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Abstract:

Confocal Raman Spectroscopy is recognised as a potent tool for molecular characterisation of
biological specimens. There is a growing demand for In Vitro Permeation Tests (IVPT) in the
pharmaceutical and cosmetic areas, increasingly conducted using Reconstructed Human
Epidermis (RHE) skin models. In this study, chemical fixation of RHE in 10% Neutral Buffered
Formalin for 24 hours has been examined for storing RHE samples at 4°C for up to 21 days.
Confocal Raman Spectroscopy, combined with Principal Components Analysis, revealed the
molecular-level effects of fixation, notably in protein and lipid conformation within the stratum
corneum and viable epidermis. IVPT by means of high-performance liquid chromatography,
using caffeine as a model compound, showed minimal impact of formalin fixation on the
cumulative amount, flux, and permeability coefficient after 12 hours. While the biochemical
architecture is altered, the function of the model as a barrier to maintain rate-limiting diffusion
of active molecules within skin layers remains intact. This study opens avenues for enhanced
flexibility and utility in skin model research, promising insights into mitigating the limited shelf

life of RHE models by preserving performance in fixed samples for up to 21 days.

Keywords: Confocal Raman Spectroscopy, Principal Component Analysis, In Vitro

Permeation Test, Reconstructed Human Epidermis, Formalin fixation, samples storage.



Introduction

Skin is the largest organ of the human body, acting as a barrier, from the inside out, to
prevent excessive trans epidermal loss of body water, but also from the outside in, to protect
against external physical, chemical, and biological aggressions [1]. The specific biochemical
architecture of the stratum corneum (SC), described as “bricks and mortar” [2], provides this
efficient barrier function [3], that limits the permeability of the skin to exogenous agents,
including to Active Cosmetic and Pharmaceutic Ingredients (ACI/API) released from topically
applied formulations.

Since the 1990s, Confocal Raman Spectroscopy (CRS) has been applied to analyse skin.
Early studies enabled the identification of spectral features in the biomolecular components of
the Stratum Corneum (SC) in post-mortem skin samples [4, 5]. In 1998, Caspers et al.,
performed a similar CRS analysis of excised human skin sections, confirming that, while the
dermis is dominated by signatures of collagen, the SC is dominated by contributions from
keratin and lipids [6]. Notably, the study also demonstrated that CRS could be used for depth
profiling, or "optical sectioning,” of the biochemical composition of the skin, opening up new
prospects for non-invasive, in situ / in vivo monitoring of dermatological processes [6].

Today, CRS is well-established as a powerful tool that can be utilised as a chemical
characterisation tool to collect information about skin composition [7-10]. Many studies
reported in the literature have demonstrated the suitability of the technique to investigate
physiological processes such as cell and tissue maturation [11], serving as an imaging tool
coupled to multivariate analysis for the diagnosis of skin pathologies [12, 13]. This includes the
comparison of ex vivo / in vitro skin models [14, 15], and the study of the effects of exogenous
agents such as UV radiation [16, 17]. CRS can also be employed to monitor the in vitro
penetration and permeation of Active Pharmaceutical or Cosmetic Ingredient (API/ ACI) [18-
20]. More recently, CRS has been extensively explored to analyse human skin in vivo, studying
hydration and the effects of Natural Moisturising Factors (NMF) [21, 22], monitoring
penetration enhancers in the SC [23], tracking phospholipid permeation into the skin [24], and
delivering active ingredients to in vivo skin [25].

Since the 1980s, fixation methods have been developed to capture a 'snapshot’ of biological
materials, allowing for morphological or histological investigations under conditions closely
resembling in vivo situations [26]. Vibrational spectroscopy has been recognized as a valuable
molecular characterisation tool for examining and characterising modifications in biochemical

signatures induced by various fixation procedures at both cellular and tissue levels.



At the cellular level, several studies have explored the impact of fixative agents in pre-
analytical protocols designed to prepare individual cells for microscopic investigation.
Comparing the effects of fixation on C-3-prostate cancer cell line by formalin and
glutaraldehyde, Gazi et al., used Synchrotron Radiation-Fourier Transformed Infrared
spectroscopy to demonstrate that formalin at low concentration preserved the lipids, phosphate
and protein content without impacting significantly the spectrum of the cells [7]. Similarly,
Meade et al., concluded that, in comparison to Carnoy’s fixative and a methanol-glacial-acetic
mixture, formalin fixation resulted in Raman spectral signatures which were closest to those of
live skin, bronchial epithelium and lung adenocarcinoma cells, and consequently, it best
preserved their cellular integrity [27]. Draux et al. employed Raman imaging on individual
cancer cells, revealing that formalin-fixation and cytocentrifugation have negligible effects on
biochemical information when compared to living conditions [28]. It was later confirmed by
Dorney et al. that the fixation of lung adenocarcinoma cell line (A549) by formalin improved
sample stability during analysis, while it had negligible effects on Raman spectral features
compared to live cells [29]. In 2015, Farhane et al. demonstrated that fixation of cells using
formalin did not show any effect on the cells, and the discrimination between normal and
cancerous cell lines in vitro based on the Raman spectra was not impacted [8]. Additionally, in
2017, Hobro and Smith illustrated, through Raman imaging on wild-type mouse embryonic
fibroblasts, that aldehyde fixation methods are more suitable for studies that prioritize overall
molecular content, aiming to closely mimic living conditions [30]. These studies conducted on
different cell lines indicate that the fixation of biological materials can be achieved with
minimal effects at the biomolecular level.

At tissue level, the standard procedure for preparing histopathological samples involves
several steps. Firstly, tissue samples are fixed; secondly, they are embedded in paraffin, forming
solid wax 'blocks'’; thirdly, thin slices are sectioned using a microtome; finally, the tissue
sections undergo dewaxing using organic solvents (such as xylene or toluene) and successive
ethanol baths before histological staining or labelling. Consequently, several studies have
focused on the so-called dewaxing protocol and its impact on recording Raman spectra [31, 32].
It is worth mentioning that some applications also aimed to develop a numerical dewaxing
method by subtracting the paraffin peaks from vibrational signatures [33, 34].

