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ABSTRACT

Research in the field of bioengineered skin substitutes is motivated by the need to find new dressings
for people affected by skin injuries (burns, diabetic ulcers), and to develop adequate skin models to
test new formulations developed in vitro. Thanks to advances in tissue engineering, it is now possible
to produce human skin substitutes, without any exogenous material, using the self-assembly method
developed by the LOEX (Laboratoire d’Oganogénése Expérimentale). These human skin substitutes
consist of a dermis and a stratified epidermis (stratum corneum and living epidermis). Raman
microspectroscopy has been used to characterize and compare the molecular organization of skin
substitutes with normal human skin. Our results confirm that the stratum corneum is a layer rich in
lipids which are well-ordered (trans conformers) in both substitutes and normal human skin. The
amount of lipids decreases, and more gauche conformers appear in the living epidermis, in both
cases. However, the results also show that there are fewer lipids in the substitutes and that the lipids
are more organized in the normal human skin. Concerning the secondary structure of proteins and
protein content, the data show that they are similar in the substitutes and in normal human skin. In
fact, the epidermis is rich in a-keratin, whereas the dermis contains mainly type | collagen.
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1 INTRODUCTION

According to the World Health Organization, burns are a global public health problem, accounting
for an estimated 195,000 deaths annually. In 2008, over 410,000 burn injuries occurred in the United
States of America, with approximately 40,000 requiring hospitalization [1]. Wound healing can be
problematic not only in the case of large burns, but also in the case of chronic wound (diabetic
ulcers). From a dermo-pharmacological point of view, there is a need of skin models to test new
formulations developed in vitro. Concerning cosmetic products, a new legislation in Europe, which
is effective since July 2013, specifies that animal testing must be replaced by alternative methods.
Moreover, this regulation also applies to all products to be distributed throughout the European
market and has therefore consequences for the cosmetic industry all over the world [2]. In this
context, there is a high need for human skin substitutes (HSS). In fact, the use of autologous skin
substitutes seems to be the best treatment for chronic wounds and the treatment of deep and
extensive burns. Secretion of growth factors results in faster healing of donor sites and in better
aesthetic results [3]. Developing new in vitro skin model would also allow avoiding tests on humans
or animals. These skin substitutes also constitute much better models than artificial membranes to
mimic normal human skin (NHS).

Skin consists in three principal layers: hypodermis, dermis and epidermis. Since the last decades,
tissue engineering has been showing promising technical advances regarding the in vitro
preparation of HSS. Production processes have been improved to obtain more complete substitutes,
made of a dermis and an epidermis [3]. Most of the already commercialized bilamellar HSS consist
of a matrix made of exogenous material (natural material, like collagen, or artificial material, like
polymers) [3, 4]. The category of the bilayer skin substitutes includes six models characterized by
the presence of autologous or allogeneic cells cultured with exogenous material to produce the
dermal matrix. Some bilayer skin models are produced using autologous keratinocytes, seeded onto
a dermal substitute made with autologous fibroblasts in a bovine collagen (PermaDerm™),
hyaluronic acid ester (TissueTech™) or polymer (Polyactive) matrix. Other models as Apligraft® and
OrCel® are produced with allogeneic human keratinocytes and fibroblasts, cultured in a bovine
collagen sponge, while StrataGraft® is produced with allogeneic dermis and epidermis generated
from a progenitor cell line: neonatal immortalized keratinocytes (NIKS®) [5, 6].

