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Abstract

There has been a huge demand for engineered skin tissues in the realms of both
in vitro and in vivo applications. Selecting the right material scaffold is a critical
consideration in making engineered skin tissues, since it should possess a good
balance between elasticity and mechanical stability while promoting an adequate
cell microenvironment to support both the dermal and the epidermal compartments
of skin tissue. In this study, 3D-bioprinted norbornene-pullulan photocrosslinkable
hydrogels were utilized as alternative scaffolds to produce epithelized dermal skin
models. By employing visible light, 2.5 mm? cell-laden hydrogels could be printed
in 10 s. The thiol-ene photocrosslinking chemistry employed in this work enabled
the formation of a well-defined extracellular matrix with orthogonal crosslinks,
where encapsulated fibroblasts maintained high cellular viability rates. Through
this method, an epidermal layer could be grown on top of the fibroblasts. The
coexistence and interaction of human fibroblasts and keratinocytes were visualized
by determining the expression of specific markers. This approach represents a
promising starting point for the development of photocrosslinkable hydrogel-based
human skin constructs by using thiol-ene norbornene chemistry, paving the way
toward manufacture of complex in vitro models of human tissues.

Keywords: Skin models; Photocrosslinkable hydrogels; Pullulan;
Light-based 3D bioprinting

1. Introduction

The skin structure can be organized into three major layers, namely hypodermis,
dermis, and epidermis, with each of the layers providing different mechanical properties
depending on its cellular composition and type of structure.! Engineered skin tissues
can be employed in clinical applications, including skin substitution and advanced
wound dressing, as well as in the pre-clinical scenarios to facilitate drug absorption,
disease modeling, and cosmetic studies. An ideal engineered skin tissue should be easy
to prepare, resistant mechanical shear forces, and suitable for cells to adhere, grow, and
vascularize, in both epidermal and dermal compartments.>’
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Collagen represents the gold-standard biomaterial for the
fabrication of skin surrogates since it is the main structural
protein found in connective tissues, including the skin,* and
the most abundant protein in the extracellular matrix.>®
Usually, collagen is derived from raw materials such asbovine
and porcine tissues,” possessing good flexibility, as well as
thermal and enzymatic stability. Different collagen-based
models have been developed as in vitro systems, including a
model for irritation testing.® In vivo clinical skin equivalents
built with collagen have also garnered considerable interest.
An example is FortiCell Bioscience, designed by Orcel®,
which integrates human epidermal keratinocytes and
dermal fibroblasts cultured on a type I bovine collagen
substrate. This innovative formulation is specifically
tailored to address the complexities of wound healing in
limb afflictions, notably skin ulcers and diabetic conditions.
However, it is not exempt from drawbacks. It has been
observed that natural collagen is fraught with a perennial
problem of batch-to-batch variability, which is not easy to
address. It also may produce pathogenic adverse reactions,
evidenced by the side effects of bovine collagen implants
identified in a small percentage of treated patients.”® In
addition, collagen scaffolds tend to collapse under traction
forces, especially when the cells are embedded, thus
compromising the mechanical stability of the constructs.!!
While culturing, fibroblasts may contract collagen-based
hydrogels, causing the loss of close connection between the
epidermal layer and the corresponding cell culture support,
leading to the loss of skin barrier function.’? Hence, some
reinforcements are necessary to improve the mechanical
properties and to reinforce the gel, as reported in a study by
Bacakova et al."! where a nanofibrous poly-L-lactide (PLLA)
membrane was used.

In this context, artificial, recombinant, and synthetic
collagens are becoming new options."” Also, alternative
biomaterials are being considered. Owing to their
hydrophilic nature and variable degree of swelling,
hydrogels has a better capability in mimicking natural
soft tissue than any other types of polymeric biomaterials,
proving good biocompatibility, and thus, resulting in
attractive scaffolds for cell encapsulation.* Gelatin,
which is a natural polymer obtained after hydrolysis and
denaturation of collagen, has been used as wound dressing
mostly in the form of gelatin methacrylate (GelMA), which
allows light-based chemical crosslinking of the chains,
adding further mechanical stability than just physical
crosslinking.”” Methacrylate kappa-carrageenan (kCA)
hydrogels, based on kCA, a natural linear water-soluble
polysaccharide, have also been employed for this purpose
since kCA resembles natural glycosaminoglycan structure,
supplying physical and chemical properties similar to
those in native human skin '* Hyaluronic acid (HA), which

is a non-sulfated glycosaminoglycan, can also be viewed as
an alternative. It participates in several crucial functions
in vivo, such as tissue hydrodynamics and regulation in
wound healing processes, generating networks that are
suitable for cell growth and migration, thereby promoting
angiogenesis."”'® For in vitro applications, synthetic
polymers are regarded as excellent alternatives due to
their non-degradability, reproducibility, and ability to
endure long-term studies, as in the case of polyethylene
glycol (PEG) and polyvinyl alcohol (PVA). However, some
limitations also occur when they are used alone, such as
insufficient elasticity. Thus, they could also be blended with
natural polymers to develop new materials with enhanced
properties, specifically for applications in wound healing.*
Pullulan (PLN), a water-soluble microbial polysaccharide,
is an emerging biopolymer with a set of advantageous
properties: it is non-immunogenic, non-toxic, non-
carcinogenic, non-mutagenic, and hemocompatible.”** It
is also a water-soluble, environmentally friendly polymer.
PLN can be crosslinked forming hydrogels with excellent
mechanical properties such as tensile strength and
modulus, which are attractive for several biomedical and
engineering applications, including the production of skin
surrogates. To this end, it has been employed together with
gelatin to create dermal substitutes both for in vitro and in
vivo testings.”