More specifically, in the context of human skin analysis, Ali et al. demonstrated, using
Fourier Transformed Infrared spectroscopy (FTIR) and CRS, drastic alterations in the
biochemical composition of samples, especially in lipid content, when comparing dewaxed
samples to unprocessed samples [35].



The present study is the first investigation focusing on the effects of formalin fixation, the
most prevalent fixative agent, on Reconstructed Human Epidermis (RHE) skin models. This is
accomplished through the application of CRS coupled with Principal Component Analysis
(PCA). PCA is chosen as a multivariate method to examine the variance in the spectral data
sets, and in particular the differences induced as a result of formalin fixation. Due to technical,
economical, and ethical limitations, In Vitro Permeation Test (IVPT) using Franz diffusion cells
[36], has become the gold standard method referenced in international guidelines [37—40]. Most
commonly, excised human skin collected from plastic surgery and stored at -20°C or lower for
up to one year [41-43], is considered acceptable for all compounds that are not dermally
metabolized (OECD recommendations) [37]. Although several studies have shown a higher
penetration of APl and ACI in Reconstructed Human Epidermis (RHE) models compared to
excised human skin [44-47], they are increasingly recognized as relevant substitutes to human
biopsies. In this study, RHE samples were fixed with 10% Neutral Buffered Formalin (NBF)
for 24 hours and stored in a dark cold room (4°C) for various periods (up to 21 days) to
investigate the skin barrier function at both molecular and functional levels. Firstly, CRS
coupled with PCA was employed to identify spectral features modified by the formalin fixation
protocol, exploring changes in biochemical composition and organization across different skin
layers. Secondly, the results from IVPT using caffeine, a common model compound, were
examined to correlate skin barrier integrity with observed Raman features.

2. Materials and methods
2.1 Chemicals

Caffeine was purchased from Sigma-Aldrich (St. Quentin Fallavier, France), ultrapure
water Elix® from Merck (Darmstadt, Germany), and 10 % Neutral Buffered Formalin (NBF)
from Leica (Nanterre, France). Methanol and Dulbecco’s Phosphate Buffered Saline (D-PBS)
were purchased from Fisher scientific (Illkirch, France).

2.2 Reconstructed Human Epidermis (RHE)

Reconstructed human epidermis (RHE) samples were purchased from EpiSkin® (Lyon,
France). The RHE are epidermal cultures (large model, 1.07 cm? diffusional area) consisting of
a stratified and totally differentiated epidermis derived from human keratinocytes deposited on

a collagen matrix (type I and type 1V). The RHESs are shipped in 12-well plates after 13 days of



maturation. Upon delivery, RHE were deployed following the supplier’s instructions. The
inserts were transferred under aseptic conditions and at room temperature to a new, sterile 12-
well plate. Each well of the new plate was filled with 2 mL of fresh culture medium provided

by the manufacturer. The RHE were then placed in an incubator (37 °C, 5% CO3) overnight.
2.3 Samples preparation

The day after receiving the RHE samples, 9 out of the 12 inserts were removed from the
incubator and then fully immersed in 10% NBF for fixation at room temperature for 24 hours.
The formalin fixation protocol is a slow process taking 2 to 24 h, since the diffusion of formalin
is approximately 1 mm of tissue thickness for each hour of fixation [48], as formaldehyde must
dissociate from methylene glycol (the hydrated form of formalin) to form covalent bonds with
the molecular components of the sample [26]. All Fixed-RHE were placed in a dark cold room
(4°C) until the day of the permeation experiment. The remaining 3 RHE samples (hereafter
identified as ‘FRESH”) were kept in the incubator for 24h to synchronise all samples for the
permeation experiments. At TO (i.e. at the end of the 24h fixation protocol), TO+7 days and
TO+21 days, permeation experiments were carried out, in triplicate, on FRESH TO, FIXED TO,
FIXED T0+7 and FIXED T0+21. Un-fixed (FRESH) samples were used as control only for the

TO samples.

Additional RHE samples, reserved for CRS analysis, not exposed to caffeine, were
prepared at TO (FRESH, n=1 and FIXED T0, n=1), T0+7 days (FIXED T0+7, n=1) and at
TO0+21 days (FIXED T0+21, n=1). The samples were taken out of the cold room (4 °C) and
placed at -20°C until analysis using CRS.

2.4 Confocal Raman Spectroscopy

Twenty micrometre thin sections were prepared from RHE samples which were not
exposed to caffeine using a cryostat (Leica CM 1850 UV, Nanterre, France). Sections were
placed onto histology glass slides for CRS analysis. Raman spectra was collected using an
Alpha300R Raman microscope (WiTec, Ulm, Germany) equipped with 532 nm laser source.
To avoid photodamaging, the power was set to 10 mW at the sample. A 600 lines/mm grating
was selected, and the back scattered light was collected on a back illuminated deep depletion
CCD detector over the spectral range 0-3600 cm™' with a spectral resolution ~5 cm™'. Given
the inherent heterogeneity of the RHE models, it is important to note that spectral variations

can occur due to differences in sampling positions and sample conditions. To mitigate these



effects, the data were recorded using a 50X objective with a numerical aperture of 0.5
(Olympus, NA=0.5), resulting in an increased spot size of approximately 1.3 pm. This approach
helps to average out local variations and provides a more representative spectral profile. The
acquisition time was set to 10 sec x 2 accumulations. The instrument is calibrated daily using a
2-step procedure. Firstly, the True Cal function of Project 5 (WITec, Ulm, Germany) is used. It
is an automatic multipoint calibration routine performed with a Mercury-Argon (HgAr) light
source integrated in the Raman microscope. Secondly, prior to data acquisition, a verification
was done using the peak at 520.7 cm™! from a silicon substrate. The layers of the RHE skin
model can be observed from the bright field image (Figure 1) enabling to target a specific area
to collect the Raman spectra. A total of 2300 spectra were acquired per sample, distributed
between the SC (800 spectra), the viable epidermis (600 spectra) and the support membrane
(900 spectra).