The self-assembly method, developed at the Laboratoire d’Organogenése EXpérimentale
(LOEX), allows the production of HSS without the need of any exogenous material. In fact, the self-
assembly method does not need any scaffold to support the growing of the cells. Under specific
culture conditions, the cells will produce their own extracellular matrix. The HSS consist of a dermis
and an epidermis, the latter being constituted of the stratum corneum (SC) and living epidermis (LE).
Using the self-assembly method, it is possible to produce both healthy and psoriatic HSS, depending
on the cell types used during the production process [7, 8]. As human skin substitutes produced with
the self-assembly method are composed of both dermis and epidermis, they can be included in the
bilayer category. Human skin substitutes produced using the self-assembly method distinguish
themselves from the other models mentioned above because: (1) they are produced with autologous
cells and (2) they are completely free of exogenous biomaterials, thus eliminating risks of rejection,
infection or immune reactions in clinical applications. However, the production is time-consuming.
Consequently, commercially skin substitutes can be a good alternative in case of emergency
applications. [5, 6]

The skin has a barrier function between the organism and the environment, thanks to the well-
organized structure of the SC, the outermost layer of the skin [9]. In the SC, the cells are embedded
in a lipid matrix. Lipids present in the SC are essentially fatty acids, ceramides and cholesterol [9-
11]. The molecular organization provided by the tightly packed lipid bilayers [10, 12] ensures an
efficient barrier function [13].

Percutaneous absorption was measured by the standard Franz diffusion cell technique. Even if
the HSS show a similar absorption profile to NHS, few differences appear, probably due to the lack



of organization of the lipids [8]. The surfaces of these HSS have already been characterized using
attenuated total reflectance infrared spectroscopy. Basically, this study demonstrated that the level
of lipid order was lower in the HSS than in NHS [14]. Moreover, the three characteristic layers of the
HSS (SC, LE and dermis) have been qualitatively studied using infrared microspectroscopy imaging,
with focus on protein conformation and lipid distribution and organization [15].

Vibrational spectroscopies (infrared and Raman) are non-invasive and non-destructive optical
techniques that can both provide direct molecular-level information on biological tissues. They do
not require any special sample preparation or pre-treatment. These analytical methods are based
on the detection of chemical group frequencies that are in turn, sensitive to molecule structure,
organization, and conformation. Accordingly, both infrared and Raman spectroscopies have been
previously demonstrated to be powerful complementary techniques for the determination of lipid
organization and protein secondary structure. Some vibrational modes active in IR absorption are
inactive in Raman scattering and vice versa. The IR stretching modes of methylene groups for
instance are highly sensitive to the acyl chain order whereas the amide | band provides insight into
the secondary structure of proteins. Moreover, sampling with a microscope coupled to an infrared
(IR) spectrometer allows a rapid recording of images and their corresponding set of spectra at high
signal-to-noise ratios. On the other hand, whereas Raman spectra exhibit similar informative
vibrational modes, it also provides specific information about the carbon skeleton of lipid acyl chains
and amino acid side chains. Raman has also a higher spatial resolution and can be used in confocal
mode [13, 16-23].

The structure of NHS [23-28] and HSS [29, 30] have already been studied using Raman
spectroscopy. In vivo confocal Raman spectroscopy has also been used to measure skin hydration
and to monitor the penetration of active molecules through human skin [31-34]. The monitoring of
the permeation of exogenous phospholipid vesicles applied topically to pigskin has been realized by
combining both confocal Raman microspectroscopy and IR microspectroscopy imaging [35]. To our
knowledge, the present study is the first to use Raman microspectroscopy to monitor the structure
of HSS produced without any exogenous material, using the self-assembly method. In this paper,
we report a comparative study between HSS produced using the self-assembly method, and NHS,
using Raman microspectroscopy. This technique is well-known to allow an in-depth quantitative
information on the characteristic layers of the HSS and NHS in terms of composition, lipid order and
protein conformation. The ultimate aim is to prove that the HSS developed by the LOEX could be
an adequate model of human skin.

2 MATERIALS AND METHODS
2.1 Patients

Dermal fibroblasts and dermal keratinocytes have been extracted from biopsies taken from breast
reduction surgery. The subjects were females aged of 18 and 38 years (F18 and F38). Several
biopsies taken from 44-years-old (NHSF44) and 48-years-old (NHSF48) women breast reduction
surgeries were used as controls.

This study was conducted in agreement with the Helsinki declaration and performed under the
guidelines of the research ethics committee of the “Centre Hospitalier Universitaire de Québec”. All
patients were given adequate information to provide written consent.