To produce tissue-engineered constructs, one
popular approach is the use of three-dimensional (3D)
extrusion bioprinting techniques.” However, despite the
uncontested usefulness, obtaining bioinks with shear
thinning properties and addressing the nozzle clogging
issues triggered by bioinks still impose some limitations.”*
As an alternative, light-based systems have recently gained
popularity for the fabrication of tissue constructs, offering
improved spatial resolution, pattern fidelity, and increased
fabrication speed.”? These systems involve a light source,
typically ultraviolet (UV) or visible light, and low-energy
dosages that minimize cell toxicity. A pre-gel solution
containing a photoinitiator and eventually a cell suspension
is then crosslinked upon illumination. By including a light-
patterning feature, modulating the printing parameters,
and selecting the proper photopolymerizable materials,
3D cell-laden scaffolds with high cell viability can
be produced.”

In this study, a novel photocrosslinkable bioink suitable
for the engineering of human skin constructs is presented.
This bioink capitalizes upon the excellent properties of
PLN, which was further functionalized with norbornene
groups to form hydrogels upon thiol-norbornene
photopolymerization.” Upon visible light irradiation, in
the presence of a photoinitiator, PLN hydrogels were then
formed through a thiol-ene click reaction. Compared to
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commonly used radical-mediated polymerization, the
thiol-ene click reaction is faster, employs less photoinitiator
concentrations, and is not inhibited by oxygen, resulting
in hydrogel network with a highly ordered structure.?-°
Here, norbornene-pullulan (N-PLN) formulations
combined with different crosslinkers were successfully
employed as a bioink in a customized direct laser writing
(DLW) set-up to produce epithelized dermal skin
constructs. The dermal compartment was created through
the photocrosslinking of a pre-gel solution containing
human fibroblasts, while the epidermal compartment
was developed by seeding human keratinocytes on top
of the fibroblast-laden hydrogels. As shown in this study,
fibroblasts could survive, elongate, and spread within the
N-PLN matrix up to 24 days post-encapsulation, without
showing matrix contraction or collapse due to the cells’
presence. Immunostaining studies revealed the expression
of basement membrane proteins and keratinocyte surface
colonization, consistently characteristic of an epidermal
compartment, thus indicating the successful recapitulation
of a skin-like structure. This approach, combining visible-
light photopolymerization and N-PLN -based materials,
presents a promising method for the fabrication of human
skin constructs, which is readily employable in in vitro drug
evaluation for pharmacological and toxicological testing.

2. Materials and methods

2.1. Materials

N-PLN, RGD-modified N-PLN (RGD-N-PLN), thiol-
modified polyethylene glycol (PEG-link; 3-D Life PEG
Link, L50-1), and thiolated HA modified with a matrix
metalloproteinase (MMP)-cleavable peptide (HA-MMP-
link) were obtained from Cellendes GmbH, Germany. The
HA-MMP-link lyophilisate was dissolved in Milli-Q water
to obtain a concentration of 10 mmol/L thiol groups. The
freshly dissolved lyophilisate was gently vortexed and

incubated for 1-2 h on ice (while shaking occasionally) or
at 4°C overnight, followed by an additional gentle mixing.
RGD-N-PLN was provided in a solution containing 2.8
mmol/L RGD peptide and 10 mmol/L norbornene groups.
A conjugation buffer (3D-Life 10x CB Buffer, pH 7.2;
B20-3, Cellendes GmbH, Germany) was also included in
the formulation with RGD-N-PLN. Lithium phenyl (2, 4,
6-trimethyl- benzoyl) phosphinate (LAP) (TCI Chemicals)
was used as a photoinitiator.

2.2, Preparation of norbornene-pullulan

pre-gel solutions

Two different pre-gel solutions based on N-PLN were
prepared: (i) N-PLN in combination with a thiol-
conjugated PEG-link (Formulation 1, containing N-PLN,
PEG-link, and LAP), and (ii) RGD-N-PLN in combination
with HA-based linker, HA-MMP-link (Formulation 2,
containing RGD-N-PLN, HA-MMP-link, and LAP).
Orthogonal thiol-ene click chemistry was selected as
an alternative to the homopolymerization reactions of
acrylates or methacrylates for the fabrication of hydrogel-
based scaffolds due to its extremely fast photocrosslinking
reaction, resulting in homogeneous structures with
a high degree of control over the number of reacted
functionalities.”** Once it starts, the radical step-growth
reaction advances in a stochiometric ratio until the limited
moiety (thiol or norbornene) is depleted or unavailable
(Figure la). As a result, the gelation can be achieved
within seconds, with a low concentration of photoinitiator
or macromer.*!

To create the scaffold, a pre-gel solution was prepared
(~150 uL) by mixing the combination of polymer and
crosslinker (Formulation 1—N-PLN: PEG-link: LAP
= 5 mM: 4 mM: 0.2 mM; and Formulation 2—RGD-
N-PLN: HA-MMP-link: LAP = 0.92 mM: 2.5 mM: 2.5
mM: 0.5 mM) in MilliQ water, in the presence of LAP
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Figure 1. Photopolymerization process of norbornene-based hydrogels. (a) Reaction mechanism of norbornene-based thiol-ene click chemistry.
Reprinted with permission of John Wiley and Sons, Copyright © 2024 Wiley Inc.*' (b) Schematic illustration of hydrogel photopolymerization with Hs-27
encapsulation and consequent mounting within Transwell inserts. Scale bars = 1 mm.
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as a photoinitiator. Formulation 1 was freshly prepared
by dissolving the reagents in MilliQ water at room
temperature. In the case of Formulation 2, 1x conjugation
buffer (CB Buffer) was added. The pre-gel solutions were
either photocrosslinked or stored at —20°C until the next
use. In the case of cell-laden constructs, a cell suspension
of Hs-27 human foreskin fibroblasts (5 x 10° cells/mL) was
prepared and mixed with the pre-gel solution right before
photocrosslinking (Figure 1b).

