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Abstract

The use of neural stem cells (NSCs) in cell therapy appears as a powerful tool for the treatment of
central nervous system diseases, including traumatic brain and spinal cord injuries. However, a
significant drawback is related to the limited viability after transplantation in situ. The design of
three-dimensional (3D) scaffolds able to resemble the architecture and the physico-chemical
features of extracellular environment would be a suitable approach to improve cell survival and
preserve their cellular active phase over time. In this study, we investigated NSC adhesion and
proliferation in hydrogel systems; in particular, we evaluated the effect of RGD binding domains on
cell fate within the polymeric scaffold. The introduction of the tripeptide, through hydrogel
chemical functionalization, improved the percentage of proliferating cells until 8 days after the
seeding than an unmodified scaffold. The benefic effect of this 3D culture system was further
evident when compared to NSC monolayer (2D) culture, resulting approximately in 40% increase
of cells in active phases at 4 and 8 days and maintaining a difference of 25% until 21 days after the

seeding.



Introduction

The biomaterial-based therapies represent one of the last and promising approaches to interface
with native tissues in predefined ways*3. Many researchers have focused their attention on the
design of biocompatible materials able to engage in a dialogue with the biological environment: a
wide range of successful systems are produced for the detection of biological compounds* °, the
delivery of drugs or active substances in response to diseases®® and the on-demand presentation of
bioactive ligands to direct cell behavior and regenerate tissues® °. Particularly, the synergy of
protective and repair measures could be the solution to injuries and disorders. Among them,
disruptions to the central nervous system (CNS) are one of the most devastating conditions due to
the severe and permanent deficits, often resulting in the loss of neuronal cell bodies, axons and
associated glia support'> 2, Physical consequences are commonly visible in the traumatic brain
injury (TBI) and in spinal cord injury (SCI). The limited ability of the CNS to spontaneously
regenerate is related to the cell inhibition around the lesion site and to the formation of a dense scar
tissue and impairs axonal regeneration and functional recovery of the spinal cord. Among the SCI
treatments, the transplantation of certain stem cells into the damage areas is one of the most used
regenerative approaches over the last years'®°, Especially, neural stem cells (NSCs) are under
investigation with regards to their support in axonal regeneration, neuroprotection or re-setting the
inflammatory response to a mode that heals the damage tissue'®8, This type of cells represents a
great potential tool, not only because of their capacity to integrate into the host tissue, contributing
to the replacement of damaged cells but also because of several bystander capacities, such as tissue
trophic support and immune-regulation®®. Therefore, they are versatile and generally available from
different sources, including embryonic, fetal, adult and induced pluripotent stem cells. However,
some issues do exist about the low viability, the lack of control on stem cell fate, and the reduced
cell conjunction with existing neural circuity after transplantation. The crucial aspect of cell
survival could be approached using a three-dimensional (3D) substrate able to host cells and create

a suitable biomimetic environment where they can proliferate®.



As reported in literature?® 22, a two-dimensional (2D) monolayer cells cultured on a substrate does
not adequately take into account the natural environment of cells than a 3D system, which is more
reflective of in vivo cellular response. The additional dimensionality of 3D cultures mimics the
influence over the spatial organization of the cell surface receptors engaged in interactions with
surrounding cells and also affect the signal transduction from the outside to the inside of cells,
influence gene expression and cellular behavior, motility, and migration similarly to in vivo
conditions. Hydrogels are an important class of highly hydrated biomaterials commonly used in
drug delivery, regenerative medicine and tissue engineering thanks to their tunable physico-
chemical properties and their 3D structure?® 24, Complying with the biocompatibility and
biodegradability criteria, hydrogels can be produced through smart combinations of natural and
synthetic polymers: the first ones impart biological activity and typically promote cell interaction;
the second ones offer the opportunity to tailor the scaffold architecture due to their reproducible
characteristics in terms of molecular weight, degradation and mechanical properties. The swelling
behavior allows for the exchange of ions and metabolites with tissue fluids to maintain the
biological chemical balance with the surrounding environment and the diffusion of biomolecules
preserving hydrogel physical structure® 26, The porous morphology also consents the outline of the
in vivo distribution of metabolites, nutrients, oxygen, and signaling molecules. Nowadays, their use
as permissive microenvironments to enhance cell survival and control stem cell fate is a significant
challenge, in particular in stem cell based treatments for CNS regeneration'® 2. Syntheses of
hydrogels with inert surface that prevent non-specific adsorption of ligands/proteins or with
biological molecules covalently incorporated within the scaffolds represent two different
alternatives to pursue this objective®, In this work, we investigated both these strategies: we
proposed the use of two hydrogels composed by polyethylene glycol (PEG), agarose and poly

acrylic acid (PAA) as a 3D culture system to preserve NSC viability over time.



