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1. Introduction

Gelatine—collagen photo-crosslinkable 3D
matrixes for skin regenerationt

Gauthier Menassol,? Boudewijn van der Sanden, (2 *° Laetitia Gredy,?
Capucine Arnol,® Thibaut Divoux, € Donald K. Martin €2 ® and Olivier Stephan*?

Immediate care of skin wounds and burns is essential to repair this mechanical and chemical barrier to
infections. Hydrogels have become one of the standard methods for wound care. Here, gelatine—collagen
photo-crosslinkable matrixes or hydrogels were manufactured by two-photon polymerization (TPP) or
one-photon UV exposure using a Digital Light Processing (DLP) setup. Both techniques are able to con-
struct matrixes from computer-aided design models, which is important for future clinical applications in
which wound dressings should be customized. Although TPP can mimic the 3D dermo-epidermal junc-
tion with a high spatial resolution (i.e., ~6 pm?), the manufacturing time was too slow to produce large
wound dressings. Therefore, a DLP setup was explored in this study to fabricate large 2D matrixes of
several cm? using the same photo-resist as for TPP, except for the photoinitiator. The fibroblast viability,
adherence, and proliferation were analysed in time on both 3D and 2D matrixes in vitro using two-photon
microscopy. For both types of matrixes, the adherence and proliferation of fibroblasts (3T3-NIH) were
optimal for stiff structures with a Young's modulus of 191 + 35 kPa compared to softer matrixes of 37 + 12
kPa. Fibroblast showed complete confluence on Day 14 after seeding on these matrixes, which may
create the granulation tissue composed of fibronectin, collagen, and various proteoglycans in the future
dermis before repair of the epidermis and disintegrating of their host matrix. For the monitoring of this
repair, gelatine—collagen matrixes can easily incorporate bio-optical sensors for the simultaneous moni-
toring of inflammation processes and wound healing in time.

cover the entire wound area to effectively accelerate the process
of granulation and epithelialization. Previous studies have

The human skin provides a mechanical and chemical barrier
to infections, assists the regulation of body temperature, and
minimizes trans-epidermal water loss. Applying immediate
care to repair skin wounds and burns is important to recover
and maintain these functions."”” Moist dressings such as
hydrogels have become one of the standard methods for
wound care to accelerate wound healing.” Biocompatible
hydrogels can facilitate rapid wound closure, improve scar
quality, and enhance functional outcomes. Hydrogels should
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demonstrated that gelatine gels stimulate migration, adhesion,
and proliferation of cells such as fibroblasts and keratinocytes
during skin regeneration." Fibroblasts create the granulation
tissue, composed of fibronectin, collagen, and various proteo-
glycans, that provides structural integrity to the wound site in
the future dermis before the epithelization by keratinocytes or
repair of the epidermis.*?

Bio-printing using biocompatible hydrogels has emerged
recently as a promising technique for producing customized
wound dressings.® Printing techniques such as Digital Light
Processing (DLP) and Two-Photon Polymerization (TPP)
utilize computer-aided design (CAD) for complete control of
the structure and size of the matrixes for the wound dressing.
This facilitates the reproducibility of matrix manufacturing,
which is not possible with classical methods such as spin-
coating.” Although the macrostructure of the matrix (size and
form) is controlled in 3D printing to enable adherence to the
native skin, control of the matrix microstructures, which is to
mimic the physico-biochemical properties of the skin extra-
cellular matrix (ECM), remains a challenge that needs to be
overcome.

This journal is © The Royal Society of Chemistry 2024
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Gelatine methacryloyl (GelMA) hydrogels contain some
essential properties of native ECM due to the presence of cell-
attaching and matrix metalloproteinase-responsive peptide
motifs, which allow cells to proliferate and spread.® GelMA
hydrogels have tuneable mechanical strength due to a variable
degree of cross-linking and high oxygen and water per-
meability, which is crucial for cell survival inside the matrix.
The tuning of Young’s modulus directly influences fibroblast
proliferation, which is more efficient on stiffer substrates
(>100 kPa) in comparison to softer matrixes (<20 kPa) that
induce cell cycle arrest or cell death.>° The Young’s modulus
of the GelMA hydrogel should approach that of the human
dermis, which is about 180 kPa, to optimize fibroblast prolifer-
ation."" GeIMA hydrogels can further be loaded with anti-
biotics, antibacterial nanoparticles, and other drugs that
stimulate wound healing.”> Furthermore, the hydrogels may
contain bio-(optical) sensors for continuously monitoring
wound healing, for which local tissue pH and O, consumption
are relevant indicators of the different stages of an inflam-
mation process and skin regeneration. For instance, a skin-
wound is in an alkaline state before healing and progresses via
a neutral to an acidic pH when the wound healing is
completed.’

The aim of this study is to produce a printed photo-cross-
linkable gelatine-collagen matrix that mimics the dermo-epi-
dermal junction. The dermo-epithelial junction is an impor-
tant site of attachment in the skin, occurring at the interface
between the basal epidermis and dermis. TPP was our first
choice for the 3D printing of matrixes to mimic the dermo-epi-
dermal junction, using a GelMA-collagen-ruthenium formu-
lation. To produce larger 2D structures of several cm?, a DLP
setup was utilized using a similar GelMA-collagen formulation
but involving an alternative photoinitiator. For that, we
selected lithium phenyl-2,4,6-trimethyl-benzoyl-phosphinate
(LAP), which is well suited to the Anycubic® Mono X DLP 3D
printer with a one-photon absorption at 405 nm instead of the
ruthenium(n) complex used for TPP. We demonstrate that
these matrixes support the adherence and proliferation of
viable fibroblasts. These results from in vitro experiments
show the usefulness of the microstructured matrixes to mimic
the dermo-epithelial junction of the skin ECM and thus
provide a good basis for skin regeneration.

