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Abstract

Traumatic injuries to the peripheral nervous system (PNI) can lead to severe consequences such as paralysis.
Unfortunately, current treatments rarely allow for satisfactory functional recovery. The high healthcare costs associated
with PNS injuries, worker disability, and low patient satisfaction press for alternative solutions that surpass current
standards. For the treatment of injuries with a deficit of less than 30 mm to bridge, the use of synthetic nerve conduits
(NGC) is favored. However, to develop such promising therapeutic strategies, in vitro models that more faithfully
mimic nerve physiology are needed. The absence of a clinically scaled model with essential elements such as a three-
dimension environment and dynamic coculture has hindered progress in this field. The presented research focuses on
the development of an in vitro coculture model of the peripheral nervous system (PNS) involving the use of functional
biomaterial which microstructure replicates nerve topography. Initially, the behavior of neuron-derived cell lines (N) and
Schwann cells (SC) in contact with a short section of biomaterial (5mm) was studied. Subsequent investigations, using
fluorescent markers and survival assays, demonstrated the synergistic effects of coculture. These optimized parameters
were then applied to longer biomaterials (30 mm), equivalent to clinically used NGC. The results obtained demonstrated
the possibility of maintaining an extended coculture of SC and N over a 7-day period on a clinically scaled biomaterial,
observing some functionality. In the long term, the knowledge gained from this work will contribute to a better
understanding of the PNS regeneration process and promote the development of future therapeutic approaches while
reducing reliance on animal experimentation. This model can be used for drug screening and adapted for personalized
medicine trials. Ultimately, this work fills a critical gap in current research, providing a transformative approach to study
and advance treatments for PNS injuries.
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Introduction

Present-day medicine offers the potential for miraculous
advancements to elevate the quality of life for individuals
coping with a range of injuries and traumas. In some
extreme cases, such as nerve severance, patients may need
surgical interventions to hope for a satisfactory level of
autonomy and functionality. Injuries to the peripheral
nervous system (PNI) constitute a major clinical and eco-
nomic problem worldwide, affecting all sectors of the
population.'® Indeed, patients suffering from PNI experi-
ence a significant decrease in their quality of life.®” PNI
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cause multiple symptoms such as untreatable neuropathic
pain, muscle weakness and atrophy,® loss of sensory or
motor functions, or even complete paralysis of the affected
limb.’ These injuries are widespread, as it is estimated that
PNI currently affect more than 20 million people in the
USA alone,'? representing 2% to 3% of all traumas affect-
ing extremities (e.g. arms, legs).!" Moreover, it is worth
mentioning that the majority of these PNI require surgical
nerve reconstruction. According to a meta-analysis,'? only
51.6% of individuals affected by these injuries satisfacto-
rily recover their motor functions, while only 42.6%
achieve satisfactory sensory recovery.

Microsurgery is essential for repairing cross-sectional
nerve injuries, where end-to-end nerve connections must
be made without tension to avoid ischemia; otherwise,
nerve grafts are needed to bridge the gaps.'3"'7 Currently,
various types of nerve guidance conduits (NGCs) smaller
than 30 mm in length and 5mm in diameter are clinically
used to repair nerve losses. Some of them have even shown
better results than autografts.!®!° However, none has
proven to yield equivalent or superior results to autografts
for segments exceeding 30 mm, thus autografts are still
recognized as the gold standard in clinical practice for this
type of larger-scale lesion.?’ Nevertheless, several limita-
tions hinder the full realization of the potential of new
therapeutic strategies. Among these limitations is the lack
of reliable models to test these emerging technologies and
knowledge regarding nerve regeneration phenomena
remains insufficient in certain circumstances.

The first generation of three-dimension in vitro models
for PNI often confined themselves to using a single cell
type, rendering them obsolete due to their lack of tissue
realism in representing the in vivo environment. This limi-
tation results in deficiencies in functionality and cellular
representation when compared to coculture models.?!??
While regenerative processes require a close collabora-
tion among several types of cells such as macrophages
and satellite glial cells to promote axonal growth, SCs
cells are the main actors involved in nerve homeostasis
and regeneration.'>*-2> Among other functions, SCs cre-
ate a favorable environment for the maintenance and pro-
tection of neurons by expressing various elements such as
constituents of the extracellular matrix, adhesion mole-
cules, integrins, and growth factors such as neurotro-
phins.?*28 They also play a central role during axonal
regeneration by recruiting macrophages, clearing cellular
debris, secreting growth factors and providing axonal
guidance through the formation of bands of Biingner.?’
Several studies have explored the advantages of coculture
between SCs and neurons in axonal regeneration.’?34
These studies have suggested that the presence of SCs in
the coculture is crucial for the survival, axonal growth,
and myelination of motor neurons. Coculture, therefore,
emerges as a critical feature in the development of a robust
in vitro model.

Maximizing the in vivo characteristics of a nerve repair
model is also crucial to replicate the organized and aligned
microstructural physiology (anisotropy) of the peripheral
nervous system (PNS), a feature seldom found in the
majority of current cellular models. Engineered three-
dimension structures such as NGC can promote the infil-
tration, growth and alignment of cells, facilitating gas and
nutrient exchanges.* While only a limited number of stud-
ies have integrated coculture with biomaterials,>**! they
have demonstrated that this combination enables the
exploration of cellular interactions and the impact of
implant and material characteristics on neural regeneration
in a three-dimension mimetic PNS environment.

Unfortunately, most three-dimension models found in
the scientific literature use static culture conditions to
study regenerative phenomena, limiting the development
of therapeutic strategies due to a gap in mass transfer
within the biomaterial.*® In addition to contradicting the
physiology of the PNS, which involves constant nutrient
exchange due to the presence of numerous blood vessels,
these static models have been shown to limit nutrient dis-
tribution, oxygen diffusion, and cellular waste removal
within the material. This negatively impacts the survival,
proliferation, colonization, and differentiation of the key
cellular actors involved in the regeneration process,*
along with the dimensions and scale of in vitro models.*
While dynamic coculture models provide the capacity to
maintain decent viability for an extended period with the
possibility of homogeneously distributing nutrients, most
of these systems are still operated at the microfluidic
scale,**° which are less expensive and easier to control.
However, these models rarely exceed 10mm,*® a dimen-
sion that is not representative of human PNI, which can
extend over several centimeters. This limitation restricts
their translatability to human scenarios. To overcome
those limitations and recapitulate more precisely the
physiological environment of human size PNS, the new
generation of in vitro coculture models should therefore
combine key characteristics such as anisotropic functional
biomaterials extending several centimeters and dynamic
culture conditions.

Consequently, this study reports the development of a
three-dimensional dynamic coculture model with a clini-
cally relevant size to study Schwann and neuronal cells
behaviors, which is unprecedented in the field. The inte-
gration of these distinctive attributes renders this model
unparalleled within its domain, providing functionalities
that more accurately mimic in vivo environments. Cells
were cultured in contact with collagen/chitosan composite
scaffolds several centimeters in length, featuring longitu-
dinally aligned micro-channels. These scaffolds were con-
tinuously perfused, aiming to support long-term coculture
and enhance colonization, viability, and functionality.
Such a model will facilitate the optimization of the new
generation of NGCs and accelerate nerve regeneration by
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enabling pre-clinical trials of promising therapeutic strate-
gies through the presentation of a three-dimensional cocul-
ture model of clinical size under dynamic conditions.

