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The therapeutic capabilities of autologous stem cells can be fully exploited if their survival after implantation is
improved.

For the first time, we compared three hydrogels, with different chemical structure, morphology, and visco-
elastic properties, where the same differentiation factors were immobilized and spheroids from adipose stem cells
(SASCs) were incorporated. The aim is to understand if hydrogel characteristics could influence the viability of
the embedded stem cells. Specifically, hydrogels of partially degalactosylated xyloglucan (dXG), sodium alginate
(Alg) and k-carrageenan (kC) were produced. The structure of the networks was probed by swelling/erosion
measurements, rheological and morphological analysis. Cell viability was measured after 7 and 21 days. When
SASCs were incubated under stemness conditions, dXG and kC hydrogels provide the optimal environment for
cell viability. When incubated in the chondrogenic or osteogenic medium, a clear correlation was found between
the storage and loss moduli and cell viability. Hydrogels with the lowest shear stiffness promote stem-cell dif-
ferentiation and proliferation. The systems, particularly dXG, seem more similar to natural ECM and able to
recreate niches, that colonized with stem cells could represent a real support in regenerative therapies. The
injectability of formulations was evaluated to determine if they could be used for minimally invasive regener-
ative medicine interventions.

1. Introduction

The possibility of using autologous stem cells for the regeneration
and repair of articular defects opens up exciting prospects for the
treatment of degenerative diseases, such as osteoarthritis, affecting
articular cartilage. A first challenge is to localize and immobilize stem
cells at the appropriate site and to ensure that they have the most suit-
able conditions for survival, differentiation, and proliferation. Stem
cells-laden biodegradable and injectable hydrogels can ensure cell
localization, promote cell engraftment, and direct cell life cycle.

Stem cells live in a distinctive microenvironment, called niche, which
consists of cellular and noncellular constituents that offer mechanical
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support to cells but also biophysical and biochemical cues that influence
cell behavior. The niche is formed by the extra cellular matrix (ECM), a
mixture of long chain polysaccharides, fibrous proteins and sugars, and
cellular secreted factors, such as growth factors, immunological factors
and metabolic signals (de Groot et al., 2020; Shrestha & Yoo, 2019).
ECMs have been recreated and artificially engineered to study the role of
the stem cell niche on stem cell fate and to be able to offer cell regen-
eration solutions to a variety of medical conditions (de Groot et al.,
2020; Li et al., 2006).

Polysaccharide-based hydrogels are utilized across various fields for
their structural properties and compatibility with diverse environments.
Their biocompatibility makes them suitable for use with living tissues
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without causing toxic or immune responses. Hydrogel scaffolds are ideal
for cartilage regeneration, mimicking the aqueous and nanofibrous na-
ture of cartilage ECM. Their 3D network allows significant swelling,
aiding in the encapsulation and diffusion of cells, nutrients, and gases
(Bahram et al., 2016; Chen et al., 2004; Nayyer et al., 2012). These
materials can be engineered to optimize cell adhesion and preserve
bioactive molecules, promoting cell growth and differentiation, but also
to encapsulate and inject organelles, like mitochondria (Picone et al.,
2024).

Hydrogels are often considered good ECM mimics, for their struc-
tural and/or morphological similarities with natural ECMs, their high
hydration levels and interconnected pore architecture (Chen et al.,
2004; Nayyer et al., 2012; Stoddart et al., 2009; Zhu & Marchant, 2011).
Hydrogels can act as artificial ECMs for MSCs, either derived from
decellularized ECMs or fabricated from synthetic and natural polymers
(Fitzpatrick & McDevitt, 2015; Hoshiba et al., 2010). Injectable hydro-
gels ensure cell retention and optimal microenvironment reconstruction
with minimal invasiveness, suitable for complex lesions (Aguado et al.,
2012; Liang et al., 2013). Engineering these niches using biocompatible,
plant-derived polymers that form physical gels under physiological
conditions can reduce immunogenic responses and simplify scale-up and
regulatory processes (Toia et al., 2020). Although stem cell differenti-
ation in artificial ECM has conventionally been stimulated and
controlled with cocktails of different growth factors, it has also recently
been gradually linked to mechanobiological concepts, and the physical
forces that are established between cells and matrix (Reilly & Engler,
2010).

Understanding the key parameters for securing stem cell perfor-
mance is crucial but complex. Factors include the stem cell source,
isolation and storage procedures, formulation composition, biochemical
cues, gelation mechanism and kinetics, hydrogel viscoelastic properties,
morphological features, and how these properties change over time and
in response to the environment. Cell response to matrix stiffness varies
with cell and ligand types and can alter cell matrix deposition or activate
matrix remodeling, affecting stiffness (Janmey et al., 2020). In most
studies, biomechanical stimulation has been provided by controlling
substrate stiffness through matrix chemistry and cross-linking density of
covalent networks. Often the change in stiffness is accompanied by
changes in porosity and/or topology, and it is very difficult to decouple
their effects. These artificial niches also lack an important feature of
natural niches: dynamics and viscoplasticity (Petzold & Gentleman,
2021).

Natural ECM networks are mainly noncovalent, forming cross-
linking points through multiple weak interactions, allowing stress
relaxation, material flow, and reformation. Stress relaxation has been
shown to favor cell migration (Adebowale et al., 2021; Wu et al., 2023).
The two components of the complex shear modulus, the storage modulus
related to Young’s modulus (which measures stiffness), and the loss
modulus (which measures energy dissipation) provide a more complete
description of the biomechanical microenvironment.

This study compares different physical hydrogels as artificial niches
for spheroids of human adipose stem cells from lipoaspirate of volunteer
donors. The cells were isolated from the tissue, purified, and cultured
under serum-free and low-adhesion conditions. These spheroids have
been fully characterized and their important regenerative potential,
capacity to differentiate in different cellular lineages depending on the
stimulation and to actively participate in bone tissue regeneration in a
small animal model were demonstrated (Di Stefano et al., 2016, 2021).

