in collagen, suggests
the preponderance of the lipid contribution (i.e., cholesterol,
phospholipids and creatine) of band L in skin samples.
Following the definition given by Gaber and Peticolas,*® we
defined the order parameter for lateral interaction, S; , according
to the following equation:

(Iies/115) — 0.7

S P—
L 1.5 ’

(@)

which refers to lipids in fully crystalline and fully liquid states
when equal to 1 and 0, respectively. This parameter, given in
the inset of Fig. 10(d), reflects the intermolecular structure of
lipids and decreases in the order from lamellar liquid, hexago-
nal liquid crystal and orthorhombic crystal state. According to
our data, an empirical equation that represents the Raman
intensity ratio, I164/15, as a function of age, x4, can be drawn,
as follows:

Iis4/115 = 1.06 x Exp[0.00028 X x}7°] 3)

or, alternatively, in terms of the order parameter, S;:

S, = 0.707 x Exp[0.00028 x x}7°] — 0.467. “)

4.3 Needs for the Raman Probe in Forensic
Assessments of Human Age

A reliable estimation of age at death, which is a main element in
the identification of bodies of unidentified origin, is also one of
the main challenges in forensic sciences. For example, official
data from Kyoto Prefecture®® report an average number of ~13
persistently unidentified human bodies per year in the last 12
years. Such a large number of cases for a limited geographical
area could give an idea of the severity of this problem from the
social side. A number of anthropological techniques have been
put forward to estimate the age at death in children and adults,
but they are obviously insufficient in a number of cases. These
techniques include long-bone length, epiphyseal fusion, dental
eruption, and lengths of diaphysis at birth for infant and juvenile
remains; eruption of third molars, fusion of the spheno-occipital
synchondrosis, pubic symphysis, auricular surface, cranial
sutures, sternal rib ends (costal cartilage), maxillary suture clo-
sure, tooth-root translucency, and formation of osteoarthritis
characteristics in adults (for a complete review of these methods,
see Ref. 99). However, two main shortcomings appear in apply-
ing these methodologies: (1) an increasingly lower accuracy for
adult subjects and (2) the absolute necessity of specific referen-
ces depending on population. In order to overcome these defi-
ciencies, new methodologies have been developed, which have
so far included both biochemical and chemical methods. The
former methods basically consist of screening the natural proc-
esses of aging, thus including different biochemical changes that
lead to alterations in cells and tissues. Biochemical methods
have so far relied on forensic analyses of hair, drugs in hair
blood, and semen, based on infrared spectroscopy, chromatog-
raphy, ultraviolet, and mass spectrophotometry.'®’ The chemical
methods, on the other hand, involve manipulation and modifi-
cations of molecules or accumulation of selected products as,
for example, modifications that take place in DNA and chromo-
somes. Among the chemical methods, the most accurate
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technique today is considered to be aspartic acid racemization in
noncollagenous bone proteins or tooth enamel,'*1?? although
other techniques are being concurrently used depending on
the forensic context under examination.'®® In this paper, we
have described a Raman approach to age evaluation on skin
samples which basically belongs to the biochemical type of
analyses since it requires no sample manipulation except for
the extraction of a skin sample from the ventral part of the
body. Although Raman spectroscopy could, in principle, also
be applied in situ without any physical extraction of a skin sam-
ple from the body, our study has clearly shown how crucial it is
to obtain cross-sectional skin samples in order to retrieve more
detailed spectral information on protein and lipid structures and
to avoid biases of environmental nature unavoidably contained
in the stratum corneum (i.e., on the top surface) of the skin sam-
ple. Although less established as compared to radiographic
analyses,'*1% Raman spectroscopy has been widely used in
different branches of forensic science.!’®!%” However, studies
using the Raman method for age assessments are few and are
based on phenomenological approaches.'”®!” In Ref. 109,
the authors used a correlation between the variability of
Raman spectra and the stages of dentinal evolution with advanc-
ing age and remarkably obtained predictions of a correct age,
with a mean error of 5 years. The main benefit of this method
consisted of minimal and nondestructive sample preparation,
which in turn led to an efficient age prediction for any age
group. From this viewpoint, our study of skin presents a similar
advantage but also necessitates more detailed and physics-
driven Raman analyses of organic molecules. The very least out-
puts of our study are a complete labeling of Raman bands in
cadaveric samples of skin (including an infant), their spectral
deconvolution and their different trends with age as a function
of in-depth abscissa. Despite the limited number of cadaveric
samples investigated, which unavoidably limits the nature of
this investigation to a proof-of-concept study, the Raman
response of proteins and lipids in skin samples seemed to
remarkably obey precise patterns, consistent with general bio-
physical concepts. Thus, Raman spectroscopy seems to provide
a reliable and more straightforward path to age determination as
compared to other spectroscopic techniques involving electrons,
microscopic forces or neutrons.''!!3