Materials and methods

Materials

Purified type I collagen from bovine Achilles tendon was
purchased from MyBioSource (San Diego, CA, USA).
Medium molecular weight chitosan (75%—-85% deacety-
lated), mouse laminins (L2020) as well as crosslinking
agents, EDC (N-(3-dimethylaminopropyl)- N’- ethylcar-
bodiimide), NHS (N-hydroxysuccinimide), TPP (sodium
triphosphate pentabasic) and poly-L-lysine hydrobromide
(PLL), Triton™ X-100, Normal Goat Serum (NGS) and
supplement for NG108-15 medium such as, hypoxanthine,
aminopterin, thymidine and sodium bicarbonate were pur-
chased from Millipore-Sigma (Oakville, ON, CA).
Polydimethylsiloxane (PDMS) SYLGUARD™ 184
Silicone Elastomer Kit was purchased from Ellsworth
Adhesives Canada (Stoney Creek, ON, CA). Schwann
cells (S16 line, CRL-2941™) and Neuron somatic cell
hybrids from mouse neuroblastoma (NGI108-15 line,
HB-12317™) were obtained from Cedar Lane Labs
(Burlington, ON, CA). Fetal Bovine Serum (FBS) was
purchased from Wisent Bioproducts (St-Jean-Baptiste,
QC, CA). Dulbecco’s modified Eagle’s medium (DMEM,
high glucose, GlutaMAX supplement, with and without
pyruvate), penicillin-streptomycin (Pen Strep), Peprotech
B-Nerve Growth Factor (B-NGF) (Catalog #: 450-01),
Hoechst 33342 and Live/Dead™ Viability/Cytotoxicity
Kit (Invitrogen) reagents, CellTracker™ Blue CMAC Dye
(Catalog number: C2110) and CellTracker™ Deep Red
Dye (Catalog number: C34565) (Invitrogen) were pur-
chased from Life Technologies (Burlington, ON, CA).
Primary and secondary antibodies (Cell Signalling
Technology inc): S1008 (E7C3A) Rabbit mAb 90393
(dilution 1/200), B3-Tubulin (TU-20) Mouse mADb #4466,
Myelin Protein Zero antibody (Catalog # : 57518S), Anti-
rabbit IgG (H+L), F(ab’)2 Fragment (Alexa Fluor® 488
Conjugate Green) 4412 and Anti-mouse IgG (H+L),
F(ab’)2 Fragment (Alexa Fluor® 647 Conjugate) #4410
were purchased from New England Biolabs Ltd (Whitby,
ON, CA).

Scaffold preparation

Biopolymers and scaffold preparation were produced as
we have previously reported.’! Collagen-chitosan com-
posite scaffolds were produced using an 80:20 weight
ratio as it demonstrated to be the best biomaterial compo-
sition in terms of mechanical properties and cytocompat-
ibility. Briefly, the process started with creating a 1%
(w/w) collagen/chitosan 80/20 (weight ratio) solution in
3.8% (w/v) acetic acid. The solution needed to be well

homogenized in an ice bath using an overhead homoge-
nizer (LabGEN 125, Cole-Parmer Canada Inc.). This
solution was then cleared of air bubbles by centrifugation
and degassing in a vacuum chamber. Afterward, the scaf-
folds were molded using a unidirectional freeze-casting
method as previously reported.’! The frozen structures
were then subjected to freeze-drying to remove water and
create the characteristic micro-channel structure aligned
in the direction of the thermal gradient. The resulting ani-
sotropic scaffolds were then chemically crosslinked with
EDC (33mM)-NHS (6 mM) chemistry to increase their
strength and resistance to degradation. The scaffolds were
then sequentially washed in ethanol solutions and deion-
ized water, flash-frozen in liquid nitrogen and freeze-
dryed for long-time storage. The scaffolds were then
stored in a desiccator until they were needed for
experimentations.

Prior to being used in experiments, scaffolds were steri-
lized by soaking in 70% (v/v) ethanol overnight. Scaffolds
were then washed three times using PBS 1X before the
samples underwent laminin adsorption by incubation at
37°C (Forma Series I, ThermoFisher) for 2h in a 15 pg/
mL laminin-PBS 1X solution and then washed again three
times to make fully prepared scaffolds.

Scanning electron microscopy

To validate the synthesis method and assess the scaffold
pore and channel structure before experimentations,
images of transversal and longitudinal cuts from
crosslinked scaffolds were obtained using a benchtop
scanning electron microscope (SEM) (Phenom XL,
ThermoFisher) as previously described in Monfette et al.’!
Briefly, samples taken at the top, bottom and middle of
each scaffold were prepared by doing transversal and lon-
gitudinal cut with a surgical scalpel blade. Cut samples
were then fixed onto metal stubs with conductive carbon
tape. Observations were conducted in normal mode under
10kV acceleration and 0.1 to 10 Pa.

Cells culture

Schwann cells (S16 line from sciatic nerve of rats, CRL-
2941™) were cultivated on cell culture-treated flasks
coated with 15pg/mL PLL in high glucose DMEM con-
taining glutamine and pyruvate, and supplemented with
10% (v/v) FBS, 1% (v/v) penicillin-streptomycin. Cells
were incubated at 37°C with 5% CO, in a humidified
atmosphere (Forma Series I, ThermoFisher) and passaged
by trypsinization every 2-3 days. Cells were used under 15
passages.

Neuron somatic cell hybrids from mouse neuroblas-
toma (NG105-15 line, HB-12317™) were cultivated on
cell culture-treated flasks in DMEM without pyruvate,
supplemented with 0.1 mM hypoxanthine (final conc.),
400nM aminopterin (final conc.), 0.016 mM thymidine
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(final conc.), 10% (v/v) fetal bovine serum, 18 mM sodium
bicarbonate and 1% (v/v) penicillin-streptomycin. Cells
were incubated at 37°C with 5% CO, in a humidified
atmosphere (Forma Series II, ThermoFisher) and passaged
every 2-3 days by trypsinization (Trypsin—EDTA 0.25%).
Cells were used under 15 passages. This cell line has been
utilized as a reliable neuronal model in studies such as
Daud et al.*! and Hong et al.>°

For coculture, Schwann cells and NG108-15 cells were
initially co-seeded directly onto samples at varying density
ratios, depending on the experiment, in coculture medium.
The coculture medium corresponded to a volumetric ratio
of 1:4 S16 culture medium: NG108-15 culture medium as
previously reported in Hong et al.>® Cocultures were main-
tained for 7days at 37°C with 5% CO,. The medium was
replaced with fresh medium supplemented with 5Sng/mL
Nerve Growth Factor (NGF) on day two.

Static condition experiments

For static condition tests, the fully prepared scaffolds were
sectioned into 5 mm long segments using a scalpel. A total
of 5x10* to 6x10* cells were added at one extremity of
each scaffold segment. Different cell ratios (NG108-15:
S16) were tested: 1:100, 1:50, 1:10, 1:3, 1:2, and 1:1. The
periods prior to introducing the NG108-15 were evaluated
at both /=0h and r=24h following S16 cell seeding. Cell
seeded scaffolds were grown in complete growth coculture
medium supplemented with 10% (v/v) FBS, for 24 h. After
this period, the medium was exchanged for the controls
(monoculture of NG108-15 and S16) and the coculture
with fresh coculture blend medium (describe in previous
subsection) without FBS supplemented with 5 ng/mL NGF
for an additional 6 days.