2.2 Cell culture media

Fibroblasts were cultured in the Dulbecco-Vogt modification of Eagle’s medium (DMEM)
supplemented with 10% fetal calf serum (Invitrogen, Burlington, Ontario, Canada), 100 Ul.mL"
penicillin G (Sigma, Oakville, Ontario, Canada) and 25 ug.mL™" gentamicin (Schering, Pointe-Claire,
Québec, Canada). Keratinocytes were cultured in a combination of DMEM with Ham’s F12 (3:1)



supplemented with 5% Fetal Clone Il serum (Hyclone, Scarborough, Ontario, Canada), 5 ug.mL™
insulin (Sigma), 0.4 ug.mL™" hydrocortisone (Calbiochem, EMD Biosciences, Gibbstown, NJ, USA),
10-10 M cholera toxin (MP Biochemicals, Montréal, Québec, Canada), 10 ng.mL™" human epidermal
growth factor (EGF) (Austral Biological, San Ramon, CA, USA), 100 Ul.mL™" penicillin (Sigma) and
25 ug.mL" gentamicin (Schering).

2.3 Production of human skin substitutes

HSS were produced using the self-assembly method developed at the LOEX, as previously
described [15]. Briefly, human dermal fibroblasts were seeded in flasks and cultured with ascorbic
acid at a concentration of 50 mg.mL"™". After 28 days of culture, two manipulable dermal fibroblast
sheets were superimposed to form a reconstructed dermis. These dermal substitutes were then
incubated to insure the cohesion of the two sheets. After 7 days of incubation, the reconstructive
dermises were seeded with human epidermal keratinocytes. After 7 days of culture immersion in
DME-HAM with ascorbic acid, the substitutes were brought to the air-liquid interface. Differentiation
was stopped after 21 days of culture. Biopsies of the substitutes were then embedded in Optimum
Cutting Temperature compound (OCT, Tissue-Tek* O.C.T. Compound, Sakura* Finetek) and frozen
for further analyses.

2.4 Histological analyses

Biopsies of the substitutes were fixed with Histochoice's solution and embedded in paraffin. Five
micrometers thick sections were cut and stained using Masson's Trichrome. This allowed
distinguishing the different layers of the HSS (SC, LE, and dermis).

2.5 Raman microspectroscopy

Controls and samples were cut in transverse 20 um-thick sections. The cryotomed sections were
put in place on glass microscope slides and then stored in the freezer at -20°C. All sections were
then analyzed without any further modification.

Raman spectra were recorded using a LabRam HR-800 spectrometer (Horiba Jobin-Yvon,
Villeneuve d’Ascq, France) coupled to an Olympus BX-30 fixed stage microscope, equipped with an
open electrode Peltier-cooled CCD detector (1024x256 pixels) (Andor Technology, Belfast, Northern
Ireland). A MPlan 100X objective (0.90 NA) (Olympus) was used for the data collection. An internal
He-Ne laser set at 633 nm (red) was used for the acquisition of all the spectra. We used a 600
lines/mm grating. The confocal hole and the entrance slit of the monochromator were fixed at 400
pum and 100 um, respectively. All spectra were the result of three acquisitions of 60 seconds each.
The fingerprint region ranges from 700 to 1800 cm-1 while the high wavenumber region ranges from
2500 to 3200 cm™.

Ten spectra were taken in each characteristic layer of the skin substitute and NHS (SC, LE, and
dermis) and were analyzed using GRAMS/AI 8.0 (ThermoGalactic, Salem, NH). A cubic function
was used on each spectral region for the baseline correction to get rid of the scattering. All spectra
were normalized according to different criteria as a function of the spectral feature of interest: in the
fingerprint region, spectra were normalized with the amide | band (1650 cm™) intensity, while in the
high frequency region, spectra were normalized using the intensity of the band located at 2930 cm”
'. The ten spectra were then averaged to obtain a unique spectrum per characteristic layer. Finally,
the Fourier smoothing function of Grams was applied using a correction factor of 30%. This factor
removes noise without significantly altering the shape of the bands.