2.5 Raman data analysis

Data analysis was performed using Matlab® (MathWorks, USA). A Lieber baseline
correction was applied [49], using a linear correction function with 10 iterations, followed by a
unit vector normalisation. The fingerprint region (FPR) between (800 - 1800 cm™?) and the high
wavenumber region (HWR) (2500 - 3700 cm ™) were analysed.

Multivariate analysis: Principal Components Analysis (PCA) is an unsupervised
multivariate analysis technique used to evaluate the variability and to simplify a complex data
set of multiple dimensions. It allows the reduction of the number of variables in a
multidimensional data set, although it retains most of the variation within the data set. The other
advantage of this method is the derivation of PC loadings which represent the variance of each
variable (wavenumber) for a given PC, hence reflecting the variations in the chemical
components contributing to the spectra [18]. In the scatter plot, the first principal component
(PC1) accounts for the highest explained variance. Moreover, each dot in the scatterplot,
corresponding to a spectrum, can be located in space using the coordinates defined by the scores
along both PC1 and PC2. Therefore, similar spectra tend to be gathered with relatively close
PC scores while the presence of significant variations in spectral features will result in higher

distances between spectra.

2.6 Caffeine permeation assay



Permeation experiments were performed with RHE samples directly in their culture
inserts placed in the 12-well plates, as previously reported by Dancik et al., [50]. FRESH TO,
FIXED TO, FIXED TO0+7 or FIXED T0+21 samples were transferred in 12 well plates and
equilibrated for 30 min at 37 °C. 2 mL of D-PBS was used as the receptor medium. A 2% w/w
(20mg/mL) PBS served as the donor solution. A volume of 200 uL was applied directly onto
each RHE sample. The time-dependent permeation of caffeine was followed over 12 hours. At
specific time intervals (every 30 min from 0.5 to 2.5 h then every 60 min from 3 h until 12h),
the 2 mL of receptor medium was collected for analysis by High Performance Liquid
Chromatography (HPLC). Following the collection of the receptor fluid, each RHE was
immediately transferred to a new well, and filled with 2 mL of fresh D-PBS [50].

At the end of the permeation experiment, additional steps were performed for determining
mass balances. The donor solutions were removed and set aside for analysis by HPLC. RHE
and support membranes were then carefully removed from the inserts using a punch and
separated. The SC side of the RHE and receptor side of the support membrane were gently
swabbed with cotton tips which were then immersed in 2 mL methanol for extraction and
analysed by HPLC. The SC side of the tissue was washed for 30 s with methanol to remove any
caffeine residue. Skin and support membranes were cut into small pieces and likewise immersed

in 2 mL methanol for 12 hours and the extracted solution was then analysed by HPLC.

2.7 HPLC analysis

The receptor media, donor solutions, extracts from skin and support membranes were
analysed by HPLC. The HPLC system (Ultimate 3000, Dionex) consisted of a UHPLC pump;
an auto-injector; a diode array detector and an Interchim Kromasil Vintage Series C18 column
(4.6 x 150 mm, 5 um). The detection wavelength for caffeine was 272 nm. The temperatures of
the column and the auto-injector were set to 25 °C and 15 °C, respectively. The mobile phase
used in isocratic mode was methanol 50%: water 50% (v/v) + 10 mM of phosphoric acid. The
injection volume of samples was 10 pL. The duration of the analysis of each sample was 6 min
at a flow rate of 1 ml.min%. The software used was Chromeleon 7.1 (Thermo Scientific).

A standard calibration curve was prepared prior to analysis. Standards were obtained in
triplicate by dissolving caffeine in PBS at concentrations of 1, 5, 10, 100 and 500 pg min™*. The

observed retention time was 2.620 = 0.008 min.



2.8 HPLC Data analysis
Results are presented as a plot of the cumulative mass of permeated caffeine per area of

skin model (mg cm™):

_ CnXVrec"'Z::?_l CixXVj

Qn - )

Qn (Mg cm?) is the cumulative mass of caffeine at a time n, normalised by the diffusion
surface S, Cn (Mg cm®) is the concentration of the receptor medium determined by HPLC, Vrec
the volume of the receiving compartment volume of receptor medium = 2 mL), C; the
concentrations calculated at the previous time interval and Vi the sample volume (here Vi =
Viec).

Three additional parameters characterizing caffeine permeation were calculated to
compare the results between formulations. The steady-state flux (Jss = dQ/dt, expressed in pg
cm? hl) is equal to the slope of the cumulative amount profile in the steady-state (linear)
portion of the profile. The lag time (tiag, expressed in h) is the delay required for diffusion
through the skin to reach a steady-state. It is determined as the intercept of the Q(t) profile

extrapolated to the time axis [51, 52]:

Q) = ]ss(t - tlag) (2)
The permeability coefficient (Kp, expressed in cm h') represents the "speed" of

penetration of the active ingredient and is obtained from:

K, =Jss/Cq 3)
where Cyq is the applied donor concentration in pg cm™=,
All results are reported as mean + SD (n=3). The statistical significance of the data was

determined using the Student’s t-test with a level of significance set for p-values < 0.05.

3. Results

3.1 Characterisation of the effects of fixation on RHE models by CRS

The RHE models are a stratified and fully differentiated epidermis [50], which is

histologically comparable to human skin. The three main layers observed are the stratum



corneum (SC), the viable epidermis (VE), and the polymeric support membrane (PSM)
composed of polycarbonate, according to supplier’s description (Figure 1) [50, 53]. Despite
the potential for biological variability, the rigorous standardization procedures and quality
control measures employed with EpiSkin® RHE models ensure consistent layer depth and
shape. This consistency is corroborated by previous investigations by Kichou et al. (2023) and
Dancik et al. (2020) [14, 50], as well as the uniformity observed in cryomicrotome sections

illustrated in Figure 1.