Bioreactor design and fabrication

The dynamic culture experiments employed a closed-loop
direct perfusion system custom-made by our team (Figure
1(a)). This system, designed to simultaneously operate
three independent culture chambers made of optically
clear polydimethylsiloxane (PDMS) (Figure 1(b)), incor-
porates components predominantly built using 3D-printed
Onyx™ (Markforged), a thermoplastic composed of nylon
and carbon microfibers, along with 3D-printed tough-
PLA, and machined Teflon. The bioreactor system was
located within a standard cell culture incubator (Forma
Series II, ThermoFisher), maintained at 37°C with 5% CO,.
This configuration enables precise temperature control
and efficient gas exchange, facilitated by gaz permeable
(0, and CO,) platinum-cured silicone tubing. To optimize
contact with incubator air and streamline gas exchange,
the tubing was intricately wounded around a 3D-printed
tower-like component known as the oxygenator.
Completely swollen biomaterials were positioned within

the culture chambers for perfusion using modified twee-
zers. Flow control was managed by a micro-peristaltic
pump developed by our team as previously reported by El
Kheir et al.,*> which permits accurate and similar flow rate
across each culture chamber with values ranging from 0.01
to 1mL/min (10-1000 uL/min). Based on a literature
review of operational flow rates used by bioreactors study-
ing the peripheral nervous system, such as Schmid et al.,*
we used flow rates of 10, 50, and 200 uL/min. Each biore-
actor lines included a 3-way valve with a luer lock adapter
that facilitate the seeding of culture chambers by sterile
syringes. The bioreactor housed a culture medium bottle
fitted with a magnetic stirring system to consistently per-
fuse fresh medium into the culture chamber over several
days. The system, including control of perfusion flow, stir-
ring intensity, and experiment duration, was managed
through a custom-made user interface located on a
computer.

Due to the material composition, the complete assem-
bly can be easily sterilized prior to each experiment.
Sterilization of the metal, Onyx™, and Teflon components
was achieved using 70% ethanol. Other components such
as the culture chambers, valves, connectors, and the mag-
netic rod were also sterilized by submersion in 70% (v/v)
ethanol for at least 2 h. The culture medium bottle, air fil-
ter, specialized lids facilitating tubing ingress and egress,
as well as the platinum-treated silicone tubing, were steri-
lized by autoclaved before use.

To establish the necessary rotor rotation speeds for
achieving desired flow rates in the dynamic experiments, a
linear calibration process was conducted as we have previ-
ously reported by El Kheir et al.>? Briefly, the solution’s
density for perfusion bioreactor calibration was identified
using the Thermo Library’s (Thermodynamics and Phase
Equilibrium component),** at atmospheric pressure. A pol-
ynomial curve was derived from the water density and
temperature. Subsequently, water masses were collected
from the three tubes at different RPMs (0.1, 0.5, 1, and 2)
over a time periods of 20min. The results in Figure 1(c))
represent three independent experiments for each tube.
The flow rate was calculated by dividing the weight of the
collected water by the density and the sample time, cor-
rected for the temperature. Ultimately, the mean of the
flow rates was computed, and a calibration curve was
derived via linear regression.

Dynamic condition experiments

For dynamic condition tests, the fully prepared scaffolds
were sectioned into 30 mm long segments using a scalpel.
The 30 mm segments were completely swollen in PBS pre-
ceding their application, placed into sterile PDMS culture
chambers, and then connected to the closed-loop perfusion
bioreactor. Sterile ultra pure water was then perfused for
15 min, after which fresh coculture medium was perfused
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Platinum-cured silicone
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Figure 1. (2) Perfusion bioreactor system, (b) culture chamber with the flow direction, (c) calibration curve of the microperistaltic pump.

for an additional 15 min at 925 uL/min. A three-way valve
was opened to enable the injection of a 1:2 [NG108-15:
S16] cell suspension, containing a total of 3x10° cells in
2mL, from a syringe attached to the valve. For coculture
experiments, a ratio of 1:2 [NG108-15: S16, seeded simul-
taneously] was used, with both types of cells seeded simul-
taneously. Seeded scaffolds were then incubated at 37°C in
a humidified atmosphere containing 5% CO, for 7days
with a perfusion flow of 150 pL/min.

Cell viability and colonization tests

CellTracker™ assays were utilized for the observation of
cell colonization ans distribition at the scaffold interface
according to the manufacturer’s guidelines. NG108-15
cells were marked with a working solution of 50uM
CellTracker™ Blue CMAC (Invitrogen) in complete
growth medium, while S16 cells were tracked with a
working solution of 5uM CellTracker™ Deep Red Dye

(Invitrogen) in complete growth medium. Prior to scaffold
seeding, cells were incubated for 30 to 45min in their
respective CellTracker solution at 37°C in a humidified
atmosphere with 5% CO, (Forma Series II, ThermoFisher).
Afterwards, cells were centrifuged and re-suspended in
fresh growth medium prior to seeding in scaffolds.
Epifluorescence microscopy (EVOS FL Auto, Life
Technologies) was used to visualize scaffolds with stained
cells within 72 h, with images of complete scaffold (stitch-
ing scan) taken at 24, 48, and 72 h post-seeding. As imag-
ing of stained cells within a three-dimensional biomaterial
presents challenges due to intra-material diffusion; thus,
the focal plane was strategically centralized to mitigate
fluorescence-related aberrations across various planes and
facilitate cellular analysis deep within the scaffold.
Comprehensive scans were performed on the entirety of
the scaffolds to guarantee representative analysis. These
experiments were conducted at least thrice, each time in
triplicate.
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After a 72-h incubation period, the LIVE/DEAD™
Viability/Cytotoxicity Kit (Invitrogen) was used to differ-
entiate live cells from dead ones, as per the manufacturer’s
instructions. In brief, cell-seeded samples were first rinsed
with PBS 1X and then stained with ethidium homodimer-1
and calcein AM dissolved in PBS 1X for 45 min at room
temperature in a dark environment. Automated scans were
subsequently performed on each specimen at 4X magnifi-
cation using fluorescence microscopy (EVOS FL Auto,
Life Technologies). These experiments were also con-
ducted at least thrice, in triplicate.

From the scans, the viability ratio was determined as
the global green fluorescence over the red fluorescence.
Briefly, a calculation based on the sum of each colored
pixel (red or green) normalized to the total number of pix-
els analyzed was performed using a Python-based routine
leveraging the scikit-image package.’® Viability was sub-
sequently determined as the ratio between the average
green intensity and the average red intensity. Before utiliz-
ing the ratio analysis software, the images underwent
extensive cleaning to minimize background interference.
All images received the same post-treatment.