2.3. 3D bioprinting system: Direct laser writing

A custom-made 3D bioprinting system based on DLW
technique was employed to fabricate the hydrogel-based
skin scaffolds. The apparatus is composed of (i) an optical
setup consisting of a 405 nm laser diode (DL5146-101S,
Thorlabs, NJ, USA), a collimator (LTN330-A, Thorlabs),
a lens tube with a HR 10x objective with 0.45 of N/A
(Edmund Optics, NJ, USA) coupled to a motorized DC
servo actuator (z-axis) (Z-series, Thorlabs), and (ii) a
motorized translational stage, movable in x-y plane
(Z-series, Thorlabs). All the adaptors and connectors are
also from Thorlabs. The system is connected to a personal
computer, which enables the control of the writing
parameters, such as the speed and acceleration of the
translational stage, in both x and y directions, through
LabView software. The laser beam parameters, like the focus
and the aperture, can be manually adjusted while the light
intensity is regulated by a power supply (LDC200C Series,
Thorlabs). Rectangular-shaped hydrogels (5 mm x 1 mm x
0.5 mm) can be crosslinked on a variety of supports, such
as well-plates, cover glasses, or PET membranes. For that
purpose, the pre-gel solutions were exposed to light at a
power ranging from 1 to 41 mW for 10-15 s while the stage
was translated in the x or y directions at a variable speed
(0.15-0.30 mm/s). More complex in-plane geometries, for
example, grids and circles, can also be printed combining
movements of both x and y motors at the same time. The
working volume of the hydrogel solutions to be printed
was minimized by using circular PDMS pools (6 mm
in diameter and 0.5 mm in height), resulting in a 15 pL
solution per printed sample, proving the cost-effectiveness
of using biopolymers (Figures 1b and S1, Supporting
Information). Right after photopolymerization, samples
were washed with phosphate-buffered saline (PBS) and
kept in submerged conditions at 4°C (without cells) or
37°C (with cells embedded) for later use.

2.4. Mechanical characterization of norbornene-
pullulan hydrogels

2.4.1. Volume swelling analysis

To characterize the swelling properties of the hydrogels,
pre-gel solutions were irradiated at 405 nm wavelength
(Table 1) to photocrosslink hydrogels on top of

previously silanized PET membranes. Immediately after
photocrosslinking, the samples were washed with PBS
to remove non-photocrosslinked residues and carefully
wiped with a Kimwipes® tissue (Kim Tech Science).
Hydrogels were then kept in PBS at 37°C to induce
swelling. Pictures of the hydrogels were taken at different
time points with an optical microscope (MZ10 F, Leica,
Germany), and the scaffold dimensions were checked and
analyzed using Image] software. The volumetric swelling
ratio was calculated as volume increase due to the swelling
(difference between the swollen volume at a certain time
“t” and the initial volume at time 0) and the initial volume
at time 0.

2.4.2. Rheology analysis

For the rheology analysis, hydrogels were fabricated
by in situ crosslinking within the analysis apparatus.
A Discovery HR-2 rheometer equipped with an 8 mm
parallel Peltier plate and a UV light source (100-400 nm)
(Lightning cure™ LC8 Hamamatsu) was employed for this
purpose. Drop volumes of 13 uL of pre-gel solutions were
crosslinked with 87.6 mW/cm? power density, measured
at the crosslinking plane. The storage (G’) and loss (G”)
moduli were obtained as a function of the oscillation strain
for both pre-gel formulations, by applying a sweep of
amplitude between 0.01% and 10°% and keeping constant
the frequency to 1 Hz with a fixed running temperature
of 25°C. Assuming a Poisson’s coeflicient value for the soft
hydrogels of 0.5,” Young’s modulus (E) was calculated
from the values of the complex modulus (G*), derived
from G’ and G” data.

2.5. Fabrication of cell-laden norbornene-pullulan
hydrogels

Human foreskin Hs-27 fibroblasts (ATCC-CRL 1634) were
used in this study to mimic the dermal compartment of the
skin-like constructs. Hs-27 were cultured and expanded
in 25 cm? flasks in Dulbecco’s Modified Eagle’s Medium
(DMEM; Gibco, Thermo Fischer Scientific, MA, USA),
supplemented with 10% v/v fetal bovine serum (FBS;
Gibco, Thermo Fischer Scientific) and 1% v/v penicillin/
streptomycin (Sigma-Aldrich, MA, USA). Hs-27 was

Table 1. Printing parameters employed to produce samples for
mechanical studies

Polymer formulation Power (mW) Stage translational
speed (mm/s)
Formulation I: 13 0.3
(N-PLN: PEG-link: LAP) 22 0.3
30 0.3
Formulation 2: 22 0.3

(RGD-N-PLN: HA-MMP-
link: LAP)
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incubated at 37°C and 5% CO,. The culture medium was
changed every 2 days, and the cells were passaged twice
a week. To fabricate cell-laden scaffolds, Hs-27 cells (5 x
10¢ cells/mL) were first trypsinized and then resuspended
into the freshly prepared pre-gel solutions. For cell culture,
hydrogels (5 mm x 1 mm X 0.5 mm) were printed on
top of silanized PET membranes of 0.4 um pore size and
10 mm diameter (it4ip). Then, they were washed with
warm cell culture medium supplemented with normocin
(1:500; InvivoGen, CA, USA), mounted within Transwell®
inserts (Corning®, NY, USA) through double-sided
pressure-sensitive adhesive rings,* and kept in submerged
conditions at 37°C and 5% CO,. The medium was replaced
every 24 h.