The first one was a scaffold without polymer conjugation to biomolecules, whereas the second one
was characterized by the PAA functionalization with cell-adhesive and cell-recognition tripeptide
Arg-Gly-Asp (RGD) through Copper-Catalyzed Azide-Alkyne Cycloaddition (CUAAC) reaction. In
this case, we introduced a stable and uncleavable bond between the polymer and the RGD
molecule, in order to preserve the potential effect of the functionalization in the bioenvironment
over time. We monitored the cell behavior and spatial organization within the two scaffolds and
compared the obtained results against a 2D NSC culture system. In particular, the NSCs trend
towards the quiescent state was recorded and correlated to the cytocompatibility of the biomaterial.

The design of a smart injectable system, like a hydrogel, properly functionalized, conformable to
various structures and highly porous may provide the suitable conditions to simulate the in vivo

cellular environment, upgrading the stem cell curative actions in situ.



Experimental

Materials

The used polymers in hydrogel synthesis were: PAA (average Mn = 130 kDa, 35% wi/w solution in
water, Sigma Aldrich Chemie GmbH, Germany), carbomer 974P (MW = 1 MDa, Fagron, The
Netherlands), polyethylene glycol (PEG, MW = 2 kDa, Sigma-Aldrich Chemie GmbH, Germany)
and agarose (MW = 300 kDa, Invitrogen, ThermoFisher Scientific, USA). Propidium iodide
solution was obtained from Invitrogen, ThermoFisher Scientific (USA). Primary antibody rabbit
anti-ki67 (Rb ki67) and unconjugated secondary antibody goat anti-rabbit Alexa Fluor 647 were
purchased from Abcam (UK). Normal goat serum (NGS) was obtained from Sigma-Aldrich.
DMEM/F12 was obtained by Life Technologies (USA). The other chemicals were purchased from
Sigma-Aldrich (Germany). The materials were used as received. Solvents were of analytical grade.
RGD derivative was stored at -20° C. The NMR experiments were carried out on a Bruker AC (400
MHz) spectrometer using chloroform (CDCIs) or deuterium oxide (D20) as solvent, and chemical
shifts were reported as 6 values in parts per million with respect to TMS as internal standard. FT-IR
analysis were recorded using a Thermo Nexus 6700 spectrometer coupled to a Thermo Nicolet
Continuum microscope equipped with a 15x Reflachromat Cassegrain objective at a resolution of 4
cm ™t using the KBr pellet technique. About the evaluation of immunofluorescence of NPCs loaded
within hydrogel systems, the frozen hydrogel slides with stained NPCs were collected onto

SuperfrostPlus slides by Thermo Fisher Scientific (USA).

PAA-RGD functionalization

The chemical modification of PAA with RGD moiety occurred as discussed in our previous work3!.
Briefly, the procedure involved two steps. The first one was PAA functionalization with alkyne

groups.



PAA (500 mg, 6.94 mmol) was dissolved in distilled water (15 ml) and the following reagents were
sequentially added: propargylamine hydrochloride (63.5 mg, 0.69 mmol), a solution
acetonitrile:water 1:1 v/v of 1-hydroxybenzotriazole hydrate (93.2 mg, 0.69 mmol) and
ethyldimethylaminopropyl carbodiimide hydrochloride (132.3 mg, 0.69 mmol). After 24 h stirring
continuously, the mixture was dialyzed against water solution at pH=5.5 (2000 ml) prepared
dissolving sodium chloride (11.2 g) in distilled water and adding HCI 37% (4 drops). Dialysis
occurred for three days, with daily water changes and addition of HCI. After dialysis, the obtained
product (propargyl PAA) was frozen at -20°C and lyophilized.

The second step was related to the CUAAC reaction between propargyl PAA and RGD modified
azide. The peptide was synthesized manually using the stepwise solid phase Fmoc method and then
linked to N3 group. The functionalized polymer (78 mg, 0.072 mmol) was dissolved in distilled
water and RGD azide derivative (25 mg, 0.072 mmol) was added; the system was left under stirring
at 60° C for 24 h. Subsequently, it was cooled at 25° C and dialyzed against acid water solution (as
reported in the previous step) for three days, with daily water changes, and lyophilized. The

obtained product was PAA grafting RGD tripeptide through triazole bond (PAA-RGD).