For a given cell line, one or more section of 3 independently grown substitutes were analyzed (3
sections for F18-1, F18-2 and F18-3, 1 section for F38-1, F38-2, F38-3). For controls, four or more
sections were analyzed (6 sections for NHS44F and 4 sections for NHS48F). Despite the natural



variability that occurs in HSS, the averaged spectra of a given layer are comparable for all the
investigated substitutes: the wavenumber positions of the bands are comparable, and the trends
observed are the same. Consequently, the results of only one representative HSS will be presented
in order to simplify the presentation of the results. Accordingly, the depicted spectra originated from
the HSS produced using cells taken from a biopsy of an 18 years old female (F18). For the control
sample, the presented spectra are averaged from those recorded from six different sections.

3 RESULTS AND DISCUSSION
3.1 Macroscopic analyses

Figure 1 presents the macroscopic view of the HSS produced using the self-assembly method.
The white ring is an anchorage used to manipulate the substitute during the production process. The
full-thickness substitute (dermis + LE + SC) is mainly present in the middle of the ring (hole). As
seen in this figure, the substitutes have a homogeneous and smooth surface. The white opalescent
part confirms the presence of the SC.

substitute anchorage

Figure 1. Macroscopic view of a human skin substitute produced using the self-assembly method
(scale in centimeters)

3.2 Histological analyses

Masson's trichrome staining images of 5-um thick biopsies show the structure of the HSS (Figure
2A). These histological analyses confirm that the self-assembly method allows to produce HSS with
a structure resembling that of NHS. In fact, the characteristic skin layers are easily distinguishable
with the dermis being identified by the presence of collagen fibers, appearing in light blue, and by
the nuclei of the fibroblasts that are stained in purple. In addition, the cytoplasms of cells in the LE
display a red color. Finally, basophilic substances found in the SC appear in dark blue. Compared
to NHS (Figure 2B), the SC of the HSS is definitely thicker due to the absence of desquamation in
vitro.
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Figure 2. Histological images of (A) human skin substitute produced using the self-assembly method
compared to (B) normal human skin (scale bar = 100 ym).

3.3 Comparison between lipid and protein in skin substitutes and NHS

Figure 3 shows a microscopic image of a section of an HSS. Even in the absence of staining, the
three main layers are easily distinguishable (SC, LE, dermis). Dots on the image correspond to
locations where the spectra were recorded (10 spectra per layer).

SC

LE

dermis

Figure 3. Microscopic image of a human skin substitute section (10X objective). Red dots correspond
to places where the spectra have been taken to then be averaged (scale bar 20 ym).

Figure 4 displays superimpositions of the resulting Raman spectra of the SC, LE and dermis of
HSS and NHS. Two spectral regions are of particular interest for characterizing lipid and protein-
containing materials. As aforementioned, they are identified as the fingerprint region that is located
between 700 and 1800 cm™, and the high frequency region, ranging between 2500 and 3200 cm™.
These two regions exhibit spectral features assigned to both lipids and proteins. Table 1 summarizes
the assignments of the bands that were identified in the spectra of the different layers (SC, LE,
dermis) of the HSS. For each wavenumber, a description of the vibrational mode and an origin of
the vibration are suggested on the basis of previously published literature.
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Figure 4. Resulting average Raman spectra of the (A and B) stratum corneum (SC), (C and D) living
epidermis (LE) and (E and F) dermis of a human skin substitute (full lines) and normal human skin
(dotted lines) showing the high frequency (2500 and 3200 cm-1) and the fingerprint regions (700
and 1800 cm-1). Common features to all layers are identified in black. Underlined frequencies refer
to human skin substitute.



Table 1. Assignments of the Raman bands that are identified in the spectra of the different layers

(stratum corneum (SC), living epidermis (LE), dermis) of the human skin substitute.