2.5.1. Cellular viability

Cell viability assays were conducted on hydrogel scaffolds
with Hs-27 embedded at days 1, 3-4, and 7 after the
encapsulation, for both formulations, using the calcein-
AM/ethidium-homodimer Live/Dead kit (Invitrogen,
MA, USA). The gels were incubated with the reagents at
37°C for 20 min, prior to microscopic imaging. During
the incubation, the gels were maintained in the 24-well
plates covered by aluminum foil, to protect them from
light. The cell viability was monitored by a confocal laser
scanning microscope (LSM 800, Zeiss, Germany), and the
percentage of viable cells was determined manually using
Image] software (http://imagej.nih.gov/ij, NIH).

2.6. Fabrication and characterization
of human skin-like constructs based on
norbornene-pullulan hydrogels

2.6.1. Fabrication of 3D human skin-like constructs

Human skin-like constructs were fabricated by seeding
HaCaT human keratinocytes (CLS 300493, CLS Cell Lines
Service GmbH, Germany), on top of the dermal structure
previously generated 3 days after the encapsulation of
Hs-27 cells. HaCaT cells were kept in culture in 25 cm?
flasks in DMEM (Gibco, Thermo Fischer Scientific),
supplemented with 10% v/v FBS (Gibco, Thermo Fischer
Scientific) and 1% v/v penicillin/streptomycin (Sigma-
Aldrich). The cells were kept in incubation at 37°C and
5% CO,. The medium was changed every 2 days, and
the cells were passaged twice a week. To create the co-
cultures, HaCaT cells were seeded at a density of 6 x 10°
cells/cm” on top of fibroblast-laden N-PLN rectangular-
shaped hydrogels (5 mm in length, 1 mm in width, and
0.5 mm in height) previously mounted in Transwell®
inserts. The cell culture medium employed for the co-
cultures was the same used for the maintenance of
HaCaT cells added with normocin (1:500; InvivoGen)
to prevent contamination, and it was exchanged every 2
days. The co-cultures were maintained for 21 days. For

the first 7 days post-HaCaT seeding, all the constructs
were kept under submerged conditions, which mean that
the culture medium was added both in the basolateral
and the apical compartments to fully surround and
cover the constructs. Later, ALI culture conditions were
applied to some of the scaffolds, by keeping the medium
in the basolateral compartment and leaving the apical one
exposed to the air.

2.6.2. Immunofluorescence analysis

The cell behavior within the hydrogels and on top of them
was characterized by immunostaining. Scaffolds were fixed
with 10% neutral buffer formalin solution (Sigma-Aldrich)
for 30 min at room temperature in shaking conditions, and
then permeabilized with 0.5% Triton-X (Sigma-Aldrich)
for 1 h at 4°C. After permeabilization, they were incubated
for 2 h at room temperature in shaking conditions, using
a blocking buffer solution composed of 1% bovine serum
albumin (Sigma-Aldrich), 3% donkey serum (Millipore),
and 0.2% Triton-X. For the samples containing only
fibroblasts, hydrogels were incubated first with primary
antibodies against vimentin (1:100; sc-6260, Santa Cruz,
TX, USA), fibronectin (1:200; F3648, Sigma Aldrich, MA,
USA), laminin (1:200; ab11575, Abcam, UK), collagen
IV (1:250; 134001, Biorad, CA, USA), and Ki67 (1:100;
ab16667, Abcam) overnight at 4°C, and then with anti-
mouse Alexa Fluor 568, anti-goat Alexa Fluor 647, and
anti-rabbit Alexa Fluor 488 (at 4 ug/mL each; Invitrogen,
ThermoFisher) as secondary antibodies for 2 h at room
temperature. DAPI (Thermo Fisher Scientific) was added
to stain the nuclei. For the samples containing fibroblasts
and keratinocytes, E-cadherin primary antibody (1:1000;
610181, BD Biosciences, USA) was used to better visualize
the HaCaT cells on top of the hydrogels, and keratin 14
primary antibody (1:400; 905301, Biolegend, CA, USA)
was used to identify keratin 14, a specifical marker of the
basal layer. After incubation, all the samples were flipped
down onto a glass coverslip and mounted using a drop
of Fluoromount-G® (Southern Biotech, AL, USA) to
prevent sample dryness. To avoid sample damage, PDMS
spacers (500 pm) were used. Z-stack images were collected
using a confocal laser-scanning microscope (LSM 800,
Zeiss) and subsequently processed using Image] software
(http://imagej.nih.gov/ij, NIH).

2.6.3. Transepithelial electrical resistance

To evaluate the integrity of the barrier formed by the
keratinocytes on top of the fibroblasts-laden hydrogels,
both in submerged and under air-liquid interface (ALI)
culturing conditions, the transepithelial electrical resistance
(TEER) was monitored for 21 days, starting just before the
HaCaT seeding. TEER values were also collected on control
samples (HaCaT only cultured on top of hard porous
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membranes). In this study, an EVOM3 Epithelial voltmeter
with an STX3 electrode (World Precision Instruments,
Germany) was employed. Experimental TEER values
obtained were corrected by subtracting the resistances due
to the hydrogels and the PET membranes and normalized
considering the surface area of the hydrogels.

2.7. Statistical analysis

Statistical analysis of data obtained from all the experiments
was performed. Data are presented as mean * standard
error of mean (SEM) or standard deviation (SD). The
graphs were plotted using GraphPad Prism 8.3.0 software
(GraphPad). Experiments for each working condition
and formulation were conducted in two to six technical
replicates. The Student’s t-test was employed to analyze
the differences in mechanical characterization and level of
markers. For cell viability, a two-way analysis of variance
(ANOVA) was performed.