5 Conclusion

The aim of this work was to establish a correlation between age
and Raman spectra retrieved from human skin. We explored
both top-surface and cross-sectional Raman responses in skin
samples from cadaveric donors of different ages and found
the latter spectra more meaningful and richer in structural details
than the former ones, regarding both proteins and lipids. Clear
correlations could be found between the relative intensity of
selected Raman bands and the stages of protein folding and evo-
lution of lipid crystallization with advancing age. Protein fold-
ing seems to be a more sensitive parameter for infants and young
patients, while lipid crystallization follows more sensitive var-
iations with age for patients in their adulthood. It is probable
that an algorithm combining both these two spectral parameters
could improve the precision of age estimation. Moreover, there
were hints for the presence of additional “biological clocks” in
the Raman spectrum of skin. However, the complexity of the
retrieved spectra poses considerable challenges to additional
findings. Although a limited number of only five cadaveric
donors that were available for our experiments necessarily
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confines our data into a mere proof-of-concept frame, the
degrees of protein folding and lipid crystallization seemed to
represent precise predictors of biological age. While we hope
that our findings will stimulate other researchers to prove the
newly stated concepts, additional experiments are going on in
our laboratory to enlarge the number of donors every time
they become available to us. The proposed Raman method
should especially be suitable for those kinds of situations
where traditional methods fail and a prompt and minimally inva-
sive evaluation of age is needed.

Appendix

Profiles along the in-depth axis on cross sections of the skin
samples. Figures 11 and 12 show line-scan plots of these
spectroscopic parameters as a function of distance, z, from
the surface of the skin sample. Plots are displayed for samples
from the 3-month- and 62 year-old donors in Fig. 11, whereas
Fig. 12 compares the results obtained from samples belonging to
the 15-year- and 35-year-old donors. For brevity’s sake, data
from the 17-year-old donor were not explicitly shown, since
they were very similar to those collected on the sample from
the 15-year-old sample. As discussed in the manuscript, the
intensity ratios I,y/Io and I,/I,5 [displayed in Figs. 11(a)
and 11(e), and 12(a) and 12(e)] were considered as representa-
tive of the fractional ratio between a-helix and p-sheet and of the
fractional ratio between disordered and ordered structures (in
peptides and proteins), respectively. A comparison between
the youngest and the oldest donors in this study [i.e., as dis-
played in Figs. 11(a) and 11(e)] revealed a similar in-depth dis-
tribution for the ratio 7,4/1y, while the trends for the ratio I, /1,3
were quite different. Leaving aside data from the stratum cor-
neum (strongly affected by environmental effects), we examined
data collected in the epidermis and dermis region. In these
zones, the /1,3 ratio was almost constant at ~0.7 for the infant
sample, while it was ~0 in the sample from the old donor. This
finding was interpreted with the presence of a more crystallized
and ordered structure in the older donor as compared with the
infant donor. Looking at the samples from the donors of inter-
mediate age [in Figs. 12(a) and 12(e)], the trend of a decreasing
I;/15 ratio (i.e., of an increased crystallinity and structural
order) in both epidermis and dermis with increasing age seemed
to be confirmed. Moreover, the ratio 1,3/l also experienced
lower values at intermediate ages as compared to both samples
from the youngest and oldest donors. The ratio I1,/1;;» was
monitored [cf. Figs. 11(b), 11(f), 12(b), and 12(f)] because it
was thought to represent the content of sphingomyelin as com-
pared to the overall amount of lipids in the sample. The amount
of sphingomyelin showed a trend that was not monotonic with
donors’ ages. It was highest in the deep portions of the sample
from the 35-year-old donor, while the minimum value was
detected in the infant sample.