Wavenumber (cm™)

Assignments and

approximate Component at the origin of Ref
SC LE Dermis description of vibration
vibrational modes
723 723 P(CH-2) DNA [17,19, 27, 29]
725 u(C-8) trans Contribution: cysteine [29]
u(C-C) (pyrimidine Nucleic acid [17, 23, 28]
X 784 shoulder ring) Cytosine DNA
818 u(C-C) Collagen backbone [36, 37]
830 831 0(C-CH) aliphatic Tyrosine Fermi Doublet [29, 36, 38]
854 855 0(C-CH) aromatic Tyrosine Fermi Doublet [29, 36, 38]
856 u(C-C) Proline ring collagen [23, 28, 36, 37]
878 ) N [23, 28, 36, 37]
(shoulder) u(C-C) Hydroxyproline ring collagen
923 u(C-C) Collagen proline ring [23, 28, 36, 37]
937 939 u(C-C) a-helix [24, 27, 29, 39]
940 u(C-C) Colla_gen _backbone Gly-X-Y | [23, 28, 36, 37]
/ proline ring
u(C-C) aromatic [18, 21, 23, 29,
1004 | 1005 | 1005 symmetric ring Phenylalanine 30, 40, 41]
breathing
1033 | 1034 | 1035 C-H in-plane Phenylalanine [29, 40]
bending
u(C-C) skeletal, Mainly intercellular lipid alkyl | [18, 25, 28, 29,
1064 | 1067 | 1067 trans conformation chains with minor protein 39, 40]
contribution
u(C-C) skeletal, Mainly intercellular lipid alkyl | [18, 25, 28, 29,
1085 | 1086 gauche chains with minor protein 39, 40]
conformation contribution
Phosphodiester [22]
1090 band of DNA
1106 | 1106 u(C-C) gauche Lipids [29]
conformation
Mainly intercellular lipid alkyl | [18, 25, 28, 29,
u(C-C) skeletal, . ) . i
1130 | 1129 | 1128 trans conformation chaln_s w]th minor protein 39, 40]
contribution
1209 | 1210 | 1209 U(C-Ce-Hs) Phenylalanine [29]
U(CN) and &(NH) ) N [28, 29, 36, 37,
1248 amide Ill Collagen: proline rich 40, 42]
U(CN) and &(NH) a-helix [24, 28, 29, 36,
1272 11271 | 1277 amide Il Collagen: proline poor 37, 39, 40, 42]
1297 | 1305 5t(CHz) Lipids 53?’ 23,28, 29,
skeletal 5(CaH) + . [44]
1341 | 1341 | 1344 u(CCal) + 5(NH) Proteins
0(CH?2) scissoring Lipids [18, 21, 27, 28,
1450 | 1451 | 1453 5(CHz) and 5(CHs) | Proteins 40, 45]
1588 | 1588 | 1589 u(C=C) olefinic Proteins [27, 40]
1608 | 1609 | 1608 C=C Phenylalanine [27, 46]
1618 | 1619 In plane ring Tyrosine [27]
stretching




u(C=0) peptide Proteins [24, 27, 29, 36,
1654 | 1656 | 1667 (narrow) | /'~ amﬁ dg | 1655: a-helix 39, 40]
1660: random coil
2852 U(CHz) symmetric Essentially lipids [28, 40]
. Mostly lipids with minor [28, 40]
2882 | 2877 | 2881 u(CHz) asymmetric protein contribution
. Mostly proteins but with [28, 40]
2934 | 2933 | 2939 U(CHs) symmetric significant lipid contribution
3063 | 3064 | 3065 U(CH) olefinic Predominantly proteins [28, 40]

u, stretch; 8, deformation; yt twisting; yw wagging

First, it can be noticed that some vibrational modes are present in the three layers of the HSS as
well as in NHS. For example, the band at 1004 cm™ corresponds to the C-C breathing vibrational
mode of the benzene ring of the phenylalanine amino acid residue [18]. The intensity of this Raman
band remains almost constant in the three layers of the substitutes and accordingly, this feature may
be used as an internal standard [21, 23, 30, 41]. The presence of phenylalanine is also confirmed
by the appearance of bands at 1608 and 1033 cm™ arising from proteins (C=C stretch and C-C
skeletal stretching, respectively) [40, 46].