Hydrogel synthesis

The synthesis of hydrogels without any chemical functionalization (hereinafter referred to as HG)
was performed through microwave-assisted strategy. Branched polyacrylic acid Carbomer 974P (35
mg) was dissolved in a phosphate buffered saline solution (PBS, 5 ml) and then added PEG (300
mg) and glycerol (50 ul). The mixture was stirred for 30 min and left to settle for 1 h. The pH was
adjusted to 7.4 using NaOH 1 M. The resulting solution was used in 3D network synthesis as
follows: agarose (25 mg) was added to the mixture (5 ml) and the system subjected to
electromagnetic stimulation (500 W irradiated power) for 30 s, heating up to 80° C, to induce

condensation reactions between the carboxyl and hydroxyl groups.



The mixing reactor was kept closed to avoid any eventual loss of solvent vapors and finally the
gelling solution was poured in cylinders (0.25 ml of mixture in each cylinder with diameter 1.1 cm)

during cooling, until gelation.

Hydrogel-RGD synthesis

Hydrogels with RGD functionalization (labelled as HG-RGD) were prepared starting with the
dissolution of Carbomer 974P (25 mg) and PAA-RGD (10 mg) in PBS solution (5 ml). Then, PEG
(300 mg) and glycerol (50 ul) were added and the system stirred for 30 min. The resulting solution
was left to settle for 1 h. Hydrogels were formed through microwave-assisted reaction in the same

way of HG (previous section).

Swelling behavior

To assess the swelling behavior, hydrogel samples were first immersed in PBS for about 24 h, then
freeze-dried, weighted (Wg) and poured in excess of the PBS to achieve complete swelling at 37 °C
in a 5% CO. atmosphere. The swelling kinetics were measured gravimetrically: samples were
removed from the PBS at regular time points. Then, hydrogel surfaces were wiped with moistened
filter paper in order to remove the excess of the solution and then weighed (W:). The swelling ratio

(Qm) was calculated with the following equation:

_ W—Wy
= =W

Qm +100 1)

where W: is the weight of the wet hydrogel as a function of time, and W4y is the weight of the dry

one.



Rheology

HG and HG-RGD rheological analyses were performed at 37°C using a Rheometric Scientific
ARES instrumentation (TA Instruments, New Castle, DE, US) equipped with 30 mm parallel plates,
with a 4 mm gap between them. The oscillatory responses (G’, elastic modulus, and G”, loss/viscous
modulus) were determined at low values of strain (0.02%) over the frequency range 0.1-100 rad/s
32 Dynamic Strain Sweep (DSS) tests were also performed at frequency of 20 rad s over the strain
range of 0.01-100%. Pseudoplastic behavior was also investigated. The behaviors of shear stress
and viscosity as a function of shear rate were examined and the linearity of the viscoelastic

properties was verified.

Neural Stem Cells

NSC lines were prepared from the subventricular zone (SVZ) of 4- to 8-week-old C57/BI6 female
mice, as reported in previous works®* 34 Briefly, mice were humanely culled by cervical dislocation
followed by decapitation, the parietal bones were cut cranially to caudally using micro-surgery
scissors, and the brains removed. A brain slice matrix was used to obtain 3 mm thick brain coronal
sections starting from 2 mm after the anterior pole of the brain. The SVZ of the lateral ventricles
was isolated from coronal sections using iridectomy scissors. Tissues derived from at least 2 mice
were pooled to generate cultures. Dissected tissues were transferred to a 15 ml tube with digestion
medium [balance salt solution (EBSS, Gibco), papain (1 mg/ml, Worthington),
ethylenediaminetetraacetic acid (EDTA) (0.2 mg/ml, Sigma-Aldrich) and L-cysteine (0.2 mg/ml,
Sigma-Aldrich)] and incubated for 45 min at 37°C on a rocking platform. At the end of the
incubation, the tube was centrifuged at 200 g for 12 min, the supernatant was removed and the
pellet was mechanically disaggregated with 2 ml of EBSS. The pellet was centrifuged again at 200
g for 12 min and then dissociated with a 200 ul pipette and seeded in complete growth medium

(CGM).