Figure 1: Representative bright field image of FRESH RHE thin section taken with an
x40 objective. Stratum corneum (SC), viable Epidermis (VE) and polymeric support
membrane (PSM).

3.1a Stratum corneum

Mean spectra for the fingerprint region (FPR) and the high wavenumbers region (HWR)
are presented in supplementary materials (Figure S1). The main features corresponding to
proteins and lipids can be observed and the corresponding assignments can be found in the
literature [53, 54]. For the purpose of this study, PCA was used to highlight the spectral
difference between FRESH and FIXED samples.

The PCA scatter plot for the FPR is presented in Figure 2a, the distribution of the data
illustrating the heterogeneity of the samples at a microscopic level. Along PC1, which accounts
for 53.7% of the explained variance, there was no clear discrimination observed between
FRESH TO (red dots), FIXED TO (green dots), FIXED T+7 (blue dots), and FIXED T+21 (black
dots). However, along PC2, which accounts for 13.5% of the explained variance, the



discrimination between FRESH (red dots) and FIXED samples was more pronounced, with
reduced overlapping of dots. It is worth noting that no contribution from the formalin was
observed in principal components (Figure S4). The loading of PC1 (Figure 2b) had the most
intense features at 1655 cm™ (negative band -N—C=0 deformation, Amide | band), 1440 and
1469 cm™* (C—H scissoring from proteins and lipids), 1380 cm™* (CH3 bending or deformation
of lipid), 1302 cm™ (C—H deformation of Amide 111), 1127 cm™* (trans-conformation of lipid),
1060 cm™ (C-C skeletal stretching of lipid), 1027 cm™ (C-H bending or deformation of
phenylalanine), 1005 cm™ (negative band -C—C=C deformation, aromatic acids from
phenylalanine), 958 cm™ (negative band -CH, deformation for cholesterol) and 854 cm™ (fermi
doublet ring for tyrosine). There was no clear correlation between the features observed and the
effects of formalin fixation. However, the FIXED samples show a greater variance according
to PC1, stretching toward positive scores, although there is no discernible difference between
the samples stored for different times. The corresponding positive features observed in the
loading 1 highlighted a higher heterogeneity in lipids distribution, notably ceramides [55]. The
loading of PC2 (Figure 2b) exhibits main features at 1670 cm™* (negative band- C=0
deformation coupled to a N-H deformation, Amide | band), 1655 cm™ (N-C=0 deformation,
Amide | band), 1585 cm™ (C-C bending or deformation of phenylalanine, 1555 cm™ (C=C
stretching for tryptophan), 1440 - 1469 cm™ (C—H scissoring from proteins and lipids), 1380
cm* (CH3 bending or deformation of lipid), 1339 cm™ (negative band - C-C stretching and C-
H bending of phenylalanine and tryptophan), 1302 cm™* (C—H deformation of Amide I11), 1157
cm! (C-C stretching, CH3 rocking and C-C skeletal conformation of ceramides), 1127 cm™
and 1064 cm™! (trans-conformation and skeletal trans-conformation of lipid), 1027 cm™ (C-H
bending or deformation of phenylalanine), 1005 cm™ (negative band - C-C=C deformation,
aromatic acids from phenylalanine), 987 cm™* (C-C stretching B-sheet conformations proteins)
and 854 cm™ (Fermi doublet ring for tyrosine). These variations can be more specifically
assigned to the fixation protocol. Formalin is known to trigger intermolecular bridges of the
aldehyde groups with reactive groups in cells and tissue by cross-linking of proteins (tyrosine
rings) [7]. However, it was observed that the modifications extended from significant
modifications in the Amide I random chain and [B-sheet conformations, alterations in
phenylalanine residues, tryptophan, and the Fermi doublet ring of tyrosine to structural changes
in the lipid region, particularly in the skeletal conformation and skeletal trans-conformation of
lipids. The scatter plot for the HWR (Figure 2c) showed no discrimination of the data along
PC1 or PC2, accounting for 92% and 2.8% of explained variance, respectively. The distribution
of the data reflects most likely the biochemical heterogeneity of the SC without correlation with



effects from the formalin fixation protocol. The most intense features in loading 1 and loading
2 (Figure 2d) are at 2854 cm™* and 2885 cm™ (negative bands - CH, asymmetric stretching of
lipids and proteins, mostly ceramides), 2930 cm™* (CH3 symmetric stretching of ceramides),
2970 cm™t (CH3 symmetric stretching of ceramides), 3063 cm™ (=CH stretching of ceramides)
and a broad band from 3200 - 3700 cm™* (O—H) suggested variations in lipid and protein

contents across samples [55, 56].

(a) (b)
=
w
©
n
3 =
2 ® FRESH =
£ FIXEDTO | pC1
> ® FIXEDT+7 | £ PC2
g ® FIXED T+21| S
£ £
£ -0
3
a2 I WY WY 301 S 1. ol
o 02
o
o
R Ca—— o 01 02 03 o4 800 €00 1000 1100 1200 1300 1400 1500 160D 1700 1800
PC1 (explained variance = 53.7%) Raman shift (cm”)
(d)
04
=
-]
= 03
n |
g — .02
g | ® FRESH 5
< FIXED TO < os Pet
2 | ® FIXEDT+7 | 2 pcz
g | ® FIXEDT+21| 2 o
s
i =01
2 I | I Wiy D =S
-
Q -0.2
g
o4 02 0 02 2600 2800 3000 3200 3400 3700
PC1 (explained variance = 92.2%) Raman shift (cm-)

Figure 2: PCA for spectra collected on the stratum corneum layer: (a) Scatter plot for PC1
and PC2 in the fingerprint region (800 — 1800 cm~/) and (b) the corresponding loadings. (c)
Scatter plot for PC1 and PC2 in the high wavenumbers region (2500 -3700 cm /) and (d) the

corresponding loadings. Spectra are offset for clarity.