The hydrogels used are based on three polysaccharides: a partially
degalactosylated xyloglucan (dXG), produced in house from tamarind
seed xyloglucan (XG), sodium alginate (Alg) and k-carrageenan (kC). All
these polysaccharides can form hydrogels with no recourse to chemical
crosslinking agents and in mild conditions. They are all potentially
suited for use as gelling components in degradable injectable formula-
tions. XG is composed of a f-(1, 4)-D-glucan backbone chain that is
partially substituted by a-(1, 6)-D-xylose. Some of the xylose residues
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are substituted by p-(1, 2)-D-galactoxylose (D. Chen et al., 2012). The
interest on this polymer derives from the evidence that
galactose-carrying polymers can guide adipocyte adhesion through
receptor-mediated interactions (Cho et al., 2006; Yin, 2003) and favor
cell attachment in keratinocytes cells that can recognize the galactose
residues (Klima et al., 2009; Panjwani, 2014). After a simple enzymatic
modification to remove between 35 % and 50 % of the galactose resi-
dues, dXG can undergo gelation upon a temperature increase from room
temperature (25 °C) to body temperature (37 °C) (Brun-Graeppi et al.,
2010; Chen et al., 2012; Shirakawa et al., 1998), that is also a very
interesting feature for the envisaged application. Its molecular weight
can be modified by high-energy irradiation to alter gelation kinetics and
gel microstructure (Muscolino et al., 2023; Todaro et al., 2016). More-
over, we have demonstrated that 1 %w dXG hydrogels incubated in SCM
can preserve SASC viability and stemness (Toia et al., 2020). When
formulated and incubated with CDM or ODM, they differentiate in
chondroblasts and in osteocytes, respectively, and proliferate within the
scaffold (Muscolino et al., 2021).

Alginate is an anionic polymer, made of o-L-guluronic and p-D-
mannuric acid residues. In dilute solution, the chains form dimers with
Ca2+, which then aggregate to gelation (Rinaudo, 1993). Mesenchymal
stem cell (MSC) spheroids have been embedded within alginate hydro-
gels (Ho et al., 2016). Data support that when MSCs are deployed as
spheroids in alginate gels, they exhibit increased cell survival. kC is a
linear galactan with an ester sulfate content of 15 %-40 % (w/w),
containing alternating (1, 3)-a-D and (1, 4)-p-D-galactopyranosyl link-
ages (El-Fawal et al., 2017; Necas & Bartosikova, 2013; Zhang et al.,
2015). Owing to its backbone conformation, this polysaccharide looks
like the innately occurring glycosaminoglycans which are the central
constituents of connective tissues (Zhang et al., 2015). kC is
water-soluble at temperature above 60 °C and can set into stable gels
with decreasing temperature (Mangione et al., 2003). kC in blend with
PVA has been used to produce scaffolds with enhanced cell adhesion
(Muscolino,  Costa, et al, 2022) and evaluated as
temperature-responsive bio-ink for 3D printing of scaffolds to be seeded
or co-printed with SASCs. SASCs survival after co-printing with kC/PVA
was indeed very good. After 21 days incubation with CDM, the stem cells
were differentiated in chondrocytes (Muscolino, Di Stefano, et al.,
2022).

In this study, we assessed and compared the properties of these three
physical hydrogels, each differing in chemical structure, morphology,
and viscoelastic characteristics, in which the same differentiation factors
were immobilized and spheroids of adipose stem cells (SASCs) were
incorporated. The objective was to determine how these various
hydrogel properties might affect the viability of the embedded stem
cells.

2. Experimentals
2.1. Materials

Tamarind seeds xyloglucan was purchased from Megazyme Inter-
national (Ireland). Sugar composition of the tamarind seed xyloglucan is
xylose 34 %w; glucose 45 %w; galactose 17 %w; arabinose and other
sugars 4 %w, as provided by Megazyme International. B-Galactosidase
from Aspergillus oryzae (11.8 U/mg) was purchased from Sigma
Chemicals (USA). Tamarind seeds xyloglucan was degalactosylated
(dXG) according to an established protocol, to obtain a degalactosylated
degree of ca. 45 % (Brun-Graeppi et al., 2010; Shirakawa et al., 1998).
k-Carrageenan (kC) was provided from Gelcarin ME 8625 FMC
Biopolymer. Sodium Alginate (Alg) (NaCsH7Og) and calcium chloride
(CaCly) were purchased from Sigma-Aldrich. Sodium Phosphate Dibasic
(SFD), Potassium Phosphate Monobasic (PFM) and Sodium Chloride
(NaCl) were purchased from Sigma-Aldrich and used to prepare a
phosphate-buffered saline (PBS) solution (SFD 0.111 %w, PFM 0.032 %
w and NaCl 0.85 %w). Sodium azide (NaN3) was purchased from
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Sigma-Aldrich. Stem cell medium (SCM) was homemade and composed
principally by DMEM/F12 salts with added basic fibroblast growth
factor (bFGF, 10 ng/ml) and epidermal growth factor (EGF, 20 ng/ml)
purchased from Sigma-Aldrich. StemPro® Chondrogenesis Differentia-
tion kit (CDM) and StemPro® Osteogenesis Differentiation Kit (ODM)
were purchased from Thermo Fisher Scientific. MTS analysis (3-(4,
5-dimethylthiazol-2-yl)-5-(3-carboxymethox-
yphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) was puchased from Prom-
ega. Rabbit legs were purchased from the food market

The molecular weight distribution of the three polymers was deter-
mined by gel permeation chromatography, calibrated with Pullulans
standards, performed with the Agilent 1260 Infinity HPLC, coupled to a
refraction index (RI) detector, using two Shodex SB HQ columns (804
and 806) connected in series on sample prepared as 0.1 %w aqueous
dispersions, filtered through 0.80-micron membrane syringe filters prior
to analysis to remove contaminants, and eluted with 0.02 %w NaNj
solution at 0.6 ml/min. When the chromatograms are plotted against the
molecular weight (Mw) the conversion from elution volume to Mw is
performed using the following empirical equation, derived from the
analysis of standard polymers (pullulans) with defined molecular
weights (i.e., the calibration curve):

Log Mw[Da] = 12.75 - 0.49 V [ml]

where V is the elution volume calculated considering the elution flow of
0.6 ml/min.

All molecular masses reported in this work are based on pullulan
standards and are not absolute. The chromatograms are shown in
Figure S1 of Supporting information. All the three polysaccharides are
relatively polydisperse. The weight average molecular weights are 300
kDa, 1.3 MDa and 2.3 MDa for Alg, dXG and kC, respectively.