2. Materials and methods

2.1 Preparation of GeIMA-collagen-ruthenium photoresist
for TPP

The hydrogel photoresist solution was obtained by mixing
1 mL of deionized water with 30 mg of collagen (collagen from
rat tail, Sigma-Aldrich), 200 mg of gelatin methacryloyl (bloom
300, 80% degree of substitution, Sigma-Aldrich), and 10 mg of
dichlorotris(1,10-phenantroline)ruthenium(u) (Sigma-Aldrich)
acting as photoinitiator. We focused on ruthenium complexes
for two-photon polymerization (TPP), because this water-
soluble photoinitiator has an efficient two-photon absorption
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at 532 nm, corresponding to the wavelength of the micro-laser
used in TPP. The two-photon absorption of these complexes
leads to Ru(u)*, which allows the formation of organometallic
cationic radicals able to initiate the photopolymerisation reac-
tion (crosslinking of the methacrylated gelatine). In addition,
due to steric hindrance, its diffusion is reduced when com-
pared to classical small molecules such as Iragacure, which is
usually used as a photoinitiator. As a consequence, spatial
resolution is very close to the geometric size of the laser voxel.
GelMA can be prepared through one-step synthesis of gelatine
(from bovine or porcine skin) with methacrylic anhydride."?
Its degree of functionalization can be adjusted via the feed
ratio of gelatine to methacrylic anhydride.® In this study, we
have used the GelMA supplied by Sigma-Aldrich: bloom 300,
80% degree of substitution. After gently mixing the solution
at ambient temperature for 1 hour, the temperature was
gradually increased to 40 °C to reach a complete dissolution
of the components. A strong and solid gel was obtained when
the mixture was cooled to room temperature. This strong
hydrogel can be stored in a refrigerator for at least two
months for later use.

2.2 Preparation of GelMA-collagen-LAP photoresist for large
2D matrixes using DLP

A new formulation was investigated using Lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (LAP) from Sigma-Aldrich
as one photon photoinitiator since the ruthenium complex
used for DLP inhibits the reticulation process. At 405 nm, the
Metal-to-Ligand Charge-Transfer (MLCT) band is exited and
not the metallic one involved in the two-photon absorption. As
a consequence, most of the 405 nm photons give only lumine-
scence of the organometallic complexes instead of ruthenium
radicals able to initiate the crosslinking process.

The DLP photoresist was obtained by mixing 1 mL of de-
ionized water containing the LAP photoinitiator (2.5 mg mL ™)
with 30 mg of collagen and either 50 or 200 mg of gelatine
methacryloyl (bloom 300, 80% degree of substitution). In this
study, these two GelMA concentrations produce either soft or
stiff matrixes, which impact fibroblast adherence and prolifer-
ation. After gently mixing the solution at room temperature for
1 hour, the temperature was raised to 40 °C to ensure a com-
plete dissolution of the components. Subsequently, the result-
ing liquid preparation could be used immediately or stored in
a refrigerator as a strong gel. Both the gel and matrix are nor-
mally transparent for two-photon microscopic analysis.
Therefore, we covalently bonded a fluorescein derivative to the
matrixes during DLP cross-linking. A solution of this fluor-
escein derivative was prepared by adding 1 mg of Fluorescein
o-acrylate (Sigma-Aldrich) to 10 mL of deionized water and
stirred for at least one hour. The solution was then filtered
(0.1 pum pore size) to remove non-dissolved parts.
Subsequently, 1 mL of this solution replaced deionized water
in the previous formulation. This fluorescein derivative may
also be used as a bio-optical sensor for pHpmawix analyses
during inflammation and skin regeneration.?
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2.3 3D two-photon polymerization

GelMA-collagen matrixes were fabricated on a Microlight®
(https://www.microlight.fr) two-photon polymerization 3D
micro printer,"* combined with an Olympus inverted micro-
scope using a 40x air objective (Olympus, WD = 180 um, NA =
0.95). The two-photon activation volume (voxel) is estimated to
be 6 pm?®. A pulsed green Nd-doped yttrium aluminum garnet
micro-laser (4 = 532 nm) was used for the photo-polymeriz-
ation. Prior to printing, glass coverslips (24 x 24 mm) were
washed with isopropanol, followed by a bind-silane treatment
(Sigma Aldrich) to enhance adhesion between the printed
structures and the glass surface. First, a liquid photoresist
solution was prepared by slowly heating the solid hydrogel
photoresist to 40 °C while stirring continuously. In a second
step, a drop of the liquid photoresist solution was deposited
on the glass coverslip and allowed to cool to room temperature
(gelation of the drop occurred around the sol-gel transition
temperature of 35 °C after 10 minutes). Then, 3D structures
were fabricated in the solid hydrogel by moving the laser
inside the drop, starting at the interface between the glass cov-
erslip and the gelled drop. Following microfabrication, the cov-
erslips were rinsed twice with Phosphate Buffer Solution (PBS)
for 30 minutes each at room temperature and at 40 °C to
remove all remaining uncrosslinked material.

To build large structures exceeding 300 pm?, the Microlight®
setup allows replications in the x-y directions using an
additional large motorized step-stage of 10 x 10 cm. The small
piezoelectric cube (300 um?) is replicated in this way. The corres-
ponding CAD model of the dermal-epidermal junction elemen-
tary block has a 150 x 150 um base (x-y) with a maximum
height of 140 pm (z-direction), as shown in Fig. 1a. Larger
assemblies were obtained by replicating this block inside the
GelMA-collagen drop. Note that the 3D-TPP always started with
a —2 pm offset inside the glass support. In these conditions, the
laser process started inside the glass substrate, and the 3D fabri-
cation began subsequently inside the glass, then at the interface
between the glass coverslip and the drop, and finally inside the
drop. This method ensured the adhesion of the matrix to the
glass coverslip after several washing steps in PBS.