Immunolabelling of neuronal cells, Schwann
cells, and cocultures

Following a total incubation period of 7 days, cell seeded-
scaffolds were initially washed thrice with PBS 1X, and
then fixed with a 4% (w/v) solution of paraformaldehyde
for a duration of 20 min at room temperature. Next, per-
meabilization was carried out with a 0.5% (v/v) solution of
Triton™ X-100 (Millipore-Sigma) in PBS 1X for 10 min.
To block non-specific sites, samples were incubated for 1h
at 37°C with a 10% (v/v) Normal Goat Serum (NGS) in
PBS 1X. This was followed by two washes with PBS 1X.
The cultures were then incubated overnight at 4°C with
polyclonal S1008 (E7C3A) Rabbit mAb 90393 (1:500
dilution) and/or B3-Tubulin (TU-20) Mouse mAb #4466
(1:200 dilution), markers for Schwann cells and neurons
respectively. These markers were diluted in 10% (v/v)
NGS in PBS 1X and the incubation was conducted on a
mechanical stirrer plate at low intensity. Post incubation,
the cell cultures were washed thrice with PBS 1X before
subjecting them to a second incubation with secondary
antibodies and Hoechst 33342 (ThermoFisher) (1:2000
dilution), in sterile PBS 1X containing 10% (v/v) NGS for
90min at 37°C in a humidified incubator (5% CO,) under
gentle agitation. The secondary antibodies included Anti-
rabbit IgG (H+L), F(ab’)2 Fragment (Alexa Fluor® 488
Conjugate Green) #4412 (1:500 dilution), and Anti-mouse
IgG (H+L), F(ab’)2 Fragment (Alexa Fluor® 647
Conjugate) #4410 (1:500 dilution). Stained cells were kept
in fresh PBS 1X and visualized at magnifications of 4X,
10X, and 40X with an EVOS FL Auto epifluorescence
microscope (Life Technologies).

Statistical methods

Analysis of variance (ANOVA) and post hoc tests (i.e.
Tukey’s multiple comparison test) were performed to
extract meaningful statistical results using statsmodels
(0.14.1)% Python Library.

Results

Biomaterials fabrication

Neuronal cells require support to function optimally, and
biomaterials can fulfill this role. The process of inducing
vertical ice crystal formation through unidirectional
freeze-casting resulted in frozen scaffolds exhibiting dis-
tinct characteristics. Scanning Electron Microscope (SEM)
images of transverse cross-sections corroborated the
essential physiological attributes required for the experi-
ments, showcasing extensively porous scaffolds with a
lamellar pore arrangement and longitudinally aligned
micro-channels (75-10um), a hallmark of freeze-casting
of collagen-rich structures. This structure’s significance
lies in its crucial role in the success of the biological exper-
imentation, as it emulates the human nerve’s physiology,
enabling cell colonization and alignement along the bio-
material akin to in vivo observations. SEM microscopy
images of each batch of the 80/20 collagen/chitosan com-
posite were captured to validate the structure’s integrity
before their utilization as scaffolds for biological experi-
mentation. This technique was further investigated in a
previous article.’! SEM images seen in Figure 2 confirmed
the biomaterials employed in this study share a similar
configuration. Therefore, this biomaterial was considered
an effective mimetic support for studying the cellular
behavior of our coculture.

Cellular behavior in static conditions

Cell colonization via CellTracker™. First, we assessed
whether our coculture can effectively colonize small size
scaffold segments under static culture conditions. We
tested different pre-colonization times of the biomaterials
with Schwann cells (data not shown) to determine if there
was any impact on cell viability and distribution within the
biomaterials. However, no conclusive results emerged
from these tests, so it was decided to seed both cell types
simultaneously to simplify the process.

CellTracker™ staining served as a tool to distinguish
between the two cell types during scaffold colonization, as
observed through fluorescence microscopy. Although the
fluorescence colors from CellTracker™ exhibit some dif-
fusion within the biomaterial, Figure 3 demonstrates that
both cell types effectively colonized small segments of
scaffolds within 48h. Various ratios (neuronal cells:
Schwann cells), including 1:1, 1:2, 1:3, 1:10, 1:50, and
1:100, were investigated. The results indicated that ratios
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Figure 2. Representative SEM images showing (a) transversal and (b) longitudinal sections of freeze-dried scaffolds of 80/20
[collagen/chitosan] composite with crosslinking treatment (n=3, N=9).

Figure 3. Representative scans and corresponding magnified
(Zoom, 4X) images obtained from epifluorescence imaging
of CellTracker™ staining after 48 h of incubation in static
condition showing NG108-15 (blue) and/or S16 (red) cells
cultured (coculture ratio [NG108-15:S16]) on crosslinked
scaffolds segments (L=5mm, ¢ =5mm, 80/20 [collagen/
chitosan]) coated with laminins. White arrows show the
presence of channel colonization alignment and colocalization
of both cell type. (n=5, N=15).

of 1:10 and higher were unable to achieve homogeneous
scaffold colonization. Ratios of 1:10, 1:50 (not shown),
and 1:100 (not shown) show significantly less cell co-
localization, an undesirable outcome for subsequent
experiments as our intention was to facilitate interaction
between them.

The ratios 1:1, 1:2, and 1:3 demonstrated that both cel-
lular types effectively colonized the scaffold homogene-
ously with a high cellular density, thereby occupying
mostly the entirety of multiple micro-channels and form-
ing a distinctive alignment discernible at a 10X magnifica-
tion. While visual characteristics appeared comparable
among the 1:1, 1:2, and 1:3 ratios, the 1:1 ratio suggests
the seeding presence of a greater cell quantity, potentially
compromising cellular homogeneity within the channels.
Conversely, ratios 1:2 and 1:3 indicate a more homogene-
ous and balanced seeding of the two cellular types.

It is noteworthy that NG108-15 cells (stained in blue)
exhibited, on average, slightly larger and rounder mor-
phologies, potentially encountering challenges in adhering
to the channel surfaces individually. In contrast, S16 cells
(stained in red) displayed a more elongated morphology,
and appeared to colonize more effectively the channel
walls along the direction of the microchannels.

In summary, CellTracker™ enabled the visualization of
colonization and allowed us to establish that homogeneous
colonization of the biomaterial is achievable with a ratio of
1:2. The 1:2 ratio was selected over 1:1 and 1:3 due to
negligible qualitative differences, thereby standardizing
the methodology and simplifying comparative assess-
ments. This condition was used for the rest of the study.

Cell viability via LIVE/DEAD™ imaging. After confirming
colonization, we aimed to ensure that our coculture could
survive within our biomaterial. Cells were stained with
LIVE-DEAD™ after 7days post-seeding and revealed
with fluorescence microscopy to assess the general cell
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Figure 4. Representative scans and corresponding magnified
images obtained from epifluorescence of Live (green)/Dead
(red) assays after 7 days of incubation for different NG 108-
15/S16 ratios cultured on crosslinked scaffolds segments
(L=5mm, ¢$=5mm, 80/20 [collagen/chitosan]) coated with
laminins (n=5, N=15).

viability. Figure 4 displays a representative epifluores-
cence microscopy scan of the center of a complete scaffold
segment showing live cells (in green) and dead cells (in
red). It was revealed that coculture cells cultivated in direct
contact with the scaffolds exhibited predominantly viable
cells (green), with noticeably fewer non-viable cells (red),
as depicted in Figure 4. Ratios of 1:1, 1:2, and 1:3 showed
a better homogeneity in the colonization and a higher via-
bility. Furthermore, ratios of 1:10 and more diluted
expressed more cellular aggregates, which inevitably com-
promises their viability. Cell viability was visibly similar
among ratios 1:1, 1:2, and 1:3 in general.