2.2. Spheroids of adipose stem cells (SASCs)

Adipose tissue was collected from healthy individuals (12 females
and 5 males, mean BMI of 28.5 and mean age of 51.0 years), following
approval of an informed consensus. Lipoaspirate samples were har-
vested from different body areas such as abdomen, breast, flanks,
trochanteric region. After mechanic (shake 30 min at 37 °C) and enzy-
matic (collagenase 150 mg/ml, Gibco, Carlsbad, CA) digestion, the
samples were centrifuged at 1200 rpm for 5 min and the stromal
vascular fraction (SVF) was resuspended in specific medium. For 3D
cultures, the SASCs were plated in stem cell medium (SCM) composed
principally by DMEM/F12 salts with added basic fibroblast growth
factor (bFGF, 10 ng/ml; Sigma, St. Louis, MO) and epidermal growth
factor (EGF, 20 ng/ml, Sigma). SASCs were grown as fluctuating
spheroids in an ultra-low attachment culture flask (Corning, NY) (Di
Stefano et al., 2016). All systems were added of a small volume of
antibiotic-antimycotic solution (1X, Gibco) to prevent bacterial and
fungal contamination. Culture flasks were placed at 37 °C in a humidi-
fied 5 % CO- incubator. The media of SASCs yields obtained were one
million for ten ml of adipose tissue.

After spheroids isolation, they were plated in adherent conditions for
chondroblastic or osteoblastic differentiation according to StemPro®
Chondrogenesis Differentiation kit (CDM) or StemPro® Osteogenesis
Differentiation Kit (ODM) protocols (Invitrogen) and maintained at 37
°C in a humidified 5 % CO, incubator for 7 and 21 days.

2.3. Hydrogel preparation

dXG powder was weighted and added to 0.22 pym pre-filtered water,
to prepare solutions at 2 %w and 5 %w concentration, and stirred for
about 2 h at 5 °C until a homogenous dispersion was obtained. After-
wards, the dispersions were sterilized by autoclaving at 121 °C for 20
min. dXG systems cannot be strictly considered solutions, i.e.,
completely devoid of chain aggregates. This is due to the presence of
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Table 1
Final composition of the hydrogels.
Code Polysaccharide type, Water, Medium type, CaCl,, mg/
%w % w %v ml
dXG1-w dXG, 1.0 99.00 \ \
dXG1-S dXG, 1.0 49.00 SCM, 50 \
dXG1-C dXG, 1.0 49.00 CDM, 50 \
dXG1-0 dXG, 1.0 49.00 ODM, 50 \
dXG2.5-W dXG, 2.5 97.50 \ \
dXG2.5-S dXG, 2.5 47.50 SCM, 50 \
dXG2.5-C dXG, 2.5 47.50 CDM, 50 \
dXG2.5-0 dXG, 2.5 47.50 ODM, 50 \
kC1-w kG, 1.0 99.00 \ \
kC1-S kC, 1.0 49.00 SCM, 50 \
kC1-C kC, 1.0 49.00 CDM, 50 \
kC1-0 kG, 1.0 49.00 ODM, 50 \
Algl 2.5 Alg, 1.0 99.00  \ 2.50
w
Algl_2.5-S Alg, 1.0 48.75 SCM, 50 2.50
Algl_2.5-C Alg, 1.0 48.75 CDM, 50 2.50
Algl_2.5- Alg, 1.0 48.75 ODM, 50 2.50
(o]
Algl 5-W Alg, 1.0 99.00 \ 5.00
Algl 5-S Alg, 1.0 48.50 SCM, 50 5.00
Algl 5-C Alg, 1.0 48.50 CDM, 50 5.00
Algl 5-0 Alg, 1.0 48.50 ODM, 50 5.00
Alg2.5 5- Alg, 2.5 97.50 \ 5.00
w
Alg2.5 5-S Alg, 2.5 47.00 SCM, 50 5.00
Alg2.5 5-C Alg, 2.5 47.00 CDM, 50 5.00
Alg2.5 5- Alg, 2.5 47.00 ODM, 50 5.00
o

galactose-bare sequences in the chains that cause side-by-side associa-
tion of few segments of different chains forming condensed domains
(Todaro et al., 2015). The dispersions were stored at 4 °C.

Known volumes of the 2 %w and 5 %w dXG polymeric dispersions
were gently mixed with the same volume, so in a 1:1 ratio, of water, or
SCM, or CDMor with ODM to obtain the required final concentration of
polymer of 1 % and 2.5 % and then incubated at 37 °C for 10 min before
any further use. kC 2 %w were prepared by mixing the powder with
water and stirring at 80 °C. Afterwards, it was mixed with the same
volume, so in a 1:1 ratio, of water, or SCM, or CDM or with ODM at 50°
to obtain the required final concentration of polymer of 1 % and brought
to 37°.

Alg 2 %w and 5 %w solutions were prepared by mixing the powder
with water and stirring at room temperature (25 °C). Afterwards, they
were mixed with the same volume, so in a 1:1 ratio, of water, or SCM, or
CDM or with ODM, all added with a solution of CaCl,, to obtain the
required final concentration of polymer of 1 % and 2.5 % and CaCl, of
2.5 mg/ml or 5 mg/ml .

Each individual system is named after as dXGx-z, kCx-z or Algx_y-z,
where x indicates the final polymer concentration in weight percentage,
y indicates the final CaCl, concentration in mg/ml and z is a letter
referring to the mixing medium, in particular, W stands for water, S for
SCM, O for ODM and C for CDM. Table 1 shows the composition of all
investigated systems in terms of polymer concentration, volume per-
centage of the added medium, and CaCl;, concentration.

The incubation times will be referred to as TO for the systems that are
analyzed soon after preparation, T7 and T21 stand for the system that
are analyzed respectively after 7 and 21 days of incubation at 37 °C. The
incubation conditions are the same described in Section 2.4.

2.4. Cells loading and incubation and viability analysis

SASCs cells were loaded on dXG systems loaded by mixing the 2 %w
and 5 %w dXG polymeric dispersions with the same volume of SASC
suspension in either SCM, CDM or ODM.