3. Results and discussion

3.1. Initial printability tests and physical properties
of norbornene-pullulan-based hydrogels

Before the evaluation of the physical characteristics of
N-PLN-based formulations, the initial light-induced
printability of the two different N-PLN-based formulations
(Formulation 1 and Formulation 2) was assessed through
DLW, to identify the proper crosslinking molar ratio
between the polymer, N-PLN, and the crosslinkers. First,
N-PLN: PEG-link: LAP solution (Formulation 1) was
explored in this respect. Some studies have pointed out
that pullulan and PEG are not miscible in certain ratios
due to phase separation.’>** Upon visible light irradiation,
the pre-gel solution containing 5 mM N-PLN, 4 mM PEG-
link, and 0.2 mM LAP successfully forms a well-defined
crosslinked network, resulting in a shape-retaining scaffold
with good consistency and amenability to easy handling.
This performance surpasses that of other evaluated molar
ratios (5:1, 5:2, 5:3 for N-PLN: PEG-link), when using
the same printing parameters (power intensity of 22 mW
and a stage translational speed of 0.3 mm/s) (see Figure
S2, Supporting Information). This superiority may be
attributed to the optimal balance achieved between the
functional thiol (SH-) groups present in both the polymer
and the linker. As expected, a decrease in the molar ratio
between both species correlates with an increase in the
crosslinking rate, with the 5:4 ratio yielding the most
favorable gelation results.

Later, a hyaluronic acid-based crosslinker (HA-MMP-
link) was also examined using RGD-N-PLN: HA-MMP
Link: LAP solution (Formulation 2). This formulation
contains a thiol-modified-HA crosslinker coupled with
a matrix metalloproteinase (MMP)-cleavable peptide

sequence, which can be cleaved by a broad range of MMPs*”
and allows cells to locally degrade the polymer network if
they could produce the indicated MMPs. In the present
formulation, the N-PLN polymer was also functionalized
with RGD peptide to enhance the scaffold’s performance
when cells were included.

Initial printability tests showed defined gel geometries
using the following molarities for RGD: N-PLN: HA-
MMP-link: LAP = 0.92 mM: 2.5 mM: 2.5 mM: 0.5 mM,
with a molar ratio of polymer: crosslinker = 1:1, resulting
power intensity of 22 mW, and a stage translational speed
of 0.3 mm/s, which were the best printing parameters.

Upon determining the optimum molar content
(polymer: crosslinker), the impact of printing parameters
was evaluated on the gels’ properties. The volumetric
swelling ratio for Formulation 1 was first evaluated in
samples crosslinked using a power range of 13-30 mW and
a stage translational speed of 0.3 mm/s (Table 1). For all the
polymerization conditions tested, the equilibrium swelling
was reached after 48 hours, showing an overall water
uptake capacity of >10%, even though a peak of 27% was
reached for one specific crosslinking condition (22 mW,
0.3 mm/s, Formulation 1), indicating that this intermediate
power may promote the water absorption capability of the
network (Figure 2a).

The volumetric swelling behavior for Formulation 2
was evaluated using samples photocrosslinked with only
a power intensity of 22 mW and a stage translational
speed of 0.3 mm/s (previously optimized for the specific
molar ratio used), also considering the highest uptake
capacity registered for Formulation 1 with these printing
parameters. In this case, the equilibrium swelling ratio was
~20%, showing less capacity of these gels to retain water
within the scaffold (right column in Figure 2a), compared
to Formulation 1, and simultaneously suggesting a more
compact network.

The swelling is an important parameter to consider
since it depends on the crosslinking degree and the
porosity, having an impact on the bulk geometry,*® mass
transfer, and therapeutic delivery of substances.*!
The greater the extent of crosslinking, the less flexible a
hydrogel is to change phase, swell, or shrink, in response
to stimuli.*? Therefore, the choice of materials that exhibit
this property is fundamental. It was reported that pure
collagen-based gels did not show swelling; in contrast with
chemically crosslinked gels such as collagen-HA or thiol-
modified HA-based gels.”

The bulk mechanical behavior of the two different
formulations was also investigated. To this end, rheology
measurements were conducted to monitor the crosslinking

Volume 10 Issue 4 (2024)

227

doi: 10.36922/ijb.3395



International Journal of Bioprinting

N-PLN hydrogels for human skin modeling

(a)

304

Equilibrium swelling ratio (%)

F1

13mW 22mW 30 mW

sessssssssesssnse

Fi
F2

13 mW_F1
22 mW_F1
30 mW_F1
22 mW_F2

*kkk

== F1i
a F2

Young's modulus (kPa)

(b) -
g w0
g 10
o
g 104 ‘
E
o
E 10% T
= .
@
o
E jotdesesiessed
o I T
107 T T
0 5 10
Time (s)

Figure 2. Swelling and mechanical characterization of Formulation 1 and Formulation 2. (a) Equilibrium swelling ratios of hydrogels photopolymerized
using different working conditions (Formulation I: 13, 22, 30 mW with speed = 0.3 mm/s [n = 2 per condition], and Formulation 2: 22 mW with speed =
0.3 mm/s [n = 6]). (b) Complex modulus (G*, MPa) curves registered during the real-time crosslinking process for Formulation 1 (violet) and Formulation
2 (pink). The arrow indicates the timepoint when light was switched on. (c) Youngs modulus values were obtained for in situ polymerization tests
(Formulation 1 [violet, n = 4], Formulation 2 [pink, n = 5]). In all graphs, values are presented as mean + SD.