CGM was constituted of mouse NeuroCult™ basal medium (Stem Cell Technologies) plus mouse
NeuroCult™ proliferation supplements (Stem Cell Technologies) added with 2 pg/ml heparin, 20
ng/ml EGF and 10 ng/ml bFGF. After approximately 4-7 days, a small percentage of the isolated
cells begun to proliferate, giving rise to neurospheres. When neurospheres reached the necessary
dimension (150-200 um diameter), the cells were harvested in a 15 ml tube and centrifuged at 100 g
for 8 min. The supernatant was then removed and the pellet dissociated by enzymatic digestion with
Accumax™ at 37°C for 10 min. The number of viable cells was determined by trypan blue
exclusion and viable cells were re-seeded at clonal density 8,000 cells/cm?. NSCs were transduced
in vitro using a third-generation lentiviral carrier (pRRLsinPPT-hCMV) coding for the enhanced
farnesylated (f)GFP, which targets the fluorescent protein to the inner plasma membrane of
transduced cells®. The functional stability of these cells (in the absence or in the presence of the
lentiviral transcript) has been confirmed with clonal and population studies®3. Briefly, neurospheres
were harvested, dissociated to a single cell suspension and seeded at high density [1.5-10° in a T75
cm? flask (Sigma-Aldrich)] in 5 ml fresh medium. After 12 h, 3-10° T.U./ml of lentiviral vectors
were added and 6 h later additional 5 ml of fresh medium were added. 72 h after viral transduction,
cells were harvested and re-seeded at normal concentration. Transgene expression was measured by
FACS analysis before transplantation and >98% of cells were found to be labelled. Mycoplasma

negative NSCs at passage n< 25 were used in all experiments.

Cell loading

NSCs were added directly onto HG and HG-RGD sponge-like hydrogels?®. They were obtained as
lyophilized scaffolds, as follows: after their synthesis, hydrogels were separately submerged in PBS
solution for 2 h, then they were frozen on dry ice for 5 min, transferred at -80 °C overnight and then

dried in the following conditions: 0.5 mbar and -40°C.
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The resulting lyophilized gels were sterilized for at least 30 min, each side, by UV illumination
before cells seeding. NSCs were harvested and suspended at a density of 1.25-10° cells/ml in growth
medium. An aliquot of 40 pl of cells were added directly onto one side of the freeze-dried hydrogel
sample and placed in incubator at 37°C for 20 min; subsequently, other 40 ul were added on the
other gel side. Hydrogels were let to swell for 30 min in incubator at 37 °C; then, they were placed
in a 24 multiwell cell culture plate and 1 ml of growth medium was added. The loaded samples
were stored and monitored in incubator at 37°C, replacing medium every two days. Each hydrogel
contained approximately 100,000 cells. Cell seeding in 2D substrate was performed as follows:
after placing one round glass coverslips in each well of a 24 multiwell plate, laminin was added to
cell suspension in growth medium (1:100) and the resulting cell solution was poured to each glass
(80 wl) and incubate for 30 min at 37°C. In this way, we replicated the same amount of cells within
hydrogel samples in 2D experiments. Then, a solution of laminin and growth medium (1:100) was
added (500 ul) to each well and the resulting systems were stored and monitored in incubator at

37°C, replacing medium every two days.

Cellular immunofluorescence in vitro

Immunofluorescence on NSCs in vitro was performed as described. Hydrogel medium was replaced
with a solution of propidium iodide (PI) 500 nM (1 ml) and the system incubated at 37°C for 5 min.
Then, the samples were rinsed with PBS 1X (1 ml) five times in order to remove any free dye
remaining in the solution. The gels were stored in incubator during each washing, for 8 min.
Finally, they were incubated for other 5 min at 37°C. PBS solution was removed and cells were
fixed using paraformaldehyde (PFA) solution 4% added to each hydrogel well for 10 min. Each
sample was rinsed three times with PBS 1X, and then incubated for 2 h at room temperature (r.t.)
using a blocking solution (300 ml, composed by PBS 1X, 0.1% Triton X-100 and 10% normal goat