Another key parameter is the manufacturing time of these
assemblies, which is determined by the number of laser posi-
tions (voxels) where crosslinking occurs inside the GelMA
drop. The manufacturing time was reduced by using the
minimum number of voxels that were sufficient for the fabrica-
tion of stable matrixes after the washing step for the in vitro
studies. In the x-y plane, the distance between two voxel posi-
tions was fixed at 2.5 um, while for the z-axis, it was set at
3 pm, which corresponds to ~22.000 positions for the 150 x
150 pum elementary block (Fig. 1b). The real voxel dimensions
for TPP are defined by the 40x objective and are estimated at
1 pm x 1 pm x 6 pm = 6 um®. Although the spatial resolution
is higher in the x-y plane than in the z-direction, an overlap of
the elementary crosslinked material in the x-y plane for each
voxel volume is still possible due to radical diffusion. The
theoretical overlap in the z-direction is 50%. The manufactur-
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ing time for the elementary block is ~1 min (Fig. 1a). For the
cell culture tests, a 450 x 450 pm matrix (= 0.25 mm?® after
swelling in the PBS buffer) with a manufacturing time ~9 min
was used after replicating the elementary block 3 times in
both the x and y directions (Fig. 1c). Note that the manufactur-
ing time for large matrixes of 1.5 ecm” would have taken ~1
week, which is not possible with the TPP setup and too long
for artificial skin applications. For the photo-polymerization
per voxel, the laser power was set at 3.5 mW with a fixed
exposure time of 1 ms for each voxel position.

2.4 2D matrix obtained using the DLP setup

A single layer was printed by sandwiching a drop of the
GelMA-collagen-LAP formulation between the print platform
and the resin vat (0.1-0.15 mm Fluorinated Ethylene
Propylene film (FEP) with light transmittance around 95%). To
control the thickness of the 2D matrix, a distance of 1 mm was
maintained between the bottom of the resin vat and the print
platform. The drop was then exposed to near-UV blue light (4 =
405 nm) for 5 min at 80% of the 120 W LED overall power.
After detachment from the print platform, large 2D matrixes of
a few cm” were obtained. For cell culture, typical 2D matrixes
were fabricated starting from 100 pL of the liquid photoresist
to form cylindrical matrixes (~6 mm diameter and 1 mm
thickness). Note that increasing the volume of the liquid
photoresist leads to larger matrixes (Fig. 4d) that can be cut
after fabrication to precisely control their size and shape. In all
cases, matrixes were always washed for 20 minutes in de-
ionized water at 40 °C to remove the uncrosslinked materials
and then stored in PBS until further use.

2.5 Cell culture

Before the in vitro studies, all 3D (TPP) or 2D (DLP) matrixes
were always immersed in a solution that contained 1 mL DPBS
(PBS without calcium and magnesium) and 0.100 mL of penicil-
lin-streptomycin (10000 U mL™") (Fisher Scientific), and then
incubated (37 °C, CO, 5%) for 3 days to sterilize the hydrogels
structures. Matrixes were then rinsed 3 times with DPBS and 3
times with Dulbecco’s Modified Eagle Medium (DMEM) and
left in the incubator overnight before seeding with cells.

Mouse 3T3-NIH fibroblast cells (ThermoFisher Scientific)
were cultured at 37 °C with 5% CO, in Dulbecco’s Modified
Eagle’s Medium (DMEM) 4.5 g L™" glucose + GlutaMax, sup-
plemented with 10% fetal bovine serum and 1% antibiotic
solution (10.000 U mL™" of penicillin-streptomycin). 100.000
cells were seeded on matrixes in 60 x 15 mm cell culture
dishes. All cell nuclei were marked either with Hoechst
(Sigma-Aldrich) 1 mg mL™" or with SYTO-13 (ThermoFischer
Scientific) 3.3 mg mL™", or with propidium iodide (PI, Sigma-
Aldrich) 1 mg mL™" to determine the proportion of dead cells.
In studies with TPP matrixes, the cell cytoplasm was further
marked with AB176735 cyto-painter from Abcam.

2.6 Mechanical measurements

2.6.1 Nanoscale atomic force microscopy measurements of
the Young’s modulus of TPP GelMA-collagen matrixes.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Manufacturing and physical characterization of 3D TPP GelMA—collagen matrixes. (a) CAD file of the matrix that mimics the dermo-epider-
mal junction. Here, the dimensions are 140 x 140 uym before washing, manufacturing time = 1 min. 3D voxel positions for the two-photon polymer-
ization of the matrix. The scale bar is 50 pm. (b) The number of laser positions (voxels centers) is ~22.000. (c) 3D two-photon microscopic image of
a complete gelatine—collagen matrix of 500 x 500 um using a 16X objective and a 900 nm excitation wavelength. The scale bar is 100 ym. (d)
Positions 1 to 3 for Atomic Force Microscopy (AFM) measurements of Young's modulus in the valleys: positions 1 & 2 and at the top of the dome:
position 3. The mean Young's modulus values are, respectively: 20 + 1 kPa, 60 + 2 kPa, and 129 + 4 kPa for 64 measurements per position. (e & f)
Fluorescence Recovery after Photobleaching (FRAP) measurements of the ruthenium complexes that are covalently bonded into the matrixes.
Photobleaching was performed in the dotted square Region Of Interest. The scale bar is 50 pm. (g) shows the fluorescent signal intensities in arbi-
trary units (a.u.) of the ruthenium complexes for a total acquisition time of 3000 s. (h) Is a zoom of g or the first 100 s after photobleaching. No fluor-
escence recovery was observed during the entire acquisition time.
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GelMA-collagen matrixes were analysed using an Atomic Force
Microscopy (AFM). The AFM (JPK Instruments Nanowizard II,
Berlin, Germany) was equipped with a CellHesion module
(long-range 100 pm) and Zeiss Axiovision D1 microscope
(Phase contrast/fluorescence) with a quadratic pyramidal canti-
lever MLCT from Bruker, which had 4 sharp sides with an
average tip half-angle @ = 20°. The radius of curvature at the tip
was around 20 nm. The stiffness constant used was ~0.01 N
m~' when mounted onto the AFM glass block and calibrated
using the thermal fluctuation method.'® The applied force was
lower than 5 nN in order to deform the substrate within the
linear elastic regime to allow the hertz indentation model to
be used. When the cantilever tip contacts the sample, the force
(F) acting on the cantilever increases in comparison to a pre-
viously chosen controlled force F,, which corresponds to the
initial indentation &, (300-500 nm). The hertz model for the
4-sided pyramid cantilever is given by:

_3-E-tan @,
To4(1-12)

The Young’s modulus E is derived by fitting the Force-
indentation curve (F-§ curves), using E as the fit parameter
and constant values for #and v. Here, v is the Poisson ratio of
0.5 for hydrogels, and 8 = 20°. AFM measurements were per-
formed 3 times at 3 different locations (see Fig. 1d) to estimate
average values of the Young’s modulus.

2.6.2 Microscale Young’s modulus measurements of DLP
GelMA matrixes. The microscale linear mechanical properties
of the hydrogels were determined at room temperature (22 °C)
by micro indentation using a spherical glass probe of radius R
= 23.5 pum attached to a cantilever of calibrated stiffness k =
4.85 N m™' operated by a Nanoindenter (PIUMA, Optics 11
Life). Indentations were performed under controlled displace-
ment, and the indentation depth was limited to 3 pm.
Depending on the sample, the indentation involved forces
ranging between 1 and 10 pN between the probe and the
matrix. For each sample, a total of 10 x 10 = 100 independent
indentations separated by 50 pm were performed, hence cover-
ing a square grid of a total area of 450 um X 450 pm. On the
one-layer DLP matrix, this protocol was repeated twice to
confirm the results reproducibility. Finally, each force-depth
curve was fitted with a Hertzian contact model, yielding the
effective Young modulus E°T at the locus of the indent. The
local Young modulus E was then computed through E = E*(1
— 1), assuming a Poisson ratio v of 0.5 for all samples.

2.7 Two-photon microscopy

All experiments were performed on a two-photon microscope
(Trimscope II, LaVision BioTec, Bielefeld, Germany) coupled to
a pulsed infrared laser (Insight Deepsea, Micro-Control Spectra
Physics, Evry, France) with wavelengths tunable between 700 to
1300 nm. All 3D two-photon time-series images were mostly
acquired with a 20x objective (N.A. = 1.0, WD = 1.7 mm, ZEISS,
France) using an x-y plane resolution of 0.93 pm per pixel, a
typical total image size of 504 x 504 pixels (469 x 469 pm) and
interslice distance of 2 um for z-stack acquisitions. A wave-
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length of 1. = 900 nm was used for the simultaneous exci-
tation of the ruthenium complex and cells marked with
AB176735 cyto-painter. A wavelength of 1., = 800 nm was used
for cells marked with Hoechst, SYTO-13, and PI. The emission
filters in front of the PMTs for the blue, green, and red chan-
nels had respectively the following characteristics: 420 =
50 nm, 542 + 50 nm, and 630 + 50 nm.

Fluorescence Recovery After Photobleaching (FRAP) experi-
ments were performed on the two-photon microscope. A
Region Of Interest (ROI) for photo-bleaching was selected
using Inspector Pro® Acquisition software on the Trimscope
II. A time series of 3000 images (1 image per s) was defined as
follows: 30 images were acquired before bleaching at 15% laser
power, followed by 30 images with ROI photo-bleaching at
100% laser power (1.2 W) at 900 nm, and 2940 images at 15%
laser power to analyse ruthenium or fluorescein fluorescence
recovery time. A stage-top incubator (Okolab, Pozzuoli, Italy)
was used to maintain a stable environment of O, (19%), CO,
(5%), and temperature (37 °C) during the two-photon
microscopy and FRAP experiments with or without cells on the
matrixes. For the control FRAP experiments on matrixes
without cells, the CO, content was set to 0. The gas mixture
and temperature were monitored online every 30 s and stored
in a datalog file during each entire experiment.

2.8 In vivo two-photon microscopic analysis of 2D large DLP
matrix stability

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of the
European directive 2010/63 and were approved by the local and
national ethical committees, permit number APAFIS#27767-
2020092209498616 v5. Dorsal skinfold chambers were surgi-
cally implanted on the back of transgenic C57BL/6 mice
CX3CR1GFP (The Jackson Laboratory, Bar Harbor, ME USA).
These mice express GFP in the cytoplasm of mononuclear pha-
gocytes. This transgenic mouse model is generally used to
study inflammation reactions in vivo.

Mice with a minimal weight of 20 g were anesthetized
through an intraperitoneal injection with ketamine (100 mg
per kg bw; Ketamine™ 10%, Bayer Health Care, Leverkusen,
Germany) and xylazine (25 mg per kg bw; Rompun® 2%; Bayer
Health Care, Leverkusen, Germany). The entire procedure was
done with sterile instruments. Mice were placed on a 36 °C
warm plate during surgery. Their backs were shaved and after-
ward depilated with hair removal cream (Veet Minima™,
France). A midline was drawn with a sterile skin pen to obtain
a medial position of the skinfold chamber. Both plates of the
dorsal skinfold chamber were fixed with 8 sutures. Spacers of
1.8 mm were present between the plates to avoid pressure on
the skin and changes in blood perfusion around the window.
At the side of the window, the skin was removed, and the sub-
cutaneous tissue was kept moistened with sterile saline.
Matrixes were implanted, and a coverslip was finally placed on
the observation window and secured with a ring. For recovery
after surgery, mice were placed on a 36 °C warm plate until
awakening. For the following 7 days after surgery, an analgesic,

This journal is © The Royal Society of Chemistry 2024
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paracetamol, was added to their water for pain relief. Mice
were housed individually, and their weight was measured
daily. Mice were only sacrificed if their weight loss exceeded
15%, which occurred in approximately 2% of the cases. The
matrix stability was analyzed on the two-photon microscope at
D14 following matrix implantation.