Even if the control groups (CTL) did not appear to visu-
ally exhibit a significant difference in viability, they were
visually less successful in uniformly colonizing the scaf-
folds. Indeed, we observed that the S16 control faced chal-
lenges in colonizing the entire scaffold, even though the
colonization of the channels was visually apparent. On the
other hand, the NG108-15 control demonstrated the for-
mation of aggregates within the channels, a phenomenon
observed when NG108-15 cells are seeded alone on sur-
faces with challenging adhesion, such as biomaterials due
to their cancerous characteristics.’’>® Finally, the lower
viabiliy observed for ratios of 1:10 to 1:100 as compared
to ratios of 1:1 to 1:3 further confirmed our choice to use
the 1:2 ratio for the rest of the study.
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Figure 5. Representative survival ratios (Live cells/Dead cells)
analysis after epifluorescence imaging of Live (green)/Dead

(red) assays on colonized (coculture ratio 1:2 [NG108-15:S16])
crosslinked scaffolds segments (L=5mm, ¢=5mm, 80/20
[collagen/chitosan]) coated with laminins after 7 days of incubation.
(n=5, N=15) Only differences with P < 0.05 were considered
statistically significant (ns p > 0.05, *p < 0.05, ** p <0.01).

We further confirmed those observations by quantify-
ing the normalized green/red ratios (survival ratios) using
an image analysis routine. The bar graph in Figure 5
demonstrated that the coculture (ratio 1:2) generally
exhibited significantly higher viability ratios compared
to monoculture controls, as analyzed from five images
drawn from four distinct experiments. The viability of
the coculture was significantly different p <0.01 from
the viability of the S16 monoculture. Monoculture of
NG108-15 also exhibited a statistically less significant
difference p < 0.01.

Cell differentiation assessment via immunostaining. Upon
confirming cell viability, we investigated the potential
expression of differentiation markers to evaluate their
functionality in our biomaterial. S16 cells were labeled
with MPZ (green), and NG108-15 cells were labeled
with B3-Tubulin (red). These markers are crucial as
MPZ is a Schwann cell precursor associated with mye-
lin,*° and B3-Tubulin (red) plays a role in the growth of
specialized nerve cell extensions such as axons and den-
drites.’® We observed that S16 and NG108-15 cells cul-
tivated in direct contact with the scaffolds were also
able to express MPZ (green) and P3-Tubulin (red),
respectively as shown by Figure 6.

While the MPZ marker was expressed similarly in
both the S16 control and coculture, this phenomena did
not transposed to the $3-Tubulin marker, which is dis-
tinctly less pronounced in its control. Indeed, the pres-
ence of pseudoneurites marked in red were clearly
discernible in the coculture, as opposed to the NG108-15
control. Coculture also exhibited the most visible align-
ment and organization of neuronal cells within the
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Figure 6. Representative immunostaining scans and pictures
with corresponding magnified images of 33-Tubulin (red),
MPZ (green), and Hoechst (blue) of colonized NG108-15 and/
or S16 cells cultured (coculture ratio 1:2 [NG108-15:S16])

in crosslinked scaffolds segments (L=5mm, ¢ =5mm, 80/20
[collagen/chitosan]) coated with laminins. White arrows show
the presence of complete channel colonization (2 and 5) and
the presence of pseudoneurites (3, 4 and 5). Obtained from
fluorescence imaging after 7 days of incubation (n=3, N=9).

microchannel structures compared to the NG108-15
control.

In summary, coculture cell morphologies manifested
observable alignments in the scaffold microchannels
across all conditions. Specific markers for S16 and NG108-
15, such as MPZ (green) and $3-Tubulin (red), were pre-
sent in every conditions but were more prominent in
coculture-seeded scaffolds. This is the only condition in
which we could observe pseudoneurite formation.

Cellular behavior in dynamic conditions

The seeding ratio of 1:2 (neuronal cells: Schwann cells)
and methodological protocols assessed with scaffold

segments (5 mm long) was further adapted and carried out
with a 30mm long scaffold. The larger segments were
introduced into PDMS culture chambers on a platform that
enables a direct perfusion of culture medium to facilitate
nutrients and oxygen exchanges. Cells were seeded
through an injection port (3-way valve) at one extremity of
the scaffold along the direction of the perfusion.

Cell colonization via CellTracker™. The CellTracker™ stain-
ing provided insights into the colonization of long scaffold
segments. In Figure 7, we observed that the perfusion bio-
reactor enabled the colonization of the biomaterial along
its entire length after 48 h, with a slightly higher concentra-
tion of cells at their cell injection extremity. However, a
similar colonization pattern was observed for both controls
and the coculture, with the coculture appearing to retain a
greater quantity of cells overall. Despite the significant
diffusion of the blue dye in the biomaterial, it was still pos-
sible to observe the presence of both cell types colocalized
in many micro-channels of the biomaterial.

Cell viability via LIVE/DEAD™ assay. In terms of viability
study, Figure 8 illustrates LIVE-DEAD™ stained cells
under epifluorescence microscopy after 7 days of incuba-
tion. To evaluate the perfusion’s effect on overall cell via-
bility, cell seeding was performed at one end of the scaffold
within the culture chamber as described previously. As
opposed to dynamic conditions, static condition scaffolds
(controls) were further removed from the culture chamber
and placed withing a 6-well plate submerged in culture
medium. Upon first examination of the results, a noticea-
ble disparity in viability was observed between the static
condition (shown in Figure 8(a), where cells were injected
at one extremity and cultured in a 6-well plate under static
conditions) and the dynamic conditions (depicted in Fig-
ure 8(b), where the scaffolds were continuously perfused).
It is worth mentioning that the biomaterials are fully colo-
nized, although not uniformly, regardless of variations in
cell density within the sample. The dynamic conditions
exhibited significantly higher viability compared to their
static counterpart. In contrast to the 5Smm static counter-
part, the biomaterials seeded as shown in Figure 8(a)
exhibited practically no presence of cells under conditions
without dynamic perfusion.

As depicted in Figure 8(b), it was interesting to note
that cocultured cells cultivated in direct contact with the
scaffolds were visibly predominantly viable (green) after
7 days, with considerably fewer non-viable cells (red) even
when compared to the controls (S16, NG108-15). When
assessing homogeneity in cell viability, there were more
areas of necrosis at the ends of the scaffolds. Nonetheless,
the interior of the biomaterials still exhibited good overall
viability.

Regarding the comparison of the apparent viability as
shown in Figure 9, the differences were extremely signifi-
cant between the biomaterials in Figure 8(a) under static
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Figure 7. Representative scans and corresponding magnified images obtained from fluorescence imaging of CellTracker™ staining
after 48 h of incubation in dynamic condition showing NG108-15 and/or S16 cells cultured (coculture ratio 1:2 [NG108-15:S16]) on
crosslinked scaffolds (L=30mm, ¢ =5mm, 80/20 [collagen/chitosan]) coated with laminins (n=4).

conditions and the biomaterials in Figure 8(b) under dynamic
conditions, demonstrating that the viability ratio for
NG108-15 (p < 0.001) and the coculture (p < 0.0001)
were nearly 10 times higher and close to five times higher
for S16 (p < 0.01) . It is interesting to note that the S16
cells and the coculture had nearly twice the viability in
static condition when compared to the NG108-15 control.