serum) to avoid a-specific binding of the used antibodies in intracellular staining.
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The resulting HG and HG-RGD with fixed NSCs were treated with an appropriate primary antibody
diluted in PBS 1X (300 ml), overnight at 4°C. The solution was composed by PBS 1X, with 0.1%
Triton X-100, 1% NGS and antibody Rb ki67 (1:500). The samples were then washed two times
using a solution 0.1% Triton X-100 in PBS 1X and incubated for 1 h at r.t. with the secondary
antibody solution (300 ul) prepared with PBS 1X, 0.1% Triton X-100, 1% NGS and anti-rabbit
Alexa Fluor 647 (1:1000). Each hydrogel was washed three times with 0.1% Triton X-100 in PBS
1X solution and the NPCs nuclei were stained with 4,6-diamine-2-fenilindole (1 ul/ml, DAPI) for 3
min. Finally, the samples were washed in PBS 1X three times. The obtained HG and HG-RGD
systems were embedded in Optimal Cutting Temperature (OCT) Tissue Tek compound and snap
frozen in dry ice. Frozen blocks were placed in a cryostat (Leica) and 30-um thick sections were cut
and collected onto SuperfrostPlus microscope slides. The latter were then mounted with Fluorescent
mounting medium. Samples were examined and photographed using a laser scanning confocal
microscope TCS-SP2 (Leica Inc., Wetzlar). In order to analyze cell distribution throughout the
whole gel, six sections of each HG and HG-RGD spaced 60 um were acquired at 63x
magnification. The immunofluorescence and viability analyses were performed at 1, 4, 8, 14 and 21
days after NSC seeding on sponge-like gel samples. The immunofluorescence of laminin samples
was performed in the same manner of hydrogels, but after the last washing in PBS 1X solution, the
round glass coverslips with cells and laminin were directly mounted with Fluorescent mounting

medium and evaluated at the confocal microscope.

LDH assay

The determination of released lactate dehydrogenase (LDH) was performed using the medium of
hydrogels HG, HG-RGD and laminin (conditioned medium) after the cell seeding, at defined time

points (1, 4, 8, 14, 21 days). The collected medium was used as supernatant for new NPCs cultures.
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After incubation, the resulting systems were collected, then centrifuged at 600 g for 10 min. Poured
the supernatant in a 96-well plate (20 ul each well), LDH release reagent (30 ul) was added to mix
completely, then incubated at r.t. for 30 min. Cell cytotoxicity was measured by the absorbance
(490 nm) and the results were compared with that of the control wells to determine relative cell

viability.

Statistical analyses

Statistical analyses were performed by Prism software (Graph-Pad). Applied statistical tests were
two-way ANOVA followed by Tukey's post hoc test, as reported in figure legends. Data are

presented as mean + SEM.
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Results and Discussion
Hydrogel chemical characterization

The difference between HG and HG-RGD samples is related to the use of PAA-RGD component in
their synthesis. RGD is the most effective and commonly employed peptide sequence for stimulated
cell adhesion on synthetic substrates due to its ability to mimic cell adhesion proteins, bind to cell-
surface receptors and its biological impact on cell behavior and survival®®-=8, The design of a stable
RGD motif linker to the synthetic surface is the focal point to achieve strong cell adhesion: many
researchers proposed a covalent attachment to the polymer, exploiting functional groups like
hydroxyl, amino or carboxyl groups, already available in surface polymer structure or specifically
introduced by blending, copolymerization, chemical or physical treatments. In order to avoid any
potential bond liability between RGD and PAA, we proposed a click chemistry approach: PAA
modification with alkyne moieties and the grafting of RGD to an azide group! allowed the
formation of triazole through the CuAAC cycloaddition. Triazole is stable in metabolic and
chemical degradations®® “° and uncleavable under physiological conditions. FT-IR spectrum (ESI,
Figure S1) shows the characteristic peaks of triazole* at 1445 cm™, whereas the wavenumbers
range 3600-2900 cm™ corresponding to the stretching vibration of -OH residual groups, with a
partial overlap with the peak of C-H stretching at 2950-2850 cm™. The carbonyl stretch C=0 is
detectable around 1700 cm™, PAA -CH stretching is visible in the range 1435-1300 cm™ and the
signal at 1256 cm™ is representative of C-O vibration. As reported in our previous work®!, the
functionalization of PAA occurred modifying only 10% of its carboxyl groups with triple bond, in
order to preserve the residual groups for hydrogel synthesis: in this way, PAA-RGD took part to the
formation of the 3D HG-RGD polymeric scaffold and it was not physically entrapped within the
mesh. This approach allowed to design an alternative scaffold to HG, attributing the potential