2.9 3D two-photon image treatment and analysis

The 3D two-photon microscopic images acquired using z-stack
acquisitions were prepared for 3D reconstruction using DIVA
software (https://diva.pasteur.fr/download/). For the different
colour channels (blue and/or green, and red), a background
correction was performed using the rolling ball algorithm in
Image] (https:/imagej.nih.gov/ij/) with a standard radius of 50
pixels. The two-photon images of the different channels were
converted from 16 to 8 bits. These modified images were then
merged into a composite image in TIFF format that can be
processed by DIVA software (https:/diva.pasteur.fr/).

2.10 Statistical analyses

All statistical analyses were performed using GraphPad Prism
(version 3.02). Differences between mean cell densities from 3
regions of interest par matrix were analysed with the unpaired
two-tailed ¢-test and considered to be significant for p-values
<0.05.

3. Results

We first report the physical characterization of the 3D GelMA-
collagen-ruthenium matrixes manufactured by TPP and then
the adherence, proliferation, and viability of fibroblasts on
these matrixes. Next, we report our results using the 2D
GelMA-collagen-LAP matrixes as an alternative for the rapid
production of large matrixes for skin generation.

3.1 Physical characterization of the 3D TPP GelMA-collagen-
ruthenium matrixes

Fig. 1a-c shows the first steps of the manufacturing of GelMA-
collagen matrixes that mimic the dermo-epidermal junction.
The process begins with the generation of a computer-assisted
design (CAD file) of the matrix (Fig. 1a) before defining the
voxel positions using Microlight® software (Fig. 1b). At these
positions, TPP is applied within 6 um?® voxels. To conduct cell
adherence, proliferation and viability tests, smaller matrixes of
500 x 500 pm are produced (Fig. 1c). The Young’s modulus at
different positions across the matrixes was measured by AFM,
indicating mean values of 20 + 1 kPa (position 1), 60 + 2 kPa
(position 2), and 129 + 4 kPa (position 3) (Fig. 1d). The top of
the domes was approximately six times stiffer than the valleys,
influencing fibroblast adherence and proliferation, as detailed
in section 3.2 and ESI results (Fig. 1St). In TPP, ruthenium
organometallic complexes were used as a photoinitiator,
which is toxic to cells if these complexes can diffuse freely
within the matrix. Therefore, FRAP experiments were per-
formed (Fig. 1e-h), to check if ruthenium fluorescence recov-
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ery was observed in the Region Of Interest (ROI, dotted white
boxes in Fig. 1e and f) after photo-bleaching this ROI at 100%
laser power. The absence of recovery within 50 minutes indi-
cates that ruthenium complexes surrounding the ROI did not
diffuse inside the ROI due to their covalent bonding to the
matrix during TPP. Note that a recovery time of 50 min is
sufficient for freely diffusible small fluorescent dyes in solu-
tion. These FRAP results are confirmed by a previous study
where the ruthenium fluorescence intensities of the TPP
matrixes and their stability in cell culture conditions remained
constant for at least 2 months.*®

3.2 Fibroblasts cell adherence, proliferation, and viability on
the 3D GelMA-collagen-ruthenium matrixes

In Fig. 2, the adherence and proliferation of fibroblasts stained
with green AB176735 cyto-painter on the GelMA-collagen-
ruthenium matrixes were followed for 14 days. Initially, on day
1, fibroblast adherence was observed only on the domes of the
matrixes (Fig. 2b). In a sequential recording of z-stack acqui-
sitions, fibroblasts that adhered to the matrix at soft positions
migrated towards the top of the domes (Fig. 2¢). In compari-
son, fibroblasts in the softer areas (~20 kPa) in between the
domes showed either cell cycle arrest or cell death exhibiting
neither migration nor proliferation (Fig. 1S, ESIT). At day 14,
fibroblasts clustered around the top of the domes, with dead
cells located inside the chronic hypoxic areas, as indicated by
propidium iodide staining. These experiments were repeated 3
times and gave similar results.

In the next series of experiments, cell viability was analysed
on the 7™ day following seeding (Fig. 3). The nuclei of all fibro-
blasts were stained with Hoechst and propidium iodide (PI),
and the proportion of dead cells was determined based on the
number of cell nuclei stained with PI (marked by white dotted
circles in Fig. 3b, and note that PI only diffuses into the nuclei
of dead cells). The mean percentage of dead cells was only 4.0
+ 0.4% compared to a vast majority of live cells of 96 + 2% (n =
5 matrixes). In Fig. 3a & b, the cell density at the bottom of the
Petri dish was compared to the density at the top of the
matrix. The mean cell density at the bottom of the Petri dish
was 2000 + 143 cells per mm?®, whereas at the top of the
matrix, it was 1357 + 286 cells per mm?. The differences in cell
density are significant: p = 0.007 (unpaired two-tailed ¢-test).