The vibrational mode at 1342 cm™ is also present in the three layers of the HSS and of NHS. It is
characteristic of proteins and corresponds to CH> and CHs deformation [17, 28]. The vibrational
mode at 2934 cm™ is present in the three layers and is assigned to the CH3 stretching mode of
proteins. The peak at 1451 cm™ is assigned to the CH, and CH; deformations of proteins and lipids.
This band is relatively conformation-insensitive and has been suggested as an intensity standard
[18, 21, 45].

The three characteristic layers display different spectral features. The averaged spectrum of the
SC of the HSS is characteristic of a lipid rich region. The weak peak at 1297 cm™ arises from the
CH: twisting mode of all-trans acyl chains as found in the ordered lipid lamellae of the SC [18, 23,
28]. The presence of lipids is also confirmed by the narrow band located at 2882 cm™, which is
assigned to the CH, asymmetric stretching mode of acyl chains [40]. This information is consistent
with the fact that the SC is well-known to be a lipid-rich layer, consisting of cells embedded in the
lipid matrix. Compared to NHS, the vibrational band at 1297 cm™ is less intense in the HSS,
indicating that the amount of lipids is lower in the HSS than in NHS. Previous studies have reported
the presence of droplets in the SC of the skin substitutes corresponding to an accumulation of
triglycerides, resulting from major aberrations of carbohydrate-lipid metabolism, leading to an
imbalance in synthesis of individual ceramide classes [47]. This is confirmed by the spectra in the
high frequency region that show a strong and narrow band at 2881 cm™ in NHS. The strong band at
~ 2933 cm™ is characteristic of the CH stretching vibration of proteins and shows the strong
contribution of protein molecules, especially in the dermis.

In the HSS, the averaged spectrum of the LE is globally quite similar to that of the SC. However,
the lipid bands described above (1297 and 2882 cm™) are less intense. This means that the lipid
content is lower in the LE than in the SC. Moreover, the peak at 1297 cm™ is shifted to higher
wavenumbers (1305 cm™), indicating more disordered lipid chains (i.e. a higher gauche conformer
content) [43]. The presence of lipids is also confirmed by the vibrational features at 1067, 1086 and
1129 cm™, for which a more detailed analysis will be presented below. The characterization of the
HSS by infrared microspectroscopy has already shown that there are fewer lipids in the LE [15].
Compared to NHS, the same decrease in lipid content and the same loss in lipid order are noticed
here.

The spectrum of the dermis is very different from the spectra of the SC and of the LE. The dermis
of the HSS is known to be a protein-rich region consisting of cells embedded in a protein matrix
containing mainly collagen. In the dermis of HSS, some modes characteristic of collagen are present
in the fingerprint region. A characteristic pair of doublets can be observed at 856/878 cm™ and
923/940 cm™ [23]. In fact, all of the collagen types consist of a set of three polypeptide chains called



tropocollagen, with each polypeptide chain being characterized by a Gly-X-Y sequence where X
corresponds frequently to proline and Y to hydroxyproline [36]. Proline and hydroxyproline represent
about one fourth of the amino acids in collagen [28]. Vibrational modes at 856, 923 and 940 cm’
correspond to the C-C stretching of the proline ring, whereas the vibrational mode at 878 cm
corresponds to the C-C stretching of hydroxyproline ring [28, 36]. The band at 818 cm™, which is
only present in the dermis, is assigned to the C-O-C stretching vibration and can be associated with
the glucosyl-galactosylhydroxylysinonorleucine cross-linked between the tropocollagens. This
spectral feature is correlated with the fibrillar structure of collagen | [36]. Because the dermis is rather
poor in lipids, the 2881 cm™ feature is assigned to CH. stretching mode of methylene moieties in
lateral groups of proteins [40].