variations in NPCs behavior to the grafted RGD.
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HG e HG-RGD hydrogels were produced through chemical cross-linking between carbomer (and
PAA-RGD in HG-RGD samples), PEG and agarose, by microwave-assisted polycondensation. This
chemistry is based on the efficient heating of materials by “microwave dielectric heating” effects
and is dependent on the ability of a specific component (solvent or reagent) to absorb microwave
energy and convert it into heat®> 42, Heating to 80 °C leads to a higher macromer mobility, and thus
enhances short-range interconnections among functional groups of the polymers: in details,
carboxyl groups and hydroxyl groups produce local networks which, as the esterification proceeds,
give rise to the final three-dimensional macrostructure. The gel forming is progressive, reaching
before the sol/gel transition temperature and then the complete gelation (within 10 min), avoiding
damages to the structures of the components. This peculiar feature allows such hydrogels to
complete their gelation directly in situ, being injectable still at the sol state, thanks to their
thixotropic nature®™ 32, The used polymers are well known as biocompatible materials for
therapeutic and tissue engineering approaches, thanks to their anti-inflammatory and clinical
properties and promising interaction with cells® 4345, The building blocks of macromolecules form a
stable structure made up mostly of C-C bonds, with ester bonds as cross-linking points and, in HG-
RGD sample, the presence of the grafted tripeptide. A schematic representation of the two

synthetized hydrogels is reported in Figure 1A.
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Figure 1. Hydrogels physico-chemical characterization. A: Schematic representation of unmodified (HG)
and RGD-functionalized (HG-RGD) hydrogels. B: FT-IR spectra of HG (red) and HG-RGD (black); RGD
amide | (*) and Il (**) signals are emphasized in HG-RGD spectrum. C: Swelling kinetics of HG (A, red)
and HG-RGD (A, black): the equilibrium was reached in the first 30 min and maintained over time. D:

Rheological behavior of HG (G” A red, tan(5) A red) and HG-RGD (G” ¢ black, tan() ¢ black) hydrogels.

The formation of ester bonds in HG and HG-RGD is visible in their FT-IR spectra (Figure 1B),
where peaks corresponding to symmetric (around 1600 cm™) and asymmetric (around 1400 cm™)
CO: stretches are detectable. The two spectra also show the signals related to C-O-C stretch
vibration (range 900-1000 cm™) that represents the glycosidic bond between monosaccharide units
(typical of agarose structure) and ester groups. In HG-RGD sample, the presence of RGD
functionalization is confirmed by its detectable peaks corresponding to amide I (*, 1670 cm™, C=0

stretching) and amide I1 (**, 1560 cm™, N-H bending) bands*®, in addition to triazole signal.
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These considerations show that the synthesis of the gel scaffold was correctly achieved and the

discussed tripeptide functionalization was successfully obtained.

Hydrogel physical characterization

Hydrogels are polymeric scaffolds able to link and retain high amount of water, giving them the
advantage over other matrices of better mimicking the agueous environment of the extracellular
matrix (ECM)*. During swelling of a hydrogel network, polymer chains assume a stretched
conformation, counterbalanced by an elastic force acting in the opposite direction generated by
increasing the elongation of the system; this force limits the stretching process. On the other hand,
polymer swelling is promoted by the polymer-solvent mixing process, which lowers the total free
energy by increasing system entropy. The action of these opposite forces leads to the attainment of
a thermodynamic equilibrium. Experimental results about HG and HG-RGD samples show that all
samples exhibited fast swelling kinetics and their swelling equilibrium was reached within 30 min.
In particular, Figure 1C highlights similar swelling trend for HG (in red) and HG-RGD (in black):
the first one reached a swelling ratio equal to 1100% and the second one was characterized by a
value of about 1350%. As reported in previous works? 3t 48 swelling phenomenon exhibits high
dependence on the solute loaded within the polymeric network. In this case this dependence is
present, but less visible, because RGD peptide is integral with polymeric network and does not
create high hindrance to gelation process. This suggested that the PAA chemical modification did
not significantly affect the physical property of the network, despite in HG-RGD the
functionalization decreases the number of reactive sites with a consequent decrease in cross-linking
density. Furthermore, as previously demonstrated*®, gels swelling kinetics is much faster than the
degradation one. About rheology (Figure 1D), for both samples storage modulus (G") was found to
be approximately one order of magnitude higher than the loss modulus (G™"), indicating an elastic