3.1.b Viable epidermis

The mean Raman spectra recorded from the VE are provided in supplementary materials
(Figure S2). The PCA scatter plots are presented in Figure 3. For the FPR (Figure 3a), a clear
discrimination was observed between FRESH TO (red dots) and FIXED TO (green dots), FIXED



T+7 (blue dots) and FIXED T+21 (black dots) along PC1 (25.5% of the explained variance).

However, there is no discrimination along PC2 (17.3 % of the explained variance).

The loading of PC1 (Figure 3b) displays features at 1726 cm™ (C=0) stretching for
amino acids), 1698 cm™ (C=0 coupled to a N-H deformation of Amide | band), 1655 cm™
(negative band - N-C=0 deformation, Amide 1), 1608 cm™ (C=C deformation in plane mode
of phenylalanine and tyrosine), 1576 cm™ (C=C deformation mode of phenylalanine), 1555
cmt (C=C stretching for tryptophan), 1440 and 1469 cm™* (C—H scissoring from proteins and
lipids), 1302 cm ™ (C—H deformation of Amide I11), 1284 cm™ (C-H deformation for o helix of
Amide I11), 1252 cm™ (random coil of Amide 111 (secondary structure), 1207 cm™* (C-C6-H5
stretching for phenylalanine, tryptophan, and tyrosine), 1178 cm™ (C-H for phenylalanine and
tyrosine), 1138 cm™* (C-N, C-C stretching of skeletal trans conformation of lipid), 1102 cm™
(gauche conformation of lipid), 1060 cm™ (C-C skeletal stretching of lipid), 1027 cm™* (C-H
bending or deformation of phenylalanine), 1005 cm™ (negative band - C-C=C deformation,
aromatic acids from phenylalanine), 987 cm* (C-C stretching p-sheet conformations proteins),
923 cm™! (C-C stretching of a-helix for proteins), 902 cm™ (C—O-C skeletal mode of lipid),
854 and 824 cm™ (Fermi doublet ring for tyrosine) [54, 55]. The VE displayed numerous effects
from the fixation protocols across the entire FPR region and, similarly to the SC, both proteins
and lipids are affected. These observations are consistent with some degree of molecular

reorganisation induced by formalin within the deeper layers of skin.

The loading 2 (Figure 3b) displayed features at 1683 cm™ (C=0 coupled to a N-H
deformation of Amide I band), 1655 cm™ (negative band - N-C=0 deformation, Amide 1),
1440 and 1469 cm™* (C—H scissoring from proteins and lipids), 1302 cm™ (C—H deformation
of Amide 111), 1284 cm™ (C-H deformation for a helix of Amide I11), 1252 cm™ (random coil
of Amide Il (secondary structure), 1198 cm™ (C-C6-H5 stretching for phenylalanine,
tryptophan, and tyrosine), 1178 cm™* (C-H for phenylalanine and tyrosine), 1127 cm™ (C-N,
C-C stretching of skeletal trans conformation of lipid), 1102 cm™ (gauche conformation of
lipid), 1060 cm™ (C-C skeletal stretching of lipid), 1027 cm™ (C-H bending or deformation of
phenylalanine), 1005 cm™ (negative band - C-C=C deformation, aromatic acids from
phenylalanine), 987 cm™ (C-C stretching B-sheet conformations proteins), 923 cm™ (C-C
stretching of a-helix for proteins), 902 cm™* (C-O-C skeletal mode of lipid) and 854 cm™
(fermi doublet ring for tyrosine) [54, 55]. While these variations correspond to intra samples

variability it is interesting to notice that the distribution of data is significantly larger for FIXED



samples than FRESH samples, suggesting that the fixation somehow increased the biological

heterogeneity within FIXED samples.

The scatter plot for the HWR (Figure 3c) indicates a discrimination along PC1 and PC2,
accounting for 74.7 % and 16.5% of explained variance, respectively. The data are organised
into two diagonal clusters (FRESH (red dots) and FIXED TO (green dots), FIXED T+7 (blue
dots) and FIXED T+21 (black dots). Loading 1 and 2 (Figure 3d) showed similar features at
2854 cm* and 2885 cm ™! (negative bands - CH, asymmetric stretching of lipids and proteins,
mostly Keratin), 2930 cm™* (CH3 symmetric stretching of keratin), 2970 cm™ (CHz symmetric
stretching of keratin), 3063 cm™ (=CH stretching of keratin) and the large band from 3200 -
3700 cm™ (O—H vibration). The results are consistent with variations in lipid and protein
contents [57, 58].
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Figure 3: Principal components analysis on the viable epidermis layer: (a) Scatter plot of the
two first component on the fingerprint region (800 — 1800 cm 1) and (b) the corresponding
loadings. (c) Scatter plot of the two first component on the high wavenumbers region (2500 -
3700 cm™1) and (d) the corresponding loadings. Spectra are offset for clarity.

3.1.c Polymeric support membrane (PSM)



The mean spectra of PSM for the FPR and HWR are presented in supplementary
materials (Figure S3). According to the manufacturer, the support membrane is composed of
polycarbonate. However, such materials are known to be characterised by sharp and intense
Raman features [59]. The maxima of the amide I band at 1655 cm™* (N-C=0 deformation) with
a pronounced shoulder at 1671 cm™, the double feature at 1269 cm™ (C-H deformation for o
helix of Amide I11) and 1244 cm™ (random coil of Amide 111 (secondary structure), and the
spectral pattern in the region 800 - 1000 cm™ that displayed 2 peaks at 854 cm™ and 936 cm™
with 2 shoulders at 876 cm™ and 920 cm™ (amino acid side chain vibrations of proline and
hydroxyproline and C-C stretching vibration) are evidences that collagen is found in the PSM
composition [57, 58, 60].