SASCs cells were loaded on kC systems by mixing, at 50 °C, 2 %w kC
with the same volume of SASC suspension in SCM, CDM or ODM.
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Fig. 1. Graphical representation of the experimental strategy. (I) Harvesting of adipose tissue by liposuction; (II) SASCs isolation and culturing in 3D conditions; (III)
dXG, kC and Alg solutions mixing with either a stem cell medium (SCM), a chondro-inductive (CDM) or osteo-inductive medium (ODM), or with one of the media and
SASCs; (IV) incubation of both SASC-free and SASC-laden hydrogels at 37 °C up to 21 days; (V) physicochemical, rheological, and morphological characterization of

SASC-free systems; (VI) in-vitro evaluation of SASC-laden hydrogels.

SASCs cells were loaded on Alg systems by mixing 2 %w and 5 %w
with the same volume of SASC suspension in SCM, CDM or ODM added
with CaCl, to reach a CaCl; final concentration of 2.5 mg/ml or 5 mg/
ml.

In all cases ca. 50000 cells/well were loaded (1:1 in a 1ml of final
volume), in triplicate condition and maintained in CO, incubator at 37
°C for 7 days and 21 days. Cell proliferation was monitored under a light
microscope (Leica DM IL LED Fluo) and quantified through MTS analysis
(3- (4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium)(Promega). The absorbance at 490 nm was
analysed at 7 days and 21 days of incubation (TECAN Spark 10 M).

Statistical significance was determined by one-way ANOVA text with
Bonferroni post-test to compare all systems, calculated with Graph-
Prismb5 software. P values less than 0.05 were considered significant as P
< 0.05; P < 0.01; P < 0.001.

2.5. Swelling/erosion evaluations

For swelling tests, from the hydrogel produced with water, six small
samples were obtained (ca. 0.5 ml). They were pre-weighed with a
precision balance and immersed via glass cylinders with a porous bot-
tom in 250 ml of PBS mixed with 0.02 % of NaN3 at human body tem-
perature (37 °C). Sample volume (Vsample) to media volume (Viedia)
ratio was Vsample/Vmedia=0.002.

Samples were taken out from the solutions at predetermined time
intervals, carefully blotted and weighted. The solvent was not changed
or reintegrated during the experiment. The Mass Change (%MC) was
determined as:

W —Ww;
MC=———x100

W, X
where W; is the weight of the hydrogel at time t and Wj is the initial
weight.

2.6. Small-angle oscillatory rheometry

The rheological analysis in small-oscillatory conditions was carried
out using a stress-controlled Rheometer AR G2 (TA Instruments) with 20
mm diameter PIK anti-slippery plate and gap in the range 500-4000 pm.
Strain sweep measurements were performed to explore the extension of
the linear viscoelastic behavior strain range, at 1 Hz, and identify the
optimum strain conditions for the subsequent frequency sweep tests.
Frequency sweep measurements were also performed at constant strain
in the range between 4x10~* and 1x1072, depending on the system,
and the frequency was swept between 0.1 Hz and 10 Hz. About 2 ml of
each formulation were placed and the measurements started after 10
min of thermal and structural equilibration at the measurement tem-
perature of 37.0+0.1 °C, controlled by a built-in Peltier system. Mea-
surements were carried out in triplicate from independent preparations.
The represented plots of G’ and G” are the arithmetic average of the
three curves.

2.7. Morphological analysis

Hydrogel microstructure was investigated using a Field Emission
Scanning Electron Microscope (SEM) Phenom ProX desktop at an
accelerating voltage of 10kV. The hydrogels were frozen in liquid ni-
trogen at -196 °C for 5 min, freeze-dried for 24 h, mounted on aluminum
stubs and gold coated by JFC-1300 gold coater (JEOL) for 120 s at 30 mA
before scanning.

2.8. Injectability

For injectability assessment of the Alg and dXG hydrogels formulated
with SCM, force-displacement plots of formulations pre-loaded in sy-
ringes were carried out with an Instron Universal Uniaxial Testing Ma-
chine 3365 equipped with 1/1000 N load cell capacity, in compression
mode, by applying a constant displacement rate (40 mm/min equivalent
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Fig. 2. A) Average mass change percentage (MC%) of Algl 2.5-W, Algl_5-W, dXG1-W, kC1-W, Alg2.5 5-W and dXG2.5-W hydrogels as a function of time; B)
Alginate gelation mechanism as «eggbox»; C) Schematic illustration of the possible gelling mechanism of the carrageenan macro-molecules; D) The supramolecular
organization of xyloglucan in water (Dispenza et al., 2020); Storage modulus, G’ (full dot), and loss modulus, G” (hollow dot) as function of frequency of E) TO
dXG1-W, Algl_2.5-W, Algl_5-W and kC1-W hydrogels as function of frequency; F) TO Alg2.5_5-W and dXG2.5-W hydrogels at 37 °C.

to 5.30 mL/min) to the plunger of the syringe and measuring the
resulting force (F) as function of the displacement, three times per sys-
tem. The syringe was immobilized with a metal clamp. The injection was
carried out with 2.5 ml polypropylene syringes equipped with a G23
needle. All experiments were performed after the systems were stored at
4 °C for 24 h and thermally equilibrated at room temperature (25 °C) for
1 h. The influence of the specific set up and the friction of the plunger
was preliminarily evaluated by filling the syringe with water and
extruding it in air. The plug force of the dispersions was measured by
extrusion of the material in air or rabbit knee joint (KJ) or intra-muscle
(IM). The results are expressed in terms of force, F, vs 1 — ¢, that is the
normalized travelled distance, where ¢ is representing the ratio (Td-D)/
Td, where Td is the maximum distance the plunger can physically travel,
and D is the distance travelled.

The following parameters were determined from the force-
displacement plots: (i) the plunger-stopper break loose force (or
“initial glide force”; PBF): the force required to initiate the movement of
the plunger; (ii) the maximum force (Fpax): the highest force measured
before the plunger finishes its course at the front end of the syringe; (iii)
the dynamic glide force (DGF): the force required to sustain the

movement of the plunger to expel the content of the syringe. The ex-
periments were performed in triplicate.

3. Results and discussion

The experimental strategy is graphically represented in Fig. 1. The
three polysaccharides were individually dissolved in water at different
concentrations and then mixed with water (W), a stem cell medium, a
chondrogenic medium and osteoblastic differentiation medium at 50 %
v.