Pair of doublets at 856/877 cm™ and 922/938 cm™, and the band at 816 cm™ are also present in
both NHS but the ratio of intensities of the bands are different. The dermis of the substitutes contains
only one type of cell (fibroblasts) in extracellular matrix, whereas the dermis of NHS is a more
complex layer which contains more cell types and structures in extracellular matrix. This explains
the differences observed comparing the dermis of the substitutes with the dermis of NHS.

3.4. Comparison of skin substitute and NHS in terms of molecular and cellular organization

Several other vibrational modes are observed in the Raman spectra of HSS and NHS that allow
characterizing molecular and cellular organization. For instance, the bands at 723 and 784 cm™ are
assigned to stretching vibration modes of DNA molecules in the cell nuclei [17, 19, 23, 27, 28]. Their
simultaneous observation can be used to probe the presence of cells within the various layers of the
skin samples. Indeed, the Raman spectra recorded from the LE of both the HSS and NHS clearly
exhibit these two features, while the 784 cm™ band is rather seen as a shoulder in the spectra of the
dermis and is definitely absent for SC. This is consistent with the fact that, in the SC, corneocytes
are known to be in their final differentiation state and do not have any nucleus components, and
consequently, are devoid of DNA material. It is noteworthy that a component located at 725 cm™ is
also observed in the SC spectra without the 784 cm™ band, which rules out an assignment to DNA.
The assignment of this component is more consistent with cysteine residues that are abundant in
keratin [29]. In the dermis, particularly, the vibrational mode at 1090 cm™ may be assigned to the
phosphodiester moiety of DNA [22]. The dermis contains a high density of cells embedded in the
extracellular matrix, which explains the presence of the band at 1090 cm™.

The bands located near 830 and 854 cm™ are well-known to be associated with aromatic ring
vibrations of tyrosine residues and originate from Fermi resonance interactions [38]. These two
peaks are present only in the SC and in the LE and are absent in the dermis. The band at 1618 cm"
', present in the SC, in the LE, and overlapped in the dermis, confirms the attribution of this doublet
to tyrosine side-chain vibrations [27]. This doublet has been found to be sensitive to the environment
of the tyrosine residues. The intensity ratio lss4/lgso is related to the environment of the phenolic
hydroxyl group of tyrosine residues (exposed or buried). When the higher frequency peak is
stronger, the tyrosyl residues are exposed inducing intermolecular bonding. When the lower
frequency peak is stronger, the tyrosine residues are buried within the protein (mainly in hydrophobic
region), inducing intramolecular bonding [29, 36, 38]. In the SC and in the LE, the intensity of the
vibrational mode located near 854 cm™ is higher than the one at 830 cm™ indicating that the tyrosyl
residues are mainly exposed for both the NHS and substitute.

Figure 5 displays the superimposition of averaged spectra from the SC and the LE, in the
frequency domain ranging from 1000 to 1150 cm™. This domain is particularly relevant to study the
lipid order of the skin layers. Indeed, the vibrational modes at 1064 and 1130 cm™' correspond to the
C-C skeletal stretching vibration of lipids in trans conformation (ordered phase), whereas the
vibrational mode at 1085 cm-1 correspond to the C-C skeletal stretching vibration of lipids in gauche
conformation (disordered phase) [18, 25, 28, 29, 39, 40]. The lipid packing can thus be semi-
quantitatively evaluated using the intensities of the peaks at 1064 and 1130 cm™ when compared



with the intensity of the band at 1085 cm™ (intensity ratios l1os4/l10ss and li13o/l10ss). The lower the
ratios, the higher the gauche conformer content and the more disordered the lipid chains.
Histograms in Figure 5 show these ratios for various samples in the SC and LE of NHS and HSS.
One can observe a decrease of both ratios between the SC and the LE, indicating a decrease in
lipid order from the SC to the LE for both the HSS and NHS. It can also be concluded that the LE of
both NHS and the HSS display a very similar lipid chain order while the lipids in SC of NHS are
clearly more ordered than in the substitutes.