rather than viscous material. Both moduli were also essentially independent of frequency.
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In detail, G" for HG and HG-RGD were respectively 3000 Pa and 3500 Pa. The RGD modified
material presented stiffer and more elastic properties than HG, that could be attributed to the
interactions between polymeric network and RGD pendant groups. Also in this case the influence of
RGD does not irreversibly change the rheological properties due to the integration of polymer
chains and absence of high steric hindrance. The DSS test showed that both HG and HG-RGD
behaviors were dominated at low strain values by the elastic modulus. Increasing the strain values,
the elastic structure of the network breaks down and the elastic modulus decreases steeply. The
crossover strain (yc) can be evaluated as the value at which the contribution of the material damping
tan(d) is predominant with respect to G”. At low values of strain, the two G” trends indicate the
presence of a close packed polymeric network and the behaviors of tan(s) are very similar, thus
indicating very similar, liquid-like behaviors. Our previous works also revealed that dried hydrogels
possess a highly entangled structure®. There are some bigger pores containing small pores and
some fibrillar networks on the pore walls. In addition, most of the pores are interconnected, giving

rise to a porous structure with a complex 3D construction.

Hydrogel effect on NSC viability in vitro

We tested the impact of a 3D structure on NSCs, compared to a NSC monolayer system (2D) on
laminin. We also investigated how the presence of RGD motifs could improve cell adhesion and
viability. As reported in literature? 5 °1 3D cell culture systems represent more accurately the
microenvironment where cells reside in tissues and provide more predictive data for in vivo
experiments. The same amounts of NSCs were seeded over the 2D substrate and within hydrogels
and monitored after 1, 4, 8, 14 and 21 days in order to study cellular behavior over time. Propidium
iodide was used to detect dead cells and its staining protocol was applied before NSC fixation with
PFA, whereas ki67 was chosen as marker for cells in non-quiescent state, including those in

proliferating active phase. It was conjugated to a secondary antibody with different
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absorption/emission spectra than Pl, GFP membrane and DAPI nuclear staining, avoiding overlaps

in recorded confocal images.

Figure 2 shows NSC spatial organization and proliferation on laminin (Figures 2Aa, Bb, Cc, Dd,
Ee) and within HG (Figures 2Ff, Gg, Hh, li, Jj) and HG-RGD (Figures 2Kk, LI, Mm, Nn, Oo)

networks, at the indicated time points.

Day 1 | Day 4 | Day 8 Day 14 Day 21

HG-RGD Laminin

Figure 2. Confocal representative images (63x) of NSCs stained with DAPI and GFP (upper case letters,
DAPI in blue and GFP in green) and stained with ki67 (lower case letters, ki67 in white) in laminin (Aa, Bb,
Cc, Dd, Ee), HG (Ff, Gg, Hh, li, Jj) and HG-RGD (KK, LI, Mm, Nn, Oo) samples. Images were recorded at
different time points (1, 4, 8, 14 and 21 days after the cell seeding) and were related to 30-um thick sections

for HG and HG-RGD and from glass coverslip in laminin samples. Scale bar represents 30 um.
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Seeded cells over the 2D substrate were able to proliferate and rapidly grow achieving a condition
close to confluence at day 8. The high increment of cell population progressively reduced the
number of NSCs in non-quiescent state as can be qualitatively observed in the decrease of number
of cells ki67 positive (Figures 2a, b, c, d, €). In both hydrogel systems NSCs were able to adhere to
the polymer chains and proliferate, giving rise to the neurosphere generation. The fraction of ki67
positive NSCs (cells in active phases cellular cycle) in HG and HG-RGD was reported in Figure 3

and compared to the obtained results with laminin substrate, over time.
100 A
801

60 A

[%]

40

NSCs ki67+

201

: 4 6 14 21

Time after seeding [Days]
Figure 3. Graph representing the ki67 positive NSCs trends in laminin (A, blue), HG (J, red) and HG-RGD
(O, black) samples, over time. Statistical analysis: two-way ANOVA followed by Tukey's post hoc test.
Mean + SEM are reported; n = 6 per group. (*) p < 0.05 vs HG, (****) p < 0.0001 vs laminin; (*#¥) p < 0.001

vs laminin, (**) p < 0.0001 vs laminin.