When SASCs were embedded, they were dispersed in each of the
three solutions that were added to the aqueous polymer dispersion.

Both SASC-free and SASC-laden hydrogels were incubated at 37 °C
for up to 21 days. SASC-free systems were characterized for their me-
chanical properties by small amplitude oscillatory rheological mea-
surements soon after being formulated (T0), after 7 days (T7), and 21
days (T21) of incubation and for their morphology by Scanning Electron
Microscopy at TO and T21. The swelling and erosion behavior of the
systems was investigated by measuring weight changes upon immersion
in a large volume of isotonic phosphate buffer at 37 °C to test the
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Fig. 3. SEM micrographs (cross-sections) of dXG1, kC1, dXG2.5, Algl 2.5, Algl 5 and Alg2.5_5 hydrogels conditioned with water at TO (scale bar 80 pm).

Magnification 1000X.

network strength. All SASC-laden hydrogels were evaluated for cell
viability at TO, T7 and T21. Finally, the injectability of selected formu-
lations was also evaluated by force-displacement measurements to
assess the translation potential of these systems.

3.1. Preliminary screening of hydrogels using water as solvent and
swelling medium

Based on the results of previous studies dXG gels were produced by
mixing 2 % and 5 % aqueous dispersions of dXG with 50 %v water
(Muscolino et al. 2021).

When using alginate, a preliminary screening was performed to
identify the Ca®" concentration that can induce gelation of Alg when the
final polymer concentration is 1 %w or 2.5 %w, as for dXG. The range of
Ca?" concentration explored was from 1.25 mg/ml to 5 mg/ml. Photo-
graphs of the alginate gels after preparation, and after 1 and 6 weeks of
storage at room temperature (25 °C) are shown in Figure S2 of Sup-
porting material. Homogenous wall-to-wall gels were obtained with
both 2.5 mg/ml and 5 mg/ml CaCl; when Alg concentration was 1 %w,
and with 5 mg/ml when Alg concentration was 2.5 %w. Decreasing Alg
concentration below 1 %w did not result in macroscopic gelation, while

increasing it above 2.5 %w resulted in systems that formed gels too
quickly and left no time for mixing with the cells. From these pre-
liminary results, three systems were selected to be then formulated with
the instructive media: 1 % Alg with 2.5 mg/ml and 5 mg/ml CaCl, and
2.5 % Alg with 2.5 mg/ml CaCl,.

For kC, the polymer concentration also controls the sol-gel transition
temperature; willing this temperature to be lower than 50 °C, the final
kC concentration could not be higher than 1 %w. Concentrations lower
than 1 %w did not yield wall-to-wall gels.

To understand the nature and strength of the networks that the five
formulations can form, without the perturbation of the various solutes
present in the "instructive" media, the swelling/erosion and rheological
frequency curves, as well as the morphology of the systems formulated
with water alone, were compared. The hydrolytic stability of the
hydrogels was evaluated by immersing cylindrical samples of each
system in isotonic phosphate buffer at pH 7.4 and 37 °C. In Fig. 2A the
average mass change as function of the immersion time is reported.
dXG1-W loses weight until complete dissolution in nearly three weeks.
dXG2.5-W slowly erodes during the first three weeks until it reaches a
plateau. kC1-W completely dissolves in a few days. Algl 2.5-W gradu-
ally dissolves until it reaches complete dissolution after about 40 days,
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Fig. 4. Storage modulus, G’ (full dot), and loss modulus, G” (hollow dot), of dXG1 (A), Algl_2.5 (B), kC1 (C), Algl_5 (D), dXG2.5 (E) and Alg2.5_5 (F) hydrogels

conditioned with water, SCM, CDM, and ODM at TO.

while Algl _5-W and Alg2.5 5-W first lose weight, then swell and finally
dissolve after about 30 days.

The different behavior of the hydrogels produced with different
biopolymers can be explained considering their different gelation
mechanism and the nature of the crosslinking points that are repre-
sented in Fig. 2B-D, while the chemical structure of all three poly-
saccharide is presented in Figure S3 of Supporting material. Both Alg
and kC hydrogels crosslink through ion-mediated chain association.
Specifically, in Ca-alginate systems, gelation begins with ion exchange
between Na™ and Ca?* that leads to the formation of chelating boxes
(the widely reported egg-box structure) that glue two consecutive G
units of two alginate chains through a coordinated Ca®* cation (Fig. 2B).
Subsequently, dimer association occurs through water-mediated
hydrogen bonding and disordered ionic interaction. Gelling can pro-
ceed through further intra-cluster associations at the expense of side
packing (Rinaudo, 1993). When immersed in a large excess of salt so-
lution, an exchange of ions from Ca2* to Na* occurs, recreating condi-
tions for solvation of the polymer chain. This may cause initial weight
gain due to water absorption until polymer erosion prevails, compro-
mising the integrity of the network. For kC, cations of specific size and
charge, such as K*, are required to perfectly screen the fixed negative
charges in the polymer, filling the gaps of double and triple helices
(Fig. 2C). When the gels form in the absence of these ions, as in our case,
charge screening is only due ionic impurities present in the system. For
this reason, the network is not very resistant to erosion (J. Liu et al.,
2015; Mangione et al., 2003). Unlike the other two polymers, dXG is a

nonionic polymer; the cross-linking points consist of condensed domains
of chains organized in ribbons (Fig. 2D) (Dispenza et al., 2020). The
driving force behind self-assembly is the hydrophobic interaction; seg-
ments stripped from side branches (that is why the polymer is partially
degalactosylated) associate and establish multiple hydrogen bonds
(Dispenza et al., 2020). When most of the chains have segments involved
in at least one condensed domain, as in the case of dXG2.5, the network
survives erosion and the initial mass reduction is due to elution of the
fraction of free or only weakly bound chains.