Also, we noticed that the coculture sample had a sig-
nificantly higher viability than our controls in Figure 9,
which was not as pronounced as in static tests in Figure 5.
Upon using the same image analysis routine as previously
described, the statistics revealed that the viability ratio in
the coculture sample was significantly higher ( p <0.0001 )
than the control groups in Figure 9, with a viability ratio
nearly twice as high as the monocultures, as determined by
the analysis of five images from three independent experi-
ments. Similarly, the dynamic environment of each condi-
tion provided significantly higher viability than its static
counterpart, with a p-value of p < 0.0001 for the coculture,
p <0.01 for S16 cells, and p <0.001 for NG108-15 cells.

This corresponds to what we observed in Figure 8, thus
validating the visual observations of the images produced
during fluorescence imaging.

Cell differentiation via immunostaining. Similar to the function-
ality study conducted at the static level, we used immu-
nostaining to visualize the presence of differentiation factors.
Regarding immunostaining in the 30 mm-long biomaterials,
it was challenging to obtain high-quality images as the
immunomarkers struggled to penetrate the entire biomate-
rial. The best results were achieved when the biomaterials
were removed from the bioreactor after 7days post-seeding
and sectioned into Smm-long segments prior to immu-
nostaining. Segments were then subjected to immunolabe-
ling. Given the necessary manipulations of the biomaterials
before labeling, which could potentially compromise some
structures or harm the final cultivated cells, the images and
the specific markers may not be as clear as those obtained
during immunostaining in static conditions when the bioma-
terials were already cut into 5 mm sections before seeding.
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Figure 8. Representative scans of (a) static condition and (b)
dynamic condition crosslinked scaffolds (L=30mm, ¢$=5mm,
80/20 [collagen/chitosan]) coated with laminins. Obtained from
epifluorescence imaging with Live (green)/Dead (red) assays
after 7 days of incubation showing NG108-15 and/or S16 cells
cultured (coculture ratio 1:2 [NG108-15:516]) (n=5).

However, Figure 10 allowed a representative overview
of the immunostaining results for cells co-cultured under
perfusion. S16 cells were stained for MPZ (green), and
NG108-15 cells were stained for P3-Tubulin (red).
Specifically, the MPZ marker was expressed similarly in
both the S16 control and coculture. For the f3-Tubulin
marker, similarly to the results obtained under static cul-
ture conditions, the marker was distinctly less pronounced
in its controls. However, while we might not discern as
many or as distinctly defined pseudoneurites as observed
in the static samples, it remained possible to identify some
pseudoneurites in the images associated with the cocul-
ture. Finally, in accordance with the results in static condi-
tion, the coculture also exhibited the most visible
alignments and (neurites for NG108-15 and cell bodies for
S16) organization within the micro-channel structures as
compared to the controls.

Discussion

In this study, large size collagen/chitosan biomaterials
(30mm length, 5mm diameter, 80/20 [collagen/chitosan])
coated with laminins were mounted into a custom-made
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Figure 9. Representative survival ratios (Live cells/Dead
cells) obtained from Python ratio analysis routine after
epifluorescence imaging of Live(green)/Dead(red) assays of
colonized (coculture ratio 1:2 [NG108-15:516]) crosslinked
scaffolds (L=30mm, ¢ =5mm, 80/20 [collagen/chitosan])
coated with laminins after 7 days of incubation. Yes =incubation
with dynamic condition with perfusion bioreactor and

No =incubation with static condition in a 6 well plate
(Results of static condition are representative of n=3, N=9
and dynamic condition are representative of n=5, N=15).
Only differences with P < 0.05 were considered statistically
significant (**p <0.01, ***p <0.001, ****p<0,0001).

perfusion bioreactor to make an in vitro model aiming to
study peripheral nerve regeneration. Cocultured mouse
neurons (NG108-15) and rat Schwann cells (S16) cell lines
were studied when exposed to the biomaterial in a three-
dimension dynamic environment. Complete colonization,
organized cells functionality and good general viability,
either individually or together as neuronal-glial cocultures,
were found in 30 mm-long biomaterials which has never
been reported yet in such a big scale in the context of
peripheral nerve applications.

The fabrication of the biomaterial used for experiment
was done by a specially designed unidirectional freeze-
casting setup, as previously reported in Monfette et al.,>! to
induce vertical ice crystal formation within longitudinally
frozen scaffolds. Composite blend of 80/20 [collagen/chi-
tosan] combined with EDC/NHS crosslinking, based on
optimal parameters mentioned in other studies,®*®! were
proved to have the best mechanical properties. Furthermore,
laminins were added to these biomaterials to enhance cells
compatibility and attachment as demonstrate in Monfette
et al.>! The utilization of cells models such as NG108-15
and S16 cell lines are commonly used in study in the field
of peripheral nerve research.*** The cell types utilized,
including NG108-15 and S16, serve as suitable cell lines
for proof of concept. NG108-15, in particular, has been
employed as a neuronal model in various studies requiring
neuronal differentiation,””-%>%* some of which involved
coculture with Schwann cell models.3%%4
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Figure 10. Representative immunostaining scans with corresponding magnified images of 33-Tubulin (red), MPZ (green), and
Hoechst (blue) of colonized NG108-15 and/or S16 cells cultured (coculture ratio 1:2 [NG108-15:S16]) in full size crosslinked
scaffolds (L=30mm, ¢ =5mm, 80/20 [collagen/chitosan]) cut into sections (L=5mm) coated with laminins. White arrows show the
presence of interesting marker localisations. Obtained from epifluorescence imaging after 7 days of incubation (n=3).

Coculture survival, colonization, and
differentiation at the contact of the scaffolds in
static environment

The static environment allowed us to draw general conclu-
sions about the ability of coculture to coexist in contact
with the collagen and chitosan composite biomaterial
used. Indeed, static three-dimension conditions enabled us
to establish that cocultures in small scaffold segments with
more balanced ratios yielded the best experimental out-
comes. Although this finding does not fully align with
observations in nature, where disparate ratios of up to one
myelinating Schwann cell per Imm of neurons are
observed,® more balanced ratios, such as 1:1°° to 1:10,6-:67
is often employed in laboratory settings for in vitro proof-
of-concept studies. These more balanced ratios maximize
interactions between the two cell types to extract the maxi-
mum synergy, as we reported in this study. We demon-
strated that colonization, viability, and differentiation were

possible under such conditions for segments of Smm in
length. However, when increasing the useful size of the
biomaterial, cellular behavior, such as viability, drastically
declined. This phenomenon is expected, as the static envi-
ronment allows minimal mass transfer, imposing signifi-
cant limitations on nutrient utilization for cells residing
within the biomaterial. Nonetheless, the preliminary use of
static three-dimension conditions facilitated the optimiza-
tion of coculture on a small scale, enabling a smooth tran-
sition to the dynamic environment.