The PCA scatter plot for the FPR is displayed in Figure 4a. No clear discrimination was
observed between the FRESH samples (red dots), FIXED TO (green dots), FIXED T0+7 (blue
dots), and FIXED T0+21 (black dots) according to either PC1 or PC2, accounting for 24.3%
and 14.7% of the explained variance, respectively. As observed for the other two over layers,
the FRESH samples are fairly tightly grouped, while there is greater variance in the FIXED
samples. It was observed that for PC1, the most spectra corresponding to FRESH TO mainly
had negative scores but the overlap with FIXED T0+21 prevent from assigning specific
variations due to fixation. Loading 1 and 2 (figure 4b) exhibit features at 1726 cm™ (C=0)
stretching for amino acids), 1698 cm™ (C=0 coupled to a N-H deformation of Amide | band),
1655 cm™ (N-C=0 deformation, Amide 1), 1608 cm™* (C=C deformation in plane mode of
phenylalanine and tyrosine), 1576 cm™ (C=C deformation mode of phenylalanine), 1555 cm™*
(C=C stretching for tryptophan), 1440 and 1469 cm™* (C—H scissoring from proteins), 1302
cm ! (C—H deformation of Amide I11), 1284 cm™ (C-H deformation for o helix of Amide III),
1252 cm™* (random coil of Amide I11 (secondary structure), 1207 cm™* (C-C6-H5 stretching for
Hydroxyproline and Tyrosine), 1178 cm™ (C-H for phenylalanine and tyrosine), 1138 cm™ (C-
N, C-C stretching of protein), 1027 cm™ (C-H bending or deformation of phenylalanine), 1005
cm ™ (negative band - C—C=C deformation, aromatic acids from phenylalanine), 987 cm™ (C-
C stretching B-sheet conformations proteins), 923 cm™ and 854 cm™ (amino acid side chain
vibrations of proline and hydroxyproline and C-C stretching vibration of the collagen backbone)
[58, 60]. The scatter plot representing the HWR (Figure 4c) did not exhibit any discrimination
of the data along PC1 and PC2 axes, which accounted for 41 % and 20.6 % of the explained

variance, respectively. The most intense features in loading 1 and loading 2 (figure 4d) are at



2868 cm ! and 2885 cm ™! (CH, asymmetric stretching of protein), and 2940 cm™ to 3063 cm'™*
(CH stretching of protein) [57, 61].
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Figure 4: Principal component analysis on the polymeric support membrane: (a) Scatter plot
of the two first components on the fingerprint region (800 - 1800 cm™?) and (b) the
corresponding loadings. (c) Scatter plot of the two first components on the high wavenumbers
region (2500 - 3700 cm 1) and (d) the corresponding loadings. Spectra are offset for clarity.

3.2 Determining the effect of formalin fixation on RHE models permeability to

caffeine

Caffeine is a small, hydrophilic compound of the methylxanthine class [62], which has
been employed in several cosmetic preparations and it is recognized as a reference substance
for in vitro skin absorption tests using Franz diffusion cells by the OECD [63, 64]. Figure 5
shows the 12-hour cumulative amount permeated through RHE for FRESH TO (red), FIXED
TO (green), FIXED T0+7 (blue) and FIXED T0+21 (black) exposed to 2 wt% caffeine solutions.
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Figure 5: Cumulative amount of caffeine permeated through RHE as function of time. (red:
FRESH TO. green: FIXED TO. blue: Fixed TO+7. black: FIXED T0+21). Data shown as
means + SD (n =3).

After 30 min, the cumulative amounts of permeated caffeine were found to be 7.31 +
0.6 pg.cm2for FRESH T0, 6.1 £ 0.5 pg.cm2for FIXED T0, 4.9 £ 0.1 pg.cm?2for FIXED T0+7
and 6.9 + 1.1 pg.cm2 for FIXED T0+21. Significant differences were found between FRESH
and FIXED TO (p=0.04) and FIXED T0+7 (p=0.02). However, no significant difference was
found between the FRESH TO and FIXED T0+21 (p= 0.58). From 30 min to 8 hours, the
cumulative amounts of caffeine similarly increased for all conditions studied with no statistical
difference observed between FRESH TO compared to FIXED TO (0.05 < p < 0.21), FIXED
TO+7 (0.08 < p < 0.86) and FIXED T0+21 (0.13< p < 0.73).

From 8 to 12 hours, FRESH T0 was found significantly different compared to FIXED
TO, FIXED T0+7 and FIXED T0+21 (0.02 < p < 0.04). Ultimately, cumulative amounts at 12
hours were 1.01 + 0.05 mg.cm? for FRESH TO, 0.86 £ 0.03 mg.cm? for FIXED TO
(corresponding to a decrease of 14%), 0.88 + 0.03 mg.cm™ for FIXED T0+7 (corresponding to
a decrease of 13%) and 0.92 + 0.01 mg.cm™ for FIXED TO0+21 (corresponding to a decrease of
9%).

Table 1 presents the different parameters calculated from the permeation curve. The
steady state flux Jss ranged from 79 + 3 pg.cm™.h! (Fixed T+7) to 94 + 4 pg.cm™2.h! (FRESH
TO). Significant differences were found between FRESH TO and all FIXED samples (p<0.05).
No significant difference was, however, found between Fixed TO0, Fixed T0+7 and Fixed TO+21

(0.20 < p < 0.80) (Table 1). The lag time to steady-state (t lag) was found to be 1.22 £ 0.17 h



for FRESH T0, 1.11 + 0.06 h for FIXED TO (10% shorter), 0.83 + 0.01 h for FIXED T+7 (32%
shorter) and 0.88 + 0.17 h for FIXED T+21 (28% shorter). No significant differences were
found between FRESH TO0 and FIXED T+21 (0.1< p <0.22), although significant differences
were observed compared to FXED T+7 (p = 0.02 <0.05). The permeability coefficient (Kp) for
FRESH was 4.71 + 0.18 cm.ht, 3.99 + 0.15 cm.h for FIXED TO (-15%), 3.95 + 0.13 cm.h!
for FIXED T+7 (-16%) and 4.10 + 0.04 cm.h™ for FIXED T+21 (-13%). Significant differences
were found between FRESN TO and fixed samples (0.01 < p < 0.03). However, no significant
differences were found between FIXED T0, FIXED T+7 and FIXED T+21 (0.20 <p < 0.80).