dynamics in real time within the rheometer while exposing
the prepolymer solutions to UV light (Figure 2b). When
the light is activated, the crosslinking reaction begins and
attains a polymerization plateau in under 3 s, evidencing
the rapid kinetics of the reaction. Under identical testing
conditions, Formulation 1 yielded a higher complex
modulus G* compared to Formulation 2, which is translated
to statistically significantly higher Young’s modulus values
(4954 Pa + 1015 and 3565 Pa + 1596, respectively; Figure
2¢), probably due to the higher N-PLN and PEG-link
concentrations as reported by Bachmann et al.** One of
the biggest challenges in tissue engineering facing the use
of hydrogels resides in the ability to resemble the tissues’
mechanical and viscoelastic characteristics.* Oftentimes,
hydrogel-based tissues present weaker mechanical strength
than their native counterpart.**” Moreover, the difference
in terms of stiffness is a crucial aspect since it can affect the
behavior of stem cells, fibroblasts, and other types of cells,
thereby affecting the process of tissue repair.”® Despite
the differences in terms of formulations’ composition,
due to the different crosslinkers and the presence of the
RGD peptide, Young’s modulus values are comparable
to soft gels used in skin tissue engineering (0.5-12 kPa
for acellular collagen scaffolds),” normally employed to
simulate dermal substitutes.

3.2. Ability of norbornene-pullulan hydrogels in
sustaining dermal cell culture

Human foreskin Hs-27 fibroblasts, acting as representatives
for the skin dermal compartment, were added to the
pre-gel mixtures at a density of 5 x 10° cells/mL, to test
cell viability and proliferation within N-PLN hydrogels
printed with a power of 22 mW. This cell density value was
selected to minimize light scattering interference on the
photocrosslinking process while still providing good cell-
cell communication.””*

Cell viability results for the two formulations tested
on days 1, 3-4, and 7 of culture are shown in Figure 3a
and b. The cell viability after printing (day 1) was high for
both pre-gel formulations: 84% + 5.5 for Formulation I
and 88% =+ 0.37 for Formulation 2, and viable cells were
found throughout the entire thickness of the printed
constructs (Figure 3a and b). In addition, after 7 days
in culture, fibroblasts remained mainly viable in both
formulations, reaching values higher than 74%, which are
remarkable compared to the values reported for human
dermal fibroblasts within gelatin-based hydrogels (42%).'
However, when comparing both formulations, we noticed
that while the fibroblasts in Formulation 1 remained visibly
roundish during culture, the cells within Formulation 2
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Figure 3. Cell viability and immunofluorescence studies of N-PLN cell-laden hydrogels. (a) Top maximum intensity projections and 3D views at days 1,
3-4, and 7 post-Hs-27 encapsulation for Formulation 1 and Formulation 2 after live/dead assay. Hydrogels were fabricated with these parameters: power =
22 mW, and beam speed = 0.3 mm/s. Live cells stained in green, and dead cells in red. Scale bars = 100 um. (b) Cell viability quantification based on live/
dead staining at days 1, 3-4, and 7 post-Hs-27 encapsulation for both formulations. Percentages of cell viability are expressed as mean + SEM (n = 2); ***p
< 0.0001. (c) Immunostaining of Hs-27 within Formulation 2 gels at days 1 (left panel) and 4 (right panel) post-Hs-27 encapsulation: vimentin (green),
collagen IV (red), Ki67 (magenta), nuclei (blue). Scale bars = 200 um (left) and 100 pm (right).

developed protrusions already since day 1 and looked
spread within the scaffolds (Figure 3a). Overall, these
results seem to point out the superiority of Formulation 2
in sustaining the culture of the fibroblasts, probably due to
the addition of RGD peptides in the polymer composition,
as these are peptide sequences known for promoting
cell-matrix interactions.”® Thus, we decided to delve
into the functionality of cells growing within hydrogels
formed from Formulation 2 by immunostaining. To do
this, we examined proliferative cells by staining for Ki67
and determining the presence of collagen IV, which is
produced and secreted by the fibroblasts. Cell morphology
was imaged after vimentin cytoskeleton staining.

Four days after encapsulation, vimentin was highly
expressed in the samples, with the cells totally spread along
the hydrogels, especially in the top section (40-50 pm
from the top surface) (right panel in Figure 3c). Indeed,
in the upper layers, the cells formed interconnections,
which were not visible yet in the middle layers (Figure S3,
Supporting Information).

Expressed at a low level on day 1 (left panel of
Figure 3c), the staining of collagen IV became more
conspicuous at the cells’ periphery 4 days post-Hs-27
encapsulation, proving the capability of the cells to
produce and secrete the protein (right panel of Figure 3c).
Moreover, some nuclei showed positive staining for Ki67,
therefore demonstrating the proliferative capacity of the
cells within hydrogels from Formulation 2. Recently, it has
been reported that N-PLN hydrogels produced by digital
light processing technique do not affect cell metabolic
activity nor promote apoptosis.”> Here, we showed that
light-based bioprinting of N-PLN polymers results in
hydrogels that not only provide good cell viability but
also permit cell proliferation and secretion of relevant
extracellular matrix proteins.

The study on these two formulations underscores the
importance to strike a balance between mechanical and
biological properties of the gels. Although Formulation
1 could slightly enhance elastic modulus, Formulation 2
appeared to be a more appropriate choice for supporting
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cells and stimulating their growth, due to the presence of a
natural-based crosslinker (HA) and RGD peptide.

3.3. Epithelized dermal skin constructs: Toward full-
thickness skin

After confirming the suitability of the hydrogels from
Formulation 2 to create a dermal compartment, a co-
culture model was developed to produce an epithelized
dermal skin construct. Hence, HaCaT cells, which are
extensively used in cell culture studies, wound healing,
and transplantations,™* were seeded on top of the dermal
constructs to mimic the epidermal compartment. To
allow for the presence of distinctive apical and basolateral
compartments, the constructs were mounted in Transwell®
inserts. HaCaT cells are commonly maintained in normal
DMEM supplemented with 10% FBS because both contain
sufficient calcium to sustain their growth and to induce
differentiation,” which can also be triggered by the
application of specific culture conditions, such as culturing

with a combination of different types of cell culture
medium both in the apical or basolateral compartments or
even in the absence of medium in the apical compartment.