The 3 boxes in Fig. 3c show 3 planes of a z-stack acquisition
at the bottom (left box), halfway (middle box), and top (right
box) of the matrixes. Fibroblasts remained at the surface of the
matrix, probably due to TPP resulting in matrixes with a high
cross-linking density, hindering the migration of fibroblasts
inside the 3D structures. Similar results were obtained for the
2D DLP matrixes (see section 3.3). The images in the boxes of
Fig. 3c demonstrate that fibroblasts prefer stiffer matrixes and
surfaces, leading to a heterogeneous distribution at the top of
the domes within the matrix, cf. the right box of Fig. 3c.

This second series of experiments showed that fibroblasts
adhered, migrated, and proliferated on the surface of 3D
GelMA-collagen-ruthenium matrixes. The results showed the
preference of fibroblasts for stiffer domes over the softer

Biomater. Sci, 2024,12,1738-1749 | 1743


https://diva.pasteur.fr/download/
https://diva.pasteur.fr/download/
https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
https://diva.pasteur.fr/
https://diva.pasteur.fr/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3bm01849k

o)}
™
3
5]
0
N
o
I
3
o
5
=}
c
S
B
kS|
o
[=
8
[a)
N
o
«
o
B
kel
8
N
—
c
S
B
@
Ko}
T
g
)
%
3]
<
@
o3
O

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

icc) R

View Article Online

Biomaterials Science

Top view

-

TP TS

Frrssszzsasswm

Side view

Top view Top view

Side view

Side view

Fig. 2 3D Time-lapse studies of 3T3 NIH mouse fibroblasts cell proliferation on the 3D GelMA-collagen matrixes. (a & b) Shows 3D two-photon
images of the top view (a) and side view (a) of the red GelMA-collagen matrix with green fibroblast cells at day 1 after cell seeding using the green
fluorescent cyto-painter (ab176735) before seeding. The scale bar is 100 um. The 3D image is the last 3D image of 2 h time series with a Z-stack
acquisition every 5 min. The white box size is 469 x 469 x 112 um. Z-Stack acquisition was performed using a 20x objective with an excitation wave-
length of 900 nm. (c) Detail of the white dotted ROI in (a) showing the adherence over time of green fibroblast cells to the rigid base of a dome
(white dotted circles). The time between 3D images is 15 min. Fibroblasts showed more adherence on the rigid domes compared to the softer
valleys in between the domes (cf. fig. 1e and f). (d & e) Top view (d) and side view (e) of the fibroblast distribution at day 7 after seeding. The box size
is 469 x 469 x 344 pm. The domes are more crowded by cells than the valleys. The scale bar is 100 pm. (f & g) Top view (f) and side view (g) of the
fibroblast distribution at day 14. The box size is 469 x 469 x 202 um. The red fluorescence signals inside the fibroblast aggregates in the side view
(g) are dead cells stained by PI. The scale bar is 100 pm.
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Fig. 3 Cell viability studies of fibroblast cells on GelMA—collagen matrixes at D7. (a & b) 3D two-photon image of the corner of a red matrix with
fibroblast cells adherence on the matrix and on the bottom of the Petri dish at day 7 after cell seeding. The white box size is 469 X 469 x 228 ym,
and all images are top views. The cytoplasm of the fibroblasts is stained by the green fluorescent cyto-painter ab176735 (a), all nuclei by Hoechst
33342 (blue — green fluorescent), and the nuclei of the dead cells by PI (b, red fluorescence in dotted white circles). The mean percentage of dead
and living cells at day 7 were respectively 4.0 + 0.4% and 96 + 2% (n = 5 matrixes). The mean cell density at the bottom of the Petri dish was 2000 +
143 cells per mm?, and at the top of the matrix was 1357 + 286 cells per mm?. The differences in cell density are significant: p = 0.007 (unpaired &
two-tailed t-test). The scale bar is 100 um. (c) Individual slices of a z-stack acquisition of 114 slices showing the nuclei of all fibroblasts, starting at
the bottom of the Petri dish, (left box) halfway through the matrix (middle box), and on the top of the matrix (right box). The scale bar is 100 pm.

regions between the domes (¢f Fig. 1d). Importantly, the
matrix was not cytotoxic, because the mean percentage of dead
cells was only 4.0 + 0.4% at day 7 after seeding. Taken together
with our FRAP results, this confirms that the ruthenium com-
plexes are covalently bonded to the matrixes and do not
diffuse freely in the hydrogel.

3.3 Fibroblasts cell adherence, proliferation, and viability on
1 mm thick 2D GelMA matrixes obtained using a DLP setup

The advantage of DLP is the ability to produce large-area
matrixes in a short period of time compared to TPP (Fig. 4a).
The DLP protocol using one photon exposure at 405 nm took
5 minutes to produce a large matrix of 1 mm in thickness. The