The mechanical spectra of the various systems are shown in Fig. 2E
and F. The four systems with 1 %w polymer concentration show G’ and
G” curves that span over three orders of magnitude. Alginate, that
among the three polymers has the lowest molecular weight, when
formulated with 5 mg/ml CaCl, presents the highest values of elastic
modulus, that is also frequency-independent and almost one order of
magnitude higher than the corresponding values of loss modulus. From
its viscoelastic response, it can be described as a strong gel. Reducing
salt concentration reduces the strength of the alginate gel as it reduces
the cross-linking density. Algl_2.5-W has one order of magnitude lower
elastic modulus, that is comparable to that of kC1-W, although the latter
has much lower G” values, reflecting a more brittle behavior. dXG has
the lowest G” and G” curves, with a significant frequency-dependence.
dXG gelation leads to the formation of relatively heterogeneous net-
works, in terms of mesh size and crosslinking density. This explains the
wide range of relaxation times and the frequency-dependence of G’ and
G” curves. Increasing the polymer concentration causes a modest
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Fig. 5. A) Average G/, of hydrogels conditioned with SCM at TO, T7 and T21; B) SEM micrographs (cross-sections) of hydrogels conditioned with SCM at TO and T21;
Magnification 1000X for all except for kC 500X. C) cell viability of SASCs in hydrogels as a function of time at T7 and T21 in SCM of in vitro culture; D) Average G’ and
G”, of hydrogels conditioned with SCM at T21 and cell viability of SASCs in hydrogels as a function of time at T21 of in vitro culture. All systems (except dXG1-S vs
kC1-S that were not significant) were significant as P < 0.001 and dXG2.5-S vs dXG1-S as P < 0.01.

increase of G’ and G” curves of dXG2.5-W, that become less frequency
sensitive, indicative of a more uniform network. The increase of polymer
concentration with the same Ca2* concentration, when we compare
Alg2.5_5-W to Algl_5-W, does not significantly modify storage and loss
moduli. This means that the crosslinking density of the network is not
appreciably affected by the increase of polymer concentration probably
because the Ca?* concentration has not been increased proportionally.

Fig. 3 displays the cross-sectional morphologies of all systems. dXG1-
W shows a uniform 3D network of small, interconnected pores (~ 5 pm),
that seems formed by very thin shreds of torn and stretched membranes.
Algl 2.5-W also shows a porous microstructure, with irregularly sized
pores and thicker walls. In some regions, shredded membranes are also
evident. In contrast, Algl_5-W shows a much more regular and porous
architecture, with average pore size of 40 pm. kC1-W shows a
completely different microstructure, consisting of stacked lamellae,
fused in places, which is in good agreement with the suggested low
crosslinking density. This morphology is quite like that of Alg2.5_5-W.
dXG2.5-W is also characterized by a morphology like that of dXG1-W,

only with thicker polymer walls. Again, the difference in the
morphology is more obvious between dXG and the other two polymers,
reflecting different network structures and gelation mechanisms.

3.2. Influence of instructive media composition on hydrogel mechanical
properties

The influence of the instructive media composition on the initial
network organization was investigated. Fig. 4 shows the rheological
behavior in small amplitude oscillation conditions of all systems at TO.
The curves relative to water are also reported, for comparison. For all
systems, G’ curve is higher than G”, indicating that in none of the cases
gelation is prevented.

For dXG1 systems (Fig. 4A) both G’ and G” plots are frequency
dependent. Systems mixed with media have lower moduli than those
mixed with water. This suggests that the solutes in the media behave as
chaotropes, destabilizing hydrophobic aggregates.

The instructive media, particularly ODM and CDM, affect also Alg1-
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Fig. 6. A) Average G/ of hydrogels conditioned with CDM at TO, T7 and T21; B) SEM micrographs (cross-sections) of hydrogels conditioned with CDM at TO and T21.
Magnification 1000X for all except for kC 500X.; C) cell viability of SASCs in hydrogels as a function of time at T7 and T21 in CDM of in vitro culture; D) Average G’
and G”, of hydrogels conditioned with CDM at T21 and cell viability of SASCs in hydrogels as a function of time at T21 of in vitro culture. All systems (except Alg2.5_5-
C vs kC1-C that were not significant) were significant as P < 0.001 and Alg2.5_5-C vs Algl_5-C/ Algl_5-C vs kC1-C as P < 0.05.

based systems (Fig. 4B and D). The most obvious case is that of Algl 5
(Fig. 4D), which sees reductions in storage modulus of up to an order of
magnitude. For kC systems, the opposite effect is observed, as the system
formulated with water has the lowest moduli. ODM and CDM have a
slight strengthening effect, while the effect of SCM is almost negligible.
Less pronounced effects are shown by the two hydrogels with the highest
polymer concentration, dXG2.5 (Fig. 4E) and Alg2.55 (Fig. 4F), as
expected.

3.3. SASCs-laden hydrogels formulated to preserve cell stemness

To understand how the mechanical and morphological properties of
the hydrogels formulated with SCM, a medium developed to preserve
stem cell conditions (Di Stefano et al., 2016), influence cell survival,
viability data were collected over a three-week period on SASCs-laden
hydrogels and were supported by rheological and SEM analyses car-
ried out on cell-free hydrogels incubated for the same time under the
same conditions. Fig. 5A and Fig. 5C show the average storage modulus
in the 0.5 Hz-5 Hz interval and the cell viability results for all systems at
TO, T7 and T21, respectively. Fig. 5B shows the cross-sectional mor-
phologies at TO and T21. The full mechanical spectra (G’ and G” curves

as function of frequency) at TO, T7 and T21 are reported in the sup-
porting materials, Figure S4-S10.

Both dXG systems start with the lowest G’ modules, which increase
with time, such that dXG2.5-S and Algl 2.5-S have comparable G’
values at T21. The increase of G’ (and G”) values with time for dXG2.5
can be explained with a slow network reorganization, after the initial
rapid gelation. Indeed, for dXG2.5-S, the G’ and G” curves become
nearly independent of frequency, sign of the formation of a stronger gel
with a more uniform network structure (Figure S8). For kC1-S both
storage and loss modulus plots increase after 7-day incubation and
remain more or less invariant after two further weeks of incubation. This
could be due to the involvement of K cations from medium and
consequent expulsion of syneresis water during the first 7 days, after
that the system reaches a pseudo-equilibrium. The alginate substrates
exhibit intermediate moduli that do not significantly vary over time.
Comparison of the morphologies at TO and T21 provides insights to
interpret the differences observed in the mechanical spectra (Fig. 5B).
An overall examination of the morphologies at TO reveals that the dXG
and kC systems are the most affected, while the Alg systems are much
less so. On the other hand, the latter systems were the only ones to which
a crosslinking agent (CaCl,) was specially added, so they are the least
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Fig. 7. A) Average G/, of hydrogels conditioned with ODM at TO, T7 and T21; B) SEM micrographs (cross-sections) of hydrogels conditioned with ODM at TO and
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significant as P < 0.001 and Alg2.5_5-O vs Algl 5-O as P < 0.05.