In our model, the seeding time point was established
at 3 days post-fibroblast encapsulation, to achieve a
proper fibroblast elongation within the matrix so as
to sustain the epithelial culture. The same medium
was added either into the apical and the basolateral
compartments, keeping the samples fully submerged for 7
days (submerged condition). Afterward, ALI conditions,
which are necessary to induce keratinocyte differentiation
and stratification,’® were applied to half of the samples,
meaning that the medium was removed from the apical
compartment and only added into the basolateral one,
whereas the other half was kept in submerged conditions.
Then, all samples were maintained in co-culture and
monitored for an additional 2 weeks (up to 21 days post-
HaCaT seeding) (Figure 4a).

(a)

14 days
ALl
conditions

Day 10 Day 24

-K14

Figure 4. Effect of the culture conditions on the keratinocytes’ growth on top of scaffold based on Formulation 2. (a) Schematic illustration of the co-culture
model from day 0 up to day 24 post-fabrication. (b) Brightfield pictures of the top view of co-culture constructs (Hs-27 and HaCaT cells) at days 3, 4, 7,
and 10 (submerged conditions) and days 17 and 24 (submerged vs. ALI conditions). Scale bars = 200 um. (c) Immunostainings of the main markers for
both cellular compartments at 21 days post-HaCaT seeding: E-cadherin (magenta), F-actin (green), and K14 (yellow). Nuclei were stained in blue. Scale

bars = 100 pm.
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Brightfield inspection of the samples revealed cells
fully covering the fibroblast-laden hydrogels by day 10
(Figure 4b). By days 17 and 24 of the experiment, images
did not reveal significant differences in terms of cellular
morphology between the submerged and ALI culture
conditions. In both cases, regions with some clustered cells
could be distinguished, which might be related to HaCaT
multilayer formation. To elucidate that, the samples were
analyzed by immunofluorescence microscopy at day 24 of
the experiment (21 days post-HaCaT seeding). Figure 4c
shows the dermal fibroblasts (here visualized by the staining
of F-actin), which forms a network that appears more
compact for the samples cultured in ALI conditions. As
specific markers for the keratinocytes, both keratin 14 and
E-cadherin were selected (stained in yellow and magenta,
respectively) (Figure 4c). Keratin 14 antibody was used to
mark the basal layer of non-differentiated epidermis. The
keratin 14 signal was visible for samples cultured in both
submerged and ALI conditions. However, morphological
differences between the submerged and ALI conditions
could be observed, with the latter featuring a more evenly
distributed signal of keratin 14 (right panel in Figure 4c).
Comparable results were found with the E-cadherin signal.
This marker was visualized to examine cell-cell contacts

and better distinguish the multilayered distribution of the
keratinocytes. E-cadherin signal appeared clustered on the
scaffolds’ surface, especially in the submerged condition,
where some uncovered portions were also observed
(left panel of Figure 4c). A more uniform and consistent
distribution of E-cadherin was found on top of hydrogels
cultured in ALI conditions (right panel of Figure 4c),
corroborating the importance of the ALI for the growth of
human keratinocytes.

Next, the cellular organization and functionality of
both skin dermal and epidermal compartments were
investigated upon the expression of specific markers for
both submerged and ALI conditions. Figure 5a shows
representative cross-sections of the resulting hydrogels,
where vimentin was stained to highlight the dermal
compartment, E-cadherin was chosen as an epidermal
marker, and laminin was selected as an extracellular matrix
protein marker. Both dermal and epidermal compartments
were visibly segregated within the samples. Fibroblasts
appeared elongated and uniformly distributed within the
bulk of the hydrogels, forming a network, and laying below
the epithelial cells for both culture conditions. In addition,
the fibroblasts under the ALI condition formed a more
entangled mesh as compared to the submerged ones.
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Figure 5. Effect of the co-culture conditions on full-thickness scaffolds based on Formulation 2. (a) Immunofluorescence staining of the cross-sections
of constructs for submerged and ALI conditions 21 days post-HaCaT seeding: nuclei (blue), vimentin (green), laminin (red), and E-cadherin (magenta).
Dashed lines refer to the PET membranes (hydrogels’ support). Scale bars = 100 pum. Inset shows a detailed view of the interaction of the fibroblasts with the
keratinocytes on the basement layer. Scale bar = 25 um. Quantification of (b) the nuclei orientation (normalized from 0 to 1, n = 2) and (c) the expression
of the different markers for both submerged and ALI conditions. Normalized values are presented as mean + SD (n = 3). *p = 0.0283; **p = 0.0495. (d)
Transepithelial electrical resistance (TEER) values showing the epithelial monolayer progression on top of conventional Transwell inserts (green squares:
control) and hydrogels with Hs-27 fibroblasts embedded, cultured under submerged conditions (magenta dots) and under ALI conditions (black triangles).

Values are expressed as mean + SEM (3 <n <7).
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Regarding the epidermal compartment, HaCaT cells
fully covered the top surface of the hydrogels, as observed
with the E-cadherin signal, and no visible differences in
terms of cell morphology and compactness were found
between both the culture conditions.

The presence of laminin was detected within the cells
and at the interface between the epidermal and the dermal
compartments. Also, at this interface, fibroblasts were seen
elongated and oriented perpendicularly to the surface of
the epithelial monolayer, mainly in the case of ALI culture
(cell nuclei forming an angle between 60° < 6 < 120° with
the surface, seen in Figure 5a and b), thus evidencing the
close interaction between cells of both compartments. Also,
ALI culture conditions appeared as slightly enhancing
E-cadherin signal (Figure 5c¢), which can be correlated
with the keratin 14 signal (Figure 4c), and enhancing the
vimentin and laminin signals, which were 2.6- and 2.1-fold
higher, respectively (Figure 5c¢).