This journal is © The Royal Society of Chemistry 2024

production time of a DLP matrix does not depend on its size
in the x and y directions but rather on the number of layers in
the matrix. In our case, a single image (one layer) is projected
by the UV LEDs on the printing platform. Note that in com-
parison to visible light photopolymerization in TPP, photo-
crosslinking at 405 nm (near UV) may affect cell viability and,
therefore, could limit the use of DLP at this wavelength for
applications using bio-ink materials in tissue engineering.
Unlike TPP structures, DLP matrixes are invisible on a two-
photon microscope when using the LAP photoinitiator.
Consequently, fluorescein-acrylate was covalently bound to the
matrix materials during crosslinking (Fig. 4b & c). Indeed, in
FRAP experiments, no fluorescein fluorescence was recovered
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Fig. 4 2D GelMA-collagen LAP matrixes. (a) Colour photo of large 2D GelMA—-collagen matrixes in a Petri dish. The scale bar is 1 cm. (b & c¢) 3D
two-photon images of a top view (b) and side view (c) of a GelMA—-collagen LAP matrix after a homogeneous staining with covalently bonded fluor-
escein-acrylate. The white box size = 469 x 469 x 350 pm. The scale bar is 100 um. (d) FRAP analyses of the green fluorescence recovery of fluor-
escein acrylate after photobleaching (see insert) for the white dotted ROI in the region of photobleaching at the top of the matrix. No fluorescence
recovery was observed during 50 min. (e & f) 2D two-photon images for the analyses of the fibroblast density at D14 after cell seeding for 3 different
locations at the surface of the matrixes of different stiffnesses. Fibroblasts did not enter any of the matrixes but showed a strong adherence on their
surfaces. (e), soft matrixes (37 + 12 kPa), and mean fibroblast density was 329 + 52 cells per mm?. All nuclei were stained with Hoechst 33342 (blue
staining) and Propidium lodide (PI, red staining for dead cells). No dead cells were detected. (f) stiff matrixes (191 + 35 kPa), and mean fibroblast
density was 1963 + 159 cells per mm? (significantly different to the soft matrixes, p < 0.0001, unpaired two-tailed t-test). The cell density was ana-
lysed inside the white dotted rectangular in order to exclude the black area outside the matrix at the left bottom of the image. Hoechst 33342 was
replaced by SYTO-13 (green staining), which led to a strong fluorescence intensity for nuclei staining that was subtracted to allow the green endo-
fluorescence of the fibroblasts to be more visible. The insert in the first image shows the confluence of the fibroblasts on the top of the matrix. The
greater confluence due to the higher cell density caused more cell death, which was observed by the red PI staining in the main images. These dead
cells were excluded from the cell density estimations. The scale bar is 100 pm.
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after photo-bleaching a ROI at the top of the matrix (Fig. 4d),
indicating that fluorescein acrylate cannot diffuse freely in the
matrix. An advantage of this dye is that it can be used as a bio-
optical sensor for local pHpatrix measurements.*?

Fig. 4e & f show the fibroblast density (cell per mm?®) on
both a soft 2D matrix (Young’s modulus: 37 + 12 kPa) or a stiff
2D matrix (Young’s modulus: 190 + 35 kPa), which were pro-
duced using respectively 100 or 200 mg of gelatine methacry-
loyl in the DLP photoresist formulation. Representative results
of Young’s modulus distribution of these matrixes determined
by microindentation (see section 2.6.2 for details) are shown
in Fig. 2S.7 Note that those Young’s moduli are comparable to
the soft (valleys) and stiff areas (domes) of the 3D TPP
matrixes. On Day 14 after cell seeding, the mean fibroblast
density was significantly higher (1963 + 159 cells per mm?, p <
0.0001, unpaired two-tailed t-test) on the stiff DLP matrixes
compared to the soft ones (329 + 52 cells per mm?). These
results corroborate the previous analysis of 3D TTP matrixes
with better fibroblast adherence and proliferation on the
stiffer domes (~130 kPa) compared to the softer parts of the
matrix (~20 kPa).

The stability of the stiff (190 kPa) DLP matrixes was tested
in vivo on a mouse model that expressed GFP in all mono-
nuclear phagocytes, see Fig. 5. This matrix was chosen because
it showed the highest fibroblast density at Day 14, see Fig. 4f.

Side view

Fig. 5 In vivo stability analyses of stiff (190 kPa) DLP matrixes at D14. (a)
A transgenic C57BL/6 mouse with a dorsal skin fold chamber fixed in a
holder for two-photon microscopic analysis. The white dotted ellipse
indicates the nearly transparent and stiff DLP matrix. The scale bar is
1 cm. (b) A 3D two-photon image showing the side view of the matrix
inside the chamber at D14. The green spots on the surface are
macrophages®F*. Box size: 694 x 694 x 250 pym. The scale bar is
100 pm.
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On Day 14, after implantation of the matrix, the stiff DLP
matrix was stable without any signs of degradation. Otherwise,
Macrophages®*™* would have penetrated inside the matrix.
Here, they were only present at the surface of the matrix at a

low density: 51 + 9 n mm™>.

4. Discussion

We have developed a photo-crosslinked gelatine-collagen
matrix (GelMA) that mimics the dermo-epithelial junction, an
important attachment site between the basal epidermis and
dermis, and crucial for skin integrity. The GelMA matrixes
were fabricated using Two-Photon Polymerization (TPP) either
one-photon crosslinking using a Digital Light Processing
(DLP) setup.

Various natural polymers are used for skin tissue engin-
eering, such as alginate, hyaluronic acid, chitosan, silk
fibroin, poly-caprolactone, and poly(lactic-co-glycolic acid).
However, these polymers lack cell adhesion motifs like
ArginylGlycylAspartic acid (Arg-Gly-Asp or RGD) and, there-
fore, need additional chemical modifications.'”” While most
of these polymers are biocompatible, they are not bioactive
in the skin, a characteristic seen in collagen and gelatine
hydrogels. In a recent study, a combination of silk glycidyl
methacrylate (GMA) and GelMA was explored to simul-
taneously enhance the stability and the tensile strength of
the matrix and preserve cell adhesion motifs.'® Leveraging
the soft gelation property and an improved tensile strength
using silk GMA, will help to rapidly cover the wound, improv-
ing scar quality, and enhancing functional outcomes. 3D
(Bio)printing techniques that are used in skin regeneration
were recently reviewed.'”""°