Table 1: Steady state fluxes (Jss), lag times (tiag), permeability coefficients (kp) obtained from
cumulative amount profiles of caffeine through RHE samples (FRESH, FIXED TO, FIXED
T+7and FIXED T+21). All data displayed as mean + standard deviation of n = 3

experiments.

Jss [ug .cm2.h1] tiag [N] ko [10-%.cm .h™1]
FRESH 94.06 + 3.69 1.22+0.17 471 +£0.18
FIXED TO 79.63+£2.91 1.10 £ 0.06 3.99+£0.15
FIXED T+7 79.01 + 2.69 0.83+0.01 3.95+0.13
FIXED T+21 81.83+£0.75 0.88 +0.17 410+ 0.04

4. Discussion

The effectiveness of a topical product is directly tied to the capability of its active
ingredients to overcome the skin barrier [65]. Therefore, when testing new products or
demonstrating the equivalence of generic products to the original [37], IVPT using Franz
diffusion cells [36], has become the gold standard method referenced in international guidelines
[37-40]. Due to limited access to human samples, the common practice is to store skin biopsies
frozen. However, many studies in the literature have reported that exposing excised human skin
to negative temperatures (-20°C, -85°C) for varying durations (ranging from 1 week to 1 year)
leads to a significant increase in permeability due to the formation of small ice crystals [66],

that disrupts the barrier function [67—73]. For instance, Nielsen et al. reported that the storage



of excised abdominal human skin biopsies at -80°C for 21 days increased, up to four-fold, the
permeability coefficient of caffeine compared to fresh skin [70]. While a 1.6-fold increase in
the cumulative amount of chromone acid permeating through excised human epidermis was
observed after a short period of storage for 2.5 days at -17°C [68], prolonged storage for 10
days at -60°C and 3 weeks at -80°C resulted in a 2.4-fold higher flux of trichothecene mycotoxin
in full-thickness human thigh skin [74], and a 4-fold increase of permeability coefficient for
caffeine in excised abdominal skin [70], respectively. Pig skin has been extensively used as a
model due to its close resemblance to human skin, particularly for studying the effects of
freezing. For instance, Sintov et al. observed that storing pig skin at -20°C for 7 days led to a
2- to 8-fold increase in the permeability coefficient of caffeine [72]. Similarly, Abdayem et al.
demonstrated that the permeability coefficient of caffeine in pig ear skin increased by up to 4
to 5 times after 1 day of storage at -20°C, compared to fresh skin [73]. For substances like
Diclofenac sodium and L-DOPA (3,4-dihydroxyphenylalanine), permeation fluxes were found
to be 5-fold and 3.8-fold higher, respectively, in frozen pig ears stored at -20°C for two weeks
[75]. Additionally, acyclovir and methyl salicylate showed an 8-fold and 2-fold increase in
cumulative permeated amounts in porcine ear skin when stored at -20°C for 6 weeks [76]. All
the experiments conducted on human skin and pig skin resulted in a common pattern of
increasing permeability following the freezing of the samples. Despite variabilities related to
the molecule tested and experimental design (temperature, duration of storage, etc.), the studies
consistently reported a substantial increase in cumulative amounts, representing a multiple-fold
increase compared to fresh skin. In contrast, the cumulative amount for caffeine permeating
through the RHE model presently studied tends to decrease in samples that have been fixed
(Figure 5), suggesting that the effects of chemical fixation differ from the physical disruption
of the skin barrier caused by freezing. Also, it is worth noting that after 12 hours, the quantity
of caffeine that permeated through the FIXED RHE models was comparable to that of FRESH
samples, with, at most, a 15% reduction (0.85-fold lower), which is significantly less than any
reported data for freezing protocols. The data on accumulated caffeine amounts and the
calculated permeation parameters indicated that the barrier in FIXED samples remained
functional, albeit with reduced permeability. Similarly, steady-state fluxes and permeability
coefficients indicated lower caffeine permeability. The 24-hour fixation protocol did not cause

damage to the RHE models, and the limiting diffusion rate was preserved.

Although less studied for RHE, the impairment of the skin barrier function due to freezing

has been reported by Dancik et al. in the case of resorcinol (a small hydrophilic compound)



[50]. Storage of RHE at -150°C, -80°C, and -20°C for 1 and 10 weeks resulted in an increased
permeability ranging from 3 to 6-fold compared to fresh samples. RHE models are matured,
fully stratified 3D models which mimic the physical and chemical barrier of human skin [77],
and as such their behaviour to freezing is consistent with the effects of impairment of the barrier
function observed in human skin using a small hydrophilic compound such as caffeine [70].
Although a direct comparison between caffeine and resorcinol may pose challenges, it is
apparent that consistently storing samples below freezing substantially increase the
permeability of skin samples while, in comparison, the present result highlights that chemical
fixation with formalin leads to minimal modification (i.e. decrease). Formalin is a well-
established fixative, used in histology to preserve the structural and morphological
characteristic of biological tissues [8, 29, 78]. However, it use on skin samples before
conducting permeation studies need to be further been investigated. For instance, the used
cryoprotective agents, such as 10% glycerol, as preventive method to limit the damage to the
skin during freezing [66, 79, 80] can induced cytotoxicity, dehydration and modification of the
lipid structure may resulting in compromised integrity of the stratum corneum and a reduced
barrier function [79, 81-83]. Therefore, the present study described a relevant alternative using
formalin to chemically fix the samples.