Subsequently, we assessed the barrier function of the
epithelial monolayer formed by measuring the TEER along
culture time (Figure 5d). Samples with HaCaT cells seeded
on hard porous membranes were used as controls. TEER
values measured for the hydrogel samples were lower than
values measured in controls (~2.5 Q-cm? vs. ~10 Q-cm?)
but in line with other studies that also employed HaCaT

cells.'®**% No differences in TEER values were found for
samples cultured under submerged or ALI conditions.
Remarkably, no visible shrinkage and/or gels’ degradation
were detected even at long-term cultures, making the
N-PLN formulation well-suited for standard Transwell®
inserts, where TEER and/or permeability tests can be
performed in a routine manner.

These data indicated that ALI culture condition
might be advantageous for long culture periods. Given
this, we proceeded to evaluate the specific benefits of
ALI culture conditions for both the epithelial and the
dermal compartments by quantifying specific markers. In
the epithelial compartment, the levels of keratin 14 and
E-cadherin markers under ALI culture condition did not
show statistically significant differences compared to those
under submerged condition (Figure 6b).

However, the images of the samples’ cross-sections
show varied spatial distribution of markers. Keratinocytes
did not form a continuous monolayer in submerged
condition, whereas marker signals for fibronectin and
collagen IV appeared denser and more homogeneous in
samples cultured under ALI condition. Moreover, a better
interconnection between the epithelial monolayer and the
dermis was observed in samples under ALI conditions
(bottom panel of Figure 6a).
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Figure 6. Effect of the co-culture conditions on the epidermal compartment in hydrogels based on Formulation 2. (a) Immunofluorescence staining of
main epidermal markers in the cross-sections of constructs for both submerged (top panel) and ALI (lower panel) culture conditions 21 days post-HaCaT
seeding: E-cadherin (magenta), and keratin 14 (yellow). The stained F-actin (green) indicated both the fibroblast network in the dermal compartment
and the keratinocytes. Nuclei were stained in blue. Dashed lines refer to the PET membranes (hydrogels’ support). Scale bars = 100 pm. (b) Quantification
of the expression of the different markers for both submerged and ALI conditions. Normalized values are expressed as mean + SD (n = 3). *p = 0.0381.
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Regarding the dermal compartment, in addition to
the higher connectivity of the fibroblasts (Figures 5a and
7b), ALI cultures also exhibited increased collagen IV and
fibronectin signals. Collagen IV appeared segregated on
the surface of the dermal compartment (interface between
the dermis and epidermis), resembling the basement
membrane found in vivo. Meanwhile, fibronectin fibrils,
which play a crucial role in the formation of extracellular
matrix and the re-epithelialization,” were also found
within the hydrogel and on the surface (Figure 7a and b).
Taken together, these results corroborated the superiority
of ALI conditions for the formation of epithelized dermal
skin constructs.

Epidermis models such as Episkin™, SkinEthic®, and
EpiDerm®*-%, as well as full-thickness human skin such as
GraftSkin®, EpiDermFT*®, and Pheninon®,°** are available
on the market, but they are very costly for in vitro testing
and not easy to modify with specific appendages or to
tailor to disease conditions. In this context, the use of 3D
bioprinting holds great promise, as demonstrated by the
use of collagen and chitosan derivatives as bioinks.®¢
Recently, N-PLN gels have gained popularity, highlighting
the potential of these photocrosslinkable materials;™
however, biological studies surrounding the specific

applications of N-PLN are scarce. In the current study, we
demonstrated the potential of a novel strategy combining
an easy and low-cost 3D bioprinting system with a PLN-
based bioink to produce skin-like models. Overall, the
results presented here highlight the potential of these
novel thiol-ene inks to compete in the bioinks panorama.
Given that new affordable approaches are in great demand
among the cosmetic and pharmaceutical companies, as
well as in toxicological research landscape, we believe that
novel bioinks such as N-PLN might find a place serving the
relevant purposes.

4, Conclusion

This study presents a promising strategy to develop an
epithelized dermal human skin model by exploiting a
custom-made 3D light-based bioprinting system and
novel N-PLN polymers. Upon fast exposure with a low
dose of visible light, the hydrogels formed possess the
proper physicochemical properties to sustain excellent
cell viability, proliferation, matrix protein secretion and
elongation, which are essential for the formation of cellular
networks. In addition, the fibroblast-laden hydrogels can
sustain the culture of keratinocytes, thus paving the way for
the formation of epithelized dermal constructs. Evidenced
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Figure 7. Effect of the co-culture conditions on the dermal compartment of scaffolds based on Formulation 2. (a) Immunofluorescence staining of main
dermal markers in the cross-sections of constructs for both submerged (top panel) and ALI (lower panel) culture conditions 21 days post-HaCaT seeding:
vimentin (red), collagen IV (magenta), and fibronectin (green). Nuclei were stained in blue. Dashed lines refer to the PET membranes (hydrogels’ support).
Scale bars = 100 um. (b) Quantification of the expression of the different markers for both submerged and ALI conditions. Normalized values are expressed

as mean + SD (n = 3). *p = 0.0311.
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by the expression of cellular markers, these constructs
exhibit in vivo-like cell organization, featuring dermis and
epidermis, and boast barrier characteristics as confirmed
by the TEER measurements. Cellular distribution and,
especially, epithelial-dermal cell interaction, can be
promoted by culturing the constructs under ALI condition.
Altogether, this approach represents an alternative method
to develop ready-to-use skin models in an easily, fast,
reproducible, and cost-affordable manner, which might be
particularly beneficial for pre-clinical assays in cosmetic
and pharmaceutical research.
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