sensitive to changes in medium composition. The dXG1-S system has an
architecture formed by thicker beads and interconnected open pores at
TO, which develops even larger cavities and large membrane surfaces at
T21. The structure partially collapses with lyophilization. kC1-S TO
shows an irregular honeycomb-type porous structure, different from the
layered lamellae of the kC1-W TO. At T21 the morphology has evolved
towards the formation of membranes that collapse and break upon
freeze drying. Interestingly, all alginate systems show morphologies at
T21 that more closely resemble those of the system with water at TO, as
if with time the initial interference of other solutes in the instructive
medium had been compensated for and the calcium ions had time to
migrate and form a more organized structure. This could explain the less
frequency-dependent behavior of the mechanical spectra and the small
variations in the value of the moduli.

A quantitative analysis of cell viability was performed by MTS
analysis (Fig. 5C). The results in stemness conditions at 7 days shows
decreased viability of the cells for four systems; all the alginate

10

formulations and dXG2.5. Cell viability is not varied kC1-S and slight
proliferation is seen for dXG1. This behavior could be attributed to
perturbations of the spheroids caused by free calcium cations in the
alginate formulations and, more generally, to too rapid gelation that
does not promote uniform distribution of the spheroids within the
hydrogels and their nesting in the hydrogel. Interestingly, in most of the
cases, the cells that remained viable proliferated from T7 to T21. This
behaviour was unexpected considering that SASCs in SCM medium are
in a quiescent state of the cell cycle. The system that stimulated most the
proliferation was dXG2.5. A T21, this last hydrogel was the one that
reached the highest values of cell viability.

When comparing the G’ and G” values to the cell viability data at T21
(Fig. 5D) we do not see a strong correlation. This suggests that other
features of the niche, and most probably the chemical structure of the
polymers, play a more important role than just the viscoelasticity of the
network. Indeed, the dXG systems appear to be the best not only to
preserve stem cell viability but also to support their expansion.
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3.4. SASCs-laden hydrogels formulated to stimulate chondrogenic
differentiation

The same analyses described above were performed for the systems
prepared with CDM, a medium that stimulates chondrogenic differen-
tiation. The results from the rheological analysis (Fig. 6A and Figure S4-
$10 of supporting information) show that also in this case the dXG
hydrogels are the ones that present the lowest moduli. For dXG1-C, G’
and G” increased at T7 but at T21 both decreased, probably due to phase
segregation phenomena. In contrast, dXG2.5-C shows a gradual increase
in modules from TO to T21 and its final values are similar to the ones of
dXG2.5-S at T21. kC1-C starts with lower moduli but reaches the highest
values after 7 days, as in the case for SCM. The alginate hydrogels have
average moduli intermediate among those of the other systems,
increasing only with calcium concentration and over time with the
exception of the system with the highest polymer concentration, that
ends up having the lowest moduli among the three.

The morphology evolution of the systems is shown in Fig. 6B. dXG1-
C shows big pores and thick walls that increase in size and thickness over
time; that could explain the decrease in moduli in the mechanical
spectra. kC1-C T21 shows layered lamellae. The more packed architec-
ture than in dXG1-C explains the higher moduli. Algl_2.5-C T21 shows a
very similar morphology to Algl_2.5-C TO with small pores, thicker and
more structured lamellae. This could account for the less frequency-
dependent behavior of the mechanical spectra and the increase in
moduli. Alg2.5_5-C TO shows a porous structure that evolves to bigger
pores at T21, possible indication of an erosion of the material that ex-
plains the deterioration of mechanical properties with time. dXG2.5-C
TO morphology shows fusion of ribbons and fibrils and evolves to-
wards membrane with pores and thicker walls, also in good agreement
with the mechanical spectra.

Cell viability data are shown in Fig. 6C. Differently from SCM, in
CDM we do not witness to significant mortality at T7. On the contrary
there is a slight increase of viability for dXG1 and Algl_2.5, no change
for dXG2.5 and a slight decrease to 70 % for Algl_5-C and Alg2.5_5-C. At
T21, cells continue to proliferate in dXG hydrogels with an overall ~ 10-
fold increase in viability for dXG1-C and ~4-fold for dXG2.5-C. The
other systems show the same values at T21. Even with CDM, the dXG
hydrogels outperform the others.

In this case though, when comparing the average G’ and G” with the
cell viability (Fig. 6D) a good correlation is shown, with proliferation
being higher the lower are the G’ and G”. Several groups report that
when MSCs are seeded on the surface of the hydrogels, they show
lineage specification depending on the substrate mechanics (Burdick &
Vunjak-Novakovic, 2009; J. F. Liu et al., 2011). Here, in the presence of
differentiation inducing soluble factors, the lower G’ and G” appear to
offer optimal conditions to preserve the cell viability and stimulate
proliferation.

3.5. SASCs-laden hydrogels formulated to stimulate osteoblastic
differentiation

The results obtained with ODM, the medium that stimulates osteo-
genic differentiation, are shown in Fig. 7 and Figure S4-S10 of the
supporting information.

Fig. 7A shows the average G’ as a function of time for all systems.
With the noticeable exception of dXG2.5, all systems see an initial in-
crease of G’ at T7 and a decrease at T21 to come back to values that are
not so different from the initial values at T0. The morphology evolution
of the systems is showed in Fig. 7B. Differently from the formulations
with SCM or CDM, and in good agreement with the viscoelastic prop-
erties, also the evolution of the morphology is small. Only the dXG2.5-O
initially shows a very delicate and intricate filament structure that de-
velops at T21 into a more robust structure with bigger pores and thicker
walls. The MTS analysis (Fig. 7C) at T7 showed a decrease in cell
viability in all hydrogels with the exception of kC1-O. dXG1-O and Alg
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Table 2

PBF, Fax and DGF,, values for dXG1-S, Algl_2.5-S, and dXG2.5-S.
Systems PBF [N] Fnax [N] DGFqy [N]
dXG1-S 23G 3.3 8.34 5.2
dXG1-S 23G KJ 10 11 9.4
dXG1-S 23G IM 7.4 22.8 17.7
Algl_2.5-S 23G 6 17.6 7.7
Algl_2.5-S 23G KJ 5.2 5.7 4.3
Algl_2.5-S 23G IM 7 15.8 10.7
dXG2.5-S 23G 17 20.5 15.7
dXG2.5-S 23G KJ 15 21.5 171
dXG2.5-S 23G IM 12 16 15.2

1_5-0 that reached a residual viability of 70 % and 10 % recovered to a
final overall ~3-fold increase and 2.5-fold increase at T21, respectively.
Also dXG2.5 showed proliferation from T7 to T21 but less pronounced.
In kC1-O cell viability was unvaried during the whole period of
observation.