Significant different trends can be observed in 3D substrates against laminin. One day after the
seeding the percentage of NSCs expressing ki67 was 71% in 2D system, 74% in HG sample and
slightly above (78%) in hydrogels with RGD. At day 4, a significant reduction of non-quiescent
cells characterized the laminin monolayer (only 43% of NPCs were stained with the antibody),

whereas HG showed that 78% of cells were in active phases and in HG-RGD up to 87%.
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At day 8, the fraction of NSCs expressing ki67 was further reduced to 31% in laminin seeding;
instead, it was 63% in HG and 71% in HG-RGD.

Monitoring also at 14 and 21 days after the seeding, non-quiescent NSCs decreased in each sample,
until 24% in laminin substrate, 42% in HG and 50% in HG-RGD. Accordingly to these data, the
fraction of dead cells in 2D configuration increased over time: NSCs labelled P1 achieved the values
of 22% after 8 days and 60% after 21 days. Instead, in HG and HG-RGD networks, the
corresponding percentages were around 2% until 8 days and only 6% in HG and 9% in RGD
modified scaffold at 21 days (ESI Figure S2). These considerations suggest that use of a 3D
polymeric tool appears as a promising NSC culture system to give the opportunity to cells to
migrate and proliferate for a longer time than 2D culture: we proposed a biocompatible and non-
toxic system (ESI, Figure S3) able to provide more superficial area where cells can adhere and grow
without spatial restrictions due to the hydrogel mesh size and swelling behavior mimicking the
natural environmental niche. Furthermore, focusing on the comparison between ki67 positive NSCs
trends in unmodified and RGD-functionalized hydrogels, some differences could be recorded: in
particular at day 4 and day 8, HG-RGD sample was characterized by more proliferating cells than
HG (Figure 3). The bioactivity of hydrogel was improved by the presence of bioactive molecules
such as RGD, which is generally detectable in native ECM. After the seeding, the effect of the
tripeptide, in addition to support cell adhesion, is to improve the design of a hospitable 3D
environment resembling to NSC natural environment, more than HG system. Another contribution
could be the one related to stiffness: from Figure 1D it is visible that the storage modulus of HG-
RGD is higher than the one of HG. In this direction several studies already proved the role of
hydrogel elasticity in 3D cell culture systems®? >3, The RGD motif influence was well visible at day
4 and day 8, whereas it became restricted over time (in particular at day 14, where the difference of

proliferating NSCs between HG and HG-RGD was about 2%).
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This aspect could be explained considering the continuous increase of cell population in the 3D
scaffolds. Performed LDH test (Figure 4) shows the cytotoxicity of the medium surrounding cells in

each sample, directly related to the lack of nutrients and all other fundamental constituents of the

cell medium.
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Figure 4. LDH assay for NSCs treated with conditioned media on laminin, HG and HG-RGD culture

systems, at different time points. CTRL represents LDH release of NSCs in standard growth medium.

By taking the media conditioned by each sample and using it as cell culture media for new NSCs
we observed that lactate dehydrogenase release was prominent for cells treated with the 14" and
21% day HG and HG-RGD media. This suggested that the conditioned media at the indicated time
points were poor of nutrients and the latter were completely absorbed by NSCs grafted to the
hydrogel network: the high proliferation of cells over time lead to quickly exploit the medium
components and gave rise to a condition where RGD benefic effect became limited in the

corresponding hydrogel system.
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On the other hand, conditioned media at 1% and 4™ day related to the gel scaffolds seemed to be
suitable to support cell cultures. In laminin samples, LDH release was significantly high already at
4 days after the NSC seeding. Referring to the different NSC behavior and proliferation trends in
2D and 3D culture systems, LDH release reached maximal values earlier in laminin than in HG and
HG-RGD and this trend was maintained over time. Moreover, in HG-RGD sample the recorded
absorbance values were lower than in HG at day 1 and day 4. These results confirmed that the
design of 3D culture systems allowed improving the cell viability and healthy state respect to a 2D

configuration.

23



Conclusions

In this work, we proposed the synthesis of hydrogels as sustainable 3D culture systems able to
preserve NSC viability and proliferation for longer time than a monolayer configuration. The
materials were completely biocompatible and the introduction of RGD motif produced beneficial
results on cell healthy state until 8 days after the seeding, allowing a higher number of non-
quiescent cells than the corresponding hydrogel without tripeptide modification. In conclusion,
RGD-functionalized hydrogels appeared as an optimized scaffold to maintain more suitable
biological conditions for neural stem cells and could be consider as a candidate to grow, store and

preserve NSCs through a 3D cell culture approach.
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