Regarding the specific viability of different cell types,
assessing the viability of individual cell types within a
scaffold containing two cocultured cell types is challeng-
ing due to the difficulty in distinguishing between the pop-
ulation. Traditional viability assays cannot differentiate
between these cell types, necessitating specific viability
markers and efficient cell extraction methods without dis-
ruption. This requires sorting based on specific markers
and viability analysis, such as flow cytometry. To date, this
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comprehensive analysis has not been conducted in the lit-
erature for Schwann cell/neuronal cell coculture in three-
dimension scaffolds due to extraction complexities.
However, CellTracker™ images offered insights into bio-
material distribution and colonization during the initial
72-h post-seeding period.

The optimized results observed during coculture may
possibly be explained by the natural role of Schwann cells
coexisting with damaged neurons, particularly through
their contribution to Wallerian degeneration?»** and their
ability to differentiate into repair specialists.’®®’ Indeed,
during the standard repair mechanism, Schwann cells sys-
tematically arrange themselves into formations known as
Biingner bands, fostering the growth and guidance of
axons.” Scaffolds featuring microchannels that are pre-
seeded with Schwann cells have demonstrated the ability
to mimic these alignments, effectively facilitating the infil-
tration and regeneration of axons within three-dimension
scaffolds.”"”? The observed structure and cellular arrange-
ment closely resemble what we have witnessed, under-
scoring the material’s anisotropy as a critical factor in the
regeneration of nerve tissue in accordance with Monfette
et al.’! Ultimately, it has been repeatedly demonstrated
that, in close contact, Schwann cells can secrete growth
factors and molecules (such as NGF, BDNF et GDNF)
promoting the growth of neurons and their axons?® 2873
and contribute to axon myelination.”* Consequently, our
results and scientific literature strongly suggests that the
coculture of Schwann cells with neurons is associated with
enhanced outcomes.

Additionally, interesting results observed in Figure 5
lead to the conclusion that coculture is capable of achiev-
ing better viability ratios than the respective controls.
Furthermore, as illustrated by the static culture results in
Figure 6, the cocultured Schwann cells and neurons dem-
onstrated an enhanced capacity to colonize the biomate-
rial, achieving superior overall viability and exhibiting
more pronounced expression of differentiation markers,
such as 3-Tubulin, compared to the control groups. We
also observed that coculture enabled better homogeneous
colonization of the biomaterial channels and a more pro-
nounced expression of 33-Tubulin associated with pseu-
doneurites. This finding is consistent with the literature,>**!
which demonstrates that neuronal cells, when cocultured
with Schwann cells, exhibit enhanced expression of 3-
Tubulin associated with pseudoneurites compared to their
monoculture counterparts.

To evaluate Schwann cell early onsets of differentia-
tion, we also assessed the expression of MPZ in S16 cells
seeded in scaffolds. This protein exhibits exclusive expres-
sion in Schwann cells within the peripheral nervous sys-
tem and encodes a type I transmembrane glycoprotein.
MPZ is a useful marker for differentiating Schwann cells
because of its stage-specific expression pattern, its impor-
tance in myelin structure and nerve function, and its ability

to help distinguish Schwann cells from other cell types.>
In this study, we observed a strong expression of MPZ in
almost every condition, indicating that Schwann cells can
function effectively within this in vitro model.

Establishment of an in vitro peripheral nervous
system model in a three-dimensional dynamic
environment

To enhance the exploration of biomaterial-incorporated
three-dimension cell cultures, bioreactor system encom-
passing crucial components aimed at enhancing reproduc-
ibility: temperature and O, parameters measurement and
control, a replicable and uniform cell seeding process and
the opportunity for parallelization, such as simultaneously
testing multiple conditions within a single experiment.

In pursuit of a more clinically relevant model for the
study of biomaterial-integrated three-dimensional cell cul-
tures, we employed a perfusion bioreactor system. This
system was meticulously engineered to enhance experi-
mental reproducibility through the precise control and
measurement of temperature and O, levels, a uniform cell
seeding process, and the ability to test various conditions
concurrently within a singular experimental framework.
The custom-made bioreactor system used in this study
enabled rapid and consistent exploration of three-dimen-
sion cell cultures, addressing a significant requirement in
the field of tissue engineering for scale up to human
size.”>’% Also, employing a perfused bioreactor ensures an
optimal nutrient supply such as O, and supplements while
efficiently eliminating toxic metabolites from the cell cul-
ture growth.”®7°

Indeed, several models related to the PNS integrate
coculture with three-dimensional biomaterials,>*-**3! which
has been proven effective but lacks the dynamic key compo-
nent found in the in vivo environment, diminishing the real-
ism of these models. On the other hand, in articles addressing
the development of an in vitro model under dynamic condi-
tions, the literature often presents perspectives different
from our bioreactor technology. Many articles on the subject
utilize microfluidic technologies,*** operating at a smaller
scale compared to what is found in vivo, which could pose
challenges when scaling up for human applications. Despite
the advantages of microfluidics,*’ the unique and compel-
ling scale of our model distinguishes it from the literature.
When exploring in vitro models developing bioreactors for
clinical-scale tissue engineering, articles such as Piola
et al.,%? Parrish et al.,*> and Wendt et al.3* are found. While
not specialized for the PNS, they offer a more comprehen-
sive approach to tissue engineering.

The only models that align with the characteristics of
our model would be the model by Sun et al.%® The study
utilized a closed-loop bioreactor system with the capabil-
ity to evaluate novel tissue-engineered peripheral nerve
conduits in vitro, with cell cultures carried out for 4 days.
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This system integrates a completely closed system, allow-
ing for easy operation under sterile conditions and the
potential for the parallel operation of individual chambers
for simultaneous and comparable experiments. It also
explores the possibility of testing synthetic microfibers
aligned with viscose rayon and polystyrene, obtained
through electrospinning. It is interesting to note that the
conclusions of the study regarding the crucial role of the
dynamic environment are remarkably similar to the con-
clusions in the current article, namely, higher cellular via-
bility and significantly greatercolonisation of the
biomaterials compared to static culture. However, this
study was conducted several years ago, and technologies
have imposed several limitations on the model. Firstly, the
biomaterial used was not as efficient as ours,’! the distribu-
tion of viable cells along the scaffolds was highly uneven,
especially toward the open end of longer scaffolds (30—
80mm). There was also a significant decrease in cell via-
bility and cell count with higher and less well-controlled
fluid flow rates compared to our system, which utilizes a
high-precision micro-peristaltic stepper motor capable of
delivering smaller flow rates with high accuracy.