With regards to the observations made by CRS, it is well-known that formalin forms
covalent bonds with the biochemical components of the sample, resulting in compositional and
conformational changes, particularly in proteins and lipids [84]. The examination of both
FRESH and FIXED samples revealed notable alterations in proteins, specifically in the Amide
I random chain, B-sheet conformation, a-helix, and random coil secondary structures in Amide
I11. Additionally, there were observable changes in phenylalanine residues, tryptophan, and the
Fermi doublet ring of tyrosine. Notably, modifications in lipids were also identified, including
shifts in the skeletal trans-conformation and gauche conformation of lipids. These changes were
particularly pronounced in the viable epidermis, which has a higher protein content compared
to the stratum corneum and the polymeric support membrane layers. The formalin-induced
effects observed in this study are consistent with other studies, demonstrating the usefulness of
the fixation process for single cell analysis by spectroscopic methods, and also the alterations
it induces in the protein and lipid components [28, 84, 85]. Meade et al. have reported that the
fixation in formalin alters the vibrational freedom of membrane lipids by modifying the lipid
CH scissoring and C-C skeletal conformational modes, possibly through a reaction of
methylene glycol in aqueous formalin with unsaturated hydrocarbon chains [84]. O Faolain et
al. have reported that the formalin fixation process leads to shifts in the Amide bands that are



attributed to alterations in protein conformation and potential cross-linking. These changes are
caused by the methylene glycol component of aqueous formalin [85]. Draux et al. have shown
that formalin fixation of cancer cells can induce several changes in spectral information
assigned to proteins, notably a shift in the Amide region (Amide I and Amide I11) due to changes
in protein conformation [28]. Clearly, formalin fixation induces molecular modifications that
can be witnessed in Raman spectral signatures a single cell level. However, at the functional
level of the skin barrier the permeation assay demonstrated limited impact from the biochemical

re-organisation resulting from the fixation protocol.

Bakar et al., using chromatography coupled with mass spectrometry, established that the
functional barrier function in RHE was associated with the ceramide content in the SC.
Furthermore, CRS revealed that the conformational order (Sskeleton) and the lateral packing
(Sslat) of lipids, as indicated by the ratio of asymmetric deformation CH, (2880 cm™) /
symmetric deformation CH, (2850 cm™?), serves as an marker of the barrier function [86].

As described by Tfayli et al. [87], Sskeleton is calculated by dividing the intensity at 1080
cm™' (indicating disordered packing towards a Hexagonal state) by the sum of intensities at
1130 ecm™ and 1060 cm™ (reflecting ordered packing, towards an orthorhombic state).
Presently, Sskeleton was found to be 0.45 for fresh RHE compared to 0.44 for FIXED TO, 0.44
for FIXED T+7, and 0.45 for FIXED T+21. The values highlighted no difference between fresh
and fixed samples that exhibited low values indicating a ordered Inter Cellular Lipid (ICL) state
in the SC [14, 88, 89]. The parameter Slat, calculated by dividing the intensities at 2880 cm™
and 2850 cm™! [87], also provides on the ICL packing state [14, 88, 89]. The Sslat values
displayed of 1.90 for fresh RHE 1.87 for FIXED TO0, 1.77 for FIXED T+7, and 1.79 for FIXED
T+21 suggest low variations caused by fixation. Overall, these spectral markers for the
conformational order and the lateral packing of lipids indicate a consistent lipid organisation
between FRESH and FIXED RHE samples that support the preserved rate limiting skin barrier
function observed trough IVPT after the fixation protocol. These observations by CRS are
consistent with the formalin fixative having an effect on the proteins of the skin, while the
integrity of the barrier function is known to be predominantly related to the specific lipid
architecture in the stratum corneum [51]. It is noted that the structure and morphology of the
RHE model, and changes to it at a microscopic level, have not been explored in any great detail,
but could in the future be examined with the chemical sensitivity of confocal Raman imaging.

With regard to storing skin samples with formalin fixation, it is important to note that

commercially available Reconstructed Human Epidermis (RHE) models typically come as



ready-to-use inserts that must be used within 48 hours of delivery, as per the manufacturer's
recommendations. Many of these models are not available for individual purchase; instead,
RHE samples are often conditioned in 12-well plates and sold by the dozen. Handling
permeation studies involving multiple formulas with replicates can quickly become a labour-
intensive task, particularly for laboratories lacking automated systems. Additionally, research
has shown that the maturation of RHE models continues after delivery, leading to variations in
the permeation of specific compounds over time [15]. Thus, the ability to store and maintain
RHE models from a single batch (to mitigate inter-batch variability) at a consistent maturation
stage holds significant relevance. Moreover, the standard 2-to-4-week delivery delay
necessitates meticulous scheduling of experiments. Preserving sample integrity for a more
flexible and cost-effective timeline would be a substantial asset to the field of dermal research.
The present study has demonstrated that formalin fixation can maintain a stable barrier function
over a storage period of 3 weeks, paving the way for more extensive permeation studies
involving comparisons of multiple active ingredients and/or formulations that cannot be
feasibly conducted within a single day.

Overall, this work has demonstrated that, despite spectral variability in the major
biochemical components observed using CRS, the formalin fixation protocol does not impair
the skin barrier function of the RHE samples. While freezing has been reported to greatly
increase the permeability of caffeine, the permeation experiments have demonstrated a reduced
penetration after fixation. Although additional investigation with model molecules having
different physicochemical properties is necessary, the indications suggest that the fixation
protocol could significantly reduce the workload and constraints of using RHE models

simultaneously for permeation studies.

5. Conclusion

This work has demonstrated that the formalin fixation protocol offers a stable method
for storing Reconstructed Human Epidermis (RHE) models without significantly compromising
their barrier function. While molecular changes in various skin layers were observed by
confocal Raman spectroscopy following the 24-hour fixation protocol, it is noteworthy that the
permeation of caffeine remained consistent over a 3-week storage period. In comparison to
documented effects of freezing in existing literature, formalin fixation resulted in only minor

variations (approximately 10-15%) in the cumulative amount, time lag, flux, and permeability



coefficient for caffeine when compared to FRESH samples. Although further investigation is
warranted to explore in more detail the specific changes of the biochemical structure of the
RHE model, the study underscores that chemical fixation may be less detrimental than freezing,
making it a promising alternative for storing skin samples that closely resemble native skin in
terms of structure and morphology. Moreover, this study suggests that formalin fixation could
effectively address one of the primary limitations associated with the use of RHE models in

permeation studies: their limited shelf life.
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