Sphingomyelin (also referred to as ceramide phosphorylcho-
line) consists of a ceramide unit with an attachment of phosphor-
ylcholine moiety. Although sphingolipids are the main polar
lipid constituents of milk, they represent an important but
minor nutrient for infants, which justifies the low level found
for this sphingolipid in the sample from the infant donor.
Holleran et al.''* have shown that sphingolipids, including
sphingomyelin, represent ~25% of the lipids located in the
stratum corneum and are a major element of the epidermal
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Fig. 11 Line-scan plots as a function of distance, z, from the surface
of the skin sample comparing the trends found for the 3-month [(a) to
(d)] and the 62-year-old donor [(e) to (h)]. Plots show the intensity ratio
of band 10 on band 9, /1¢//g and the intensity ratio of band J on band
13, 1,/115 [in (a) and (e)]; the intensity ratio of band 12 on band 118,
l12/114[in (b) and (f)]; the intensity ratio of band 16 on band 15, /;5//15
[in (c) and (9)]; and, the spectral shift of band 13, w43 [in (d) and (h)].

permeability barrier. Moreover, alterations in epidermal barrier
function lead to a rapid increase in cholesterol and fatty acid
synthesis, which parallels the early stages of the repair process.
Sphingolipid synthesis was also found to increase during barrier
repair but with a delayed response in comparison to cholesterol
and fatty acid synthesis.'"> Since a deficiency of any of these
species will result in abnormal membrane structures with a
reduced capacity to impede trans-epidermal water flux,''® our
findings here might simply show that such a protective capacity
in skin is maximized in the medium age of humans, initially
increasing from infant age and then again turning back to low
levels for advanced ages.

Figures 11(c), 11(g), 12(c), and 12(g) show the line-scan
trends retrieved for the Raman intensity ratio /,4/1;5, which is
representative of the physical state of lipids, namely liquid ver-
sus crystalline state. A comparison between the youngest and
oldest donors [Figs. 11(c) and (g)] shows a clearly positive gra-
dient up to high values of this intensity ratio (i.e., up to 5 to 6) as
a function of in-depth abscissa, z, in the former sample, versus a
conspicuously constant (and low) value ~2 in the latter sample.
Samples from donors from intermediate ages [Figs. 12(c), and
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Fig. 12 Line-scan plots as a function of distance, z, from the surface
of the skin sample comparing the trends found for the 15-year-old
[(a) to (d)] and the 35-year-old donor [(e) to (h)]. Plots show the inten-
sity ratio of band 10 on band 9, /14//g and the intensity ratio of band J
on band 13, /,/113 [in (a) and (e)]; the intensity ratio of band 12 on
band 118, I1,/1,4s[in (b) and (f)]; the intensity ratio of band 16 on
band 15, /1//45 [in (c) and (g)]; and, the spectral shift of band 13,
w43 [in (d) and (h)].

12(g)] also showed intermediate trends with conspicuously con-
stant values in large portions of both the epidermis and dermis.
High I,¢/1,5 ratios represent a preponderance of crystalline lip-
ids over liquid ones, which conceivably accompany the increase
in age in humans. Interestingly, a similar trend could be obtained
from retrieving the spectral shifts, w3, for band 13 as a function
of the abscissa, z [cf. Figs. 11(d), 11(h), 12(d), and 12(h)]. A
gradual increase as a function of the abscissa, z, was found
for the infant donor versus a lesser increase up to lower frequen-
cies in the oldest donor. Intermediate trends appeared in samples
from donors of intermediate ages. As discussed in the paper, the
shift of band 13 toward higher frequencies has been considered
to represent changes in the molecular geometry of amide I due
to degradation of collagen triple helix chains and their dissoci-
ation into simple or double strings. Higher frequencies, such as
those being observed in younger donors, thus might represent
a higher fraction of unfolded structures in young skin samples,
as also suggested by the higher values of the 7;/1,5 ratio. On
the other hand, shifts toward low wavenumbers have been
interpreted as the effect of the squeezing out of water (and a
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consequent reinforcement of hydrogen bonds) between adjacent
chains in a study of keratin fibers under strain by Paquin and
Colomban.® This interpretation leads us to consider a higher
chain packing in adult skin samples, which is also a reasonable
output when considering the chemistry of skin aging.
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