Coculture survival, colonization, and
differentiation at the contact of the scaffolds in
dynamic environment

The static environment provides limited opportunities for
material transfer to cell cultures. Consequently, lower cel-
lular viability is expected in an environment where nutri-
ents circulate less efficiently, aligning well with the overall
results of the experiments presented in this article. Beyond
material transfer, the perfusion rate may represent a crucial
aspect in the experimental outcomes. Indeed, the ultimate
goal is to replicate the human environment as effectively
as possible; however, humans exhibit multiple variations
not only among individuals but also within their own
organisms.%® Therefore, finding a perfusion rate that
exactly simulates what one might achieve in humans is
extremely challenging. The choice of the perfusion rate
aligns with similar studies on the subject. The flow rates
used in this study were 10, 50, 150, and 200 pL/min, with
the majority of experiments conducted at 150 pL/min,
based on parameters found in the literature concerning the
peripheral nervous system, for example: 10 to 250 pL/min
for Schmid et al.,* 13.3, 50, and 83.3 uL/min for Sun
etal.,® 12, 120, and 600 uL/min for Campos Marin,*® and
30 to 100 pL/min for Piola et al.®> The variation in flow
rates in our case had no visible impact on colonization.
The only noticeable observation was the loss of cell den-
sity when flow rates exceed 250 ul/min, probably due to
the fact that cells with weaker adhesion to the biomaterial
were more easily washed away, and there was a relatively
high degree of shear force considering the small size of
the micro-channels.®® Nevertheless, it was interesting to

observe the impact of material transfer and perfusion in
different experimental stages.

In terms of colonization, both the coculture and the con-
trol groups have demonstrated effective colonization of
the biomaterial under perfusion as opposed to unperfused
scaffolds. It is noteworthy to mention that the coculture
seemed to positively influence the overall distribution of
cells within the biomaterial, resulting in a higher cellular
density retained in the biomaterial, a phenomenon also
observed in static experiments. This phenomenon may be
attributed to an interaction between the two cell types. This
interaction have been reported in articles such as Hyung
et al.** and Malheiro et al.*® This could be a potentially
interesting aspect to investigate more deeply in future
studies. Another observation from the results in Figure 7
indicates a higher cellular density upstream of the bioma-
terial, which might be attributed to the seeding process.
Cells were initially seeded at one end of the biomaterial.
After 48 h of incubation, CellTracker™ images were cap-
tured. From our observations, it appeared that some cells
may not have had enough time to migrate to the biomate-
rial’s deeper zones within this period. This was further
supported by the increased homogeneity in cell distribu-
tion observed after 7 days (168 h), as indicated by the Live/
Dead™ cell assay results. The seeding process’s flow rate
may have an impact, as evidenced by studies that have
experimented with various seeding flow rates.*® We found
that slightly reducing the seeding flow rate may have
helped diminish shear forces, thereby improving viability,
although not significantly.

The conclusions in link with the viability were arguably
the most interesting in this study. What is the most note-
worthy is the dynamic environment’s ability to signifi-
cantly enhance the coculture viability in full-scale
biomaterials with a length of 30 mm, a phenomenon not
yet reported to the best of our knowledge. As indicated by
the results obtained with Live/Dead™ fluorescence data,
in the absence of this dynamic environment, none of the
cell types can attain satisfactory viability nor colonization.
This implies that perfusion is indeed the cause of the sig-
nificantly greater viability and cell colonization observed
in the biomaterial.>>”” The viability over several days has
been documented in Campbell et al.®” They demonstrated
that a coculture could persist for at least 21 days, and mye-
lin sheaths formed around axonal fibers from day 14
onwards. Similarly, in the coculture of primary motor neu-
rons and Schwann cells,’* observed a considerable
improvement in the viability of motor neurons compared
to motor neuron monoculture. While the vast majority of
neurons in monoculture failed to survive, the coculture
showed almost no cell death up to 21 days of culture.

Regarding the immunostaining results on the biomate-
rials under dynamic conditions in the 30 mm-long bioma-
terials, despite the challenging task of obtaining
high-quality images due to the immunomarkers struggling
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to penetrate the entire biomaterial and necessary manipu-
lations with the biomaterials before labeling, which likely
impacted the labeling quality, we still observed a positive
presence of MPZ and B3-Tubulin markers. This corre-
sponds with the results obtained in the static environment.
A practically identical presence of the MPZ marker is
observed both in static and dynamic conditions. The main
distinction lies in the fact that pseudoneurites aligned
along the microchannels were only observable under
coculture conditions, emphasizing the significance of
coculture. Despite the pseudoneurites being less discerni-
ble in the zoomed images of dynamic results due to lower
quality compared to static results, a similarly apparent
presence of the B3-Tubulin marker is observed, with a dis-
tinction in the concentration of the marker in structures
resembling pseudoneurites in the coculture images. In a
related study Daud et al.,*! investigated the development
of'a three-dimension in vitro peripheral nerve model using
aligned electrospun polycaprolactone fiber scaffolds to
explore neurite guidance, cell viability, and cellular organ-
ization in neuronal-glial cocultures. They demonstrated
that NG108-15 neuronal cell neurites extended up to
2.50mm after 10days of culture on 1 mm diameter fibers
in serum-free DMEM containing specific supplements. A
7—10day incubation period for a coculture in contact with
a biomaterial is not very long, but remain standard in many
studies.**338% This timeframe enables the initiation of
physiological changes in neuronal cells, such as the onset
of neurite formation and the beginning of maturation mol-
ecule expression in Schwann cells as we observed. In addi-
tion, it provides a reasonable timeframe for comparing
cocultures in static and dynamic environments.’® In a
future study, we plan to initiate longer coculture incuba-
tions to observe late differentiation-related outcomes in
the context of coculture. Several studies extend beyond
21 days*®*7 (28 days®**?; 40 days*®), observing more devel-
oped neurites and even an onset of myelination.

Finally, various research avenues can be considered to
enhance the fidelity of this in vitro model replicating the
regenerative processes of the PNS. Firstly, extending the
coculture period over multiple consecutive weeks would
better mimic long-term physiological conditions, provid-
ing a more realistic perspective of regenerative processes
such as axonal growth of neurons.’’ Moreover, particular
attention should be given to the validation of cell func-
tionality, emphasizing crucial aspects such as the ability
of Schwann cells to form a myelin sheath, a fundamental
step in the nerve regeneration process. Moreover, inte-
grating a greater variety of cellular actors, such as mac-
rophages, and exploring complex interactions between
different cellular populations could strengthen the mod-
el’s validity. Cell types employed in this study, such as
NG108-15 and S16, act as good cell lines for proof of
concept; however, since these are cell lines derived from
rodents, their behavior may differ from that of primary
cells, such as DRG. Ultimately, testing human cell lines,

animal primary cells, or even stem cells represent promis-
ing avenues to enhance the model’s representativeness
based on the biological complexity inherent to the human
organism.

Conclusion

PNI impose substantial health and socio-economic chal-
lenges. Understanding PNS regeneration is vital for dis-
covering cost-effective therapeutic strategies. Ethical
concerns and high costs linked to animal research have
driven researchers to embrace innovative in vitro models,
proving reliable and reproducible results. This study
underscores the importance of incorporating the dynamic
aspect in the development of three-dimension in vitro
models at a clinically relevant scale, which is a novelty in
the field. It proposes an effective combination of unique
characteristics utilizing coculture, a three-dimension bio-
mimetic scaffold, perfusion bioreactors, and clinical-scale
size to replicate environments similar to those found in
vivo. The biomaterial, optimized with collagen and chi-
tosan, supports Schwann and neuronal cell distribution,
while perfusion enhances nutrient availability, oxygen
supply, and waste removal. Most importantly, this model
enables work on clinically relevant biomaterial scales,
showing ecarly differentiation in cocultured cell lines
NG108-15 and S16. Ultimately, this study opens new
promising avenues for studying and advancing peripheral
nerve injury treatments.
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