It should be emphasized that Raman spectroscopy does not allow a definitive determination of
the lipid composition. As previously demonstrated, lipids in the LE of NHS are enzymatically modified
at the junction with the SC [9, 48]. Therefore, this lipid composition change from the LE to SC was
shown to influence the lipid chain order, which is more important in the SC than in LE as previously
demonstrated by FTIR [49]. Moreover, in the LE (stratum granulosum), lipids are organized as
double-wall vesicles. These vesicles flatten in the LE and fuse to form lipids bilayers in the SC [10].
Consequently, such a mechanism leads to an increase in the lipid order in the SC with respect to
the LE. The steps involved in lipid bilayer formation could also be at the origin of the lipid order profile
observed from the SC to the LE.
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Figure 6 displays the superimposition of averaged spectra from the SC, the LE and the dermis,
in the amide | region. The amide | band originates mainly from the C=0O stretching mode of the
peptide bond [40] and gives useful information on the secondary structure of proteins. The



wavenumber of the maximum intensity, as well as the general line shape allows access to the
secondary structure of proteins present in the different layers of the substitutes and NHS.

The narrow amide | band centered at 1654 cm™ and 1656 cm™, in the SC and in the LE of the
HSS, respectively, is characteristic of a-helix. The presence of a predominant a-helical structure is
confirmed by the amide Ill band centered at 1272 cm™ in the SC and 1271 cm™ in the LE, and also
by the presence of the peak at 938 cm™ (Figure 4) [24, 27, 29, 39]. The presence of a-helices is
consistent with the fact that the corneocytes in the SC are filled with keratin filaments whose
conformation is a-helix. Keratin is also the most abundant protein in the LE and tends to
progressively organize itself from the dermo-epidermal junction to the SC [18, 28, 40]. Moreover,
another structure, most probably random coil or turns, is also present as shown by the shoulder near
1660 cm-1. It is remarkable that the shape and position of the amide | bands of SC and LE are nearly
identical, which shows that the proteins constituting the SC and LE of the substitutes adopt the same
predominant o-helix conformation as in the NHS.

In the dermis of the HSS, the amide | band is located at higher wavenumbers (1667 cm™) and is
broader which can be attributed to the presence of type | collagen [36]. The shape of the amide I
doublet at 1248 and 1277 cm™ associated with proline-rich and proline-poor regions, respectively,
is characteristic of the type | collagen and confirms that information [28, 36, 37, 42]. Other spectral
contributions arising as shoulders at 1625 and 1690 cm™ may be due to turns and/or disordered
structures. The amide | band of the dermis of the HSS shares very similar features with those of the
NHS: maximum of the amide | band near 1668 cm™, shoulder at 1625 and 1690 cm™. This spectral
similarity suggests that the protein conformation of the HSS is close to that of NHS. However, some
differences can also be noticed such as the broadening of the upper part of the spectrum which
indicates a small conformational disparity. As already mentioned, the dermis of the substitute
consists of fibroblasts embedded in an extracellular matrix containing mainly type | collagen [25, 28,
36], but the dermis of NHS contains more components than the dermis of the HSS which could
explain the differences observed in the amide | and amide Il regions.
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Figure 6. Superposition of averaged spectra from the stratum corneum (SC, red), the living epidermis
(LE, green) and the dermis (blue), in the amide | region.

4 CONCLUSIONS

This study showed that Raman microspectroscopy is a powerful technique to characterize
biomaterials like human skin substitutes. In fact, this technique allowed collecting data at a molecular
level. Our results showed that human skin substitutes are similar to NHS in terms of protein
secondary structure and lipid organization. Concerning lipids, we showed that, in both human skin
substitutes and NHS, the SC is a lipid-rich layer, and that the lipids are more organized in the SC



than in the LE. However, the amount of lipids is higher, and the lipids contain more trans conformers
in NHS compared to the substitutes. Concerning proteins, our results showed the predominance of
a-helices in the LE and SC, which is consistent with the presence of keratin. The spectra in the
dermis are characteristic of type | collagen which is the main constituent of the extracellular matrix.
In view of these results the human skin substitutes produced using the self-assembly method could
be considered as a promising human skin model.
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