Here, TPP produced a GelMA that mimicked the dermal-
epidermal junction, achieving a remarkable 3D spatial resolu-
tion. Our TPP protocol allowed us to modulate the voxel
density, essential for controlling the matrix microstructures.
This capability allowed us to generate high-stiffness matrixes
that optimized the adherence and proliferation of fibroblasts.
To illustrate this point, we engineered a matrix featuring
micro-structured domes, controlled by a high voxel density
(resulting in Young’s modulus of 130 + 4 kPa), and valleys,
controlled by a lower voxel density (yielding Young’s modulus
of 20 + 1 kPa). Our cell-culture experiments clearly demon-
strated that fibroblasts had better adherence, proliferation,
and viability on the stiffer domes compared to the softer
valleys within the TPP matrixes. However, despite the ability to
craft high-resolution microstructures of different stiffness
levels, the manufacturing speed of TPP matrixes was slow:
0.002 mm?* min~'. For example, TPP matrixes to cover large
wound areas of several cm® will take at least one week using
this photo-polymerization technique. Moreover, achieving an
overall stiffness of around 150 kPa needed for optimal adher-
ence and proliferation of fibroblasts would require a higher
voxel density for photo-polymerization, inevitably elongating
the manufacturing time.
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To overcome this problem of manufacturing speed, we uti-
lized a DLP setup to decrease considerably the manufacturing
time of large 2D GelMA matrixes. DLP is a highly efficient
method of layer-by-layer printing compared to point-by-point
printing using TPP.>° Note that Saha et al. combined the
advantages of TPP and DLP printing and developed a femtose-
cond projection TPP technique, where they could print
complex 3D structures that maintained pm features at a speed
3x faster than classical TPP.>' However, their speed is still far
beyond the speed for matrix fabrication using a DLP setup.

Using one-photon crosslinking in our DLP setup, we were
able to tune the stiffness to the high Young’s modulus (190 +
35 kPa) required for optimal fibroblast responses by using the
same amount of gelatine methacryloyl as for TPP. The 2D
matrixes have a simple configuration in this study (direct
exposure of a thin layer, ¢f. Fig. 4d). Still, we increased the
surface area to provide better adherence to the dermis by
incorporating honeycomb-like structures (c¢f. Fig. 3S in ESIT).
Our ongoing work will explore 3D layer-by-layer DLP tech-
niques to manufacture real 3D structures.”> With our setup,
crosslinking is performed using LED sources at 405 nm, which
may be replaced by LED sources at longer wavelengths to
increase the penetration depth inside the photoresist. This
should result in a more homogeneous crosslinking and
achieve higher cell compatibility and wider application pro-
spects, including the use of bioink materials in tissue
engineering.'”"°

GelMA-collagen matrixes can be easily transformed into
smart matrixes, including bio-optical sensors for monitoring
inflammation and wound healing processes.>*®** Smart
wound dressings help distinguish between wounds with tran-
sient or chronic inflammation, which often occur in dia-
betes.’® The latter should be treated as early as possible to
avoid permanent tissue damage and wounds failing to achieve
closure. Indeed, in diabetic patients, the glycation of proteins
reduces the process of angiogenesis and consequently limits
cell proliferation and wound repair in hypoxic conditions.>*
The stiffness of gelatine hydrogels can be tuned to stimulate
the adherence, proliferation, and migration of vascular endo-
thelial cells during angiogenesis.*® Furthermore, smart gela-
tine hydrogels with optical biosensors for local measurements
of POytissue aNd PHissue Will help in online monitoring of the
wound healing process and reoxygenation.

In TTP, a ruthenium complex was used as a photoinitiator:
the red fluorescence of these complexes was used for analysis
of the matrix structure on a two-photon microscope, and
changes in the fluorescence intensity of these complexes can
be used for local pO,ssue analysis, see previous study.'®
During inflammation processes, the O, consumption of mono-
nuclear phagocytes increases in the acute phase, which results
in transient hypoxia inside the wound until the end of the
resolution phase.”’ In chronic inflaimmation, the hypoxia
status of the wound will be maintained if the mononuclear
phagocyte density remains high. Thus, monitoring the
POatissue in wound dressings helps distinguish between transi-
ent and chronic inflammation processes. In the present study,
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FRAP analysis confirmed that ruthenium complexes became
covalently bonded to materials during crosslinking and are
therefore ideal bio-optical sensors for local pOymatrix Measure-
ments in time. We obtained similar results for the DLP GeIMA
matrixes, which will be published in a future paper.

Here, our protocol for preparing the large matrixes using
the DLP setup included a modified photo-resist with fluor-
escein-acrylate. This had the advantage of rendering the
matrixes visible on a two-photon microscope. An additional
benefit is that the fluorescein can be used for online pHyissue
analysis in a wound dressing, which is, like the pOsissue; an
important physiological parameter for following inflammation
processes and wound healing. A skinwound is in an alkaline
state before healing and progresses via a neutral to an acidic
pH when the wound healing is completed.>>***¢ On the con-
trary, the pHyssue in wounds with a chronic inflammation will
oscillate around basic pH values, thus, a distinction between
wounds with a transient or chronic inflammation would be
possible. The presence of both optical biosensors for pOyissue
and pHyissue analysis will provide a more complete picture of
the wound healing processes.

In our in vivo pilot studies on mice, 2D GelMA collagen LAP
matrixes with a Young’s modulus of 190 kPa were stable for a
minimum of 14 days. In the present study, fibroblasts reached
a state of complete confluence at D14 on these matrixes,
which means that they can probably produce the new extra-
cellular matrix before total degradation of their host matrix
and ensure skin repair.

5. Conclusions

DLP using biocompatible photoresists (i.e., GelMA) is more
suitable than TPP for the fast manufacturing of large matrixes
for skin regeneration. Fibroblasts showed optimal adherence
and proliferation, achieving a complete confluence by Day 14
on DLP GelMA matrixes with a Young’s modulus of 190 + 35
kPa. Indeed, the amount of GelMA in formulation controls
Young’s modulus, which provides a means to optimize fibro-
blast adherence and proliferation. Increasing its mass concen-
tration leads to an increase in the young modulus. Future
in vivo studies on mice will analyse the effects of an artificial
dermal-epidermal junction, which is expected to enhance the
surface area for interactions with the dermis in wounds.
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