When comparing average G’ and G” values with cell viability values
at T21 (Fig. 7D), we observe a good correlation; systems that have the
lower G’ and G” moduli also in this case are those that lead to the highest
viability values at T21. In this case, one of the alginate systems, Algl_2.5
outperform dXG2.5. Among all the systems, this is the one with the
lowest content of Ca2* ions. We can argue that the presence of free Ca®*
during the ion exchange with Na™ of alginate can contribute providing
suitable conditions for osteoblast proliferation. The work of S. Maerno
et al. has shown that 2-4mM Ca?" is suitable for proliferation and sur-
vival of osteoblasts. Slightly higher concentrations (6-8 mM) favor
osteoblast differentiation and matrix mineralization. Even higher con-
centrations (>10mM) are cytotoxic (Maeno et al., 2005).

The fact that softer hydrogels, despite being based on xyloglucan or
alginate, support SASCs viability and proliferation when incubated with
an osteogenic differentiative medium is not at all unexpected. Although
many studies report that osteogenic differentiation is enhanced on a
stiffer substrate (Shih et al., 2011; Witkowska-Zimny et al., 2013),
Zigon-Branc et al. (Zigon-Branc et al., 2019) report that softer hydrogels,
made of methacrylamide-modified gelatin (G ~0.5 kPa), better support
both chondrogenic and osteogenic differentiation of stem cell spheroids
(hASC/hTERT). This could be due to a more favorable environment for
3D encapsulation, that ensures adequate spheroid spacing.

3.6. Injectability of Hydrogels

The ease of injection (injectability) of the different hydrogels, which
have already been evaluated for their ability to preserve stem cell
viability and promote differentiation and proliferation, was tested, with
the prospect of their use for the repair of chondroarticular defects.
Injectability can be influenced by the geometry of the needle, i.e., its
inner diameter, length, shape of the opening, and syringe material of the
syringe. Common needle configurations for articular injection of viscous
formulations are 21 G and 23 G (Stephens et al., 2008). he tests were
conducted using SCM as the mixing medium, considering that once the
stem cells were injected, the cells themselves would be able to pick up
stimuli from the environment to differentiate into the necessary lineage
for the damaged tissue. Injections were performed with a 23 G needle,
and force-displacement graphs were recorded during extrusion into air,
injection into the rabbit knee joint (KJ) and injection inside the muscle
().

Injectability parameters, like plunger-stopper break loose force
(PBF), maximum force (Fpax), and dynamic glide force (DGF,y), were
analyzed and presented in Table 2. Force-displacement plots, obtained
applying a constant displacement rate to the plunger of the syringe and
measuring the resulting force as function of the displacement, are pro-
vided in Fig. 8. The formulations tested were those that gave the best
results in terms of stem cell viability and proliferation both in chon-
drogenic and osteogenic media; namely, dXG1, dXG2.5 and Algl 2.5



E. Muscolino et al.

Carbohydrate Polymer Technologies and Applications 8 (2024) 100566

~~~~~ dXG1-S 23G
——Algl_25-§ 23G
- —dXG25-5 23G

- dXG1-S23G KJ
-dXG1-S 23G IM
Algl_25-S 23G KJ ~
20 - Alg1_25-S 23G IM AR
----dXG2.5-8 23G KJ K %
——dXG2.5-523G IM o 4

0 02 04 06 08
1-¢

0 0.2 04 06 08 1
1-¢

Fig. 8. Force required to expel the fluid (N) as a function of the normalized travelled distance, at the crosshead speed of 40 mm/s, in air of dXG1-S, Algl_2.5-S and
dXG2.5-S dXG1-S, Algl_2.5-S and dXG2.5-S (A) and rabbit knee joint (KJ) and intra-muscle (IM) of dXG1-S, Algl_2.5-S and dXG2.5-S hydrogels (B).

(Fig. 8A). With 23 G needle, dXG1-S was extruded in air with a relatively
constant, low ejection force. Algl_2.5-S initially ejected syneresis water,
then the material was extruded with progressively greater force. The
extruded material was inhomogeneous, as also revealed by the force vs
normalized travelled distance plot. The dXG2.5-S 23G initially required
a steadily increasing force to reach the maximum, then progressed with
a constant force.

Injections into rabbit knee joint and intra-muscle mimic different
tissue resistances. dXG1-S KJ showed higher resistance than in air,
Algl_2.5-S KJ exhibited lower resistance, dXG2.5-S KJ demonstrated
comparable resistance (Fig. 8B). It can be highlighted that all systems
require a force to be injected that is well below the medical operator
average maximum force, estimated equal to 79.8 N (Vo et al., 2016), but
also below the most conservative maximum acceptable injection force
for non-medical operators of 40 N (Watt et al., 2019).

4. Conclusions

Hydrogels based on dXG had shown very promising properties for
their ability to preserve the stemness of human adipose stem cell
spheroids and support their differentiation into chondrocytes or osteo-
blasts. We wondered whether hydrogels stiffer than those of dXG could
provide additional biomechanical cues that could promote cell attach-
ment and proliferation. kC and Alg form hydrogels at concentrations
similar to those of dXG, but through different mechanisms, so that they
have higher stiffness than dXG. In general, the dXG substrates had lower
G’ and G" moduli than the Alg- and kC-based hydrogels. Another notable
similarity was the ability of kC1 and both dXG systems to remodel
themselves upon dynamic and reversible bond breaking/reforming. The
Alg hydrogels were, in general, less affected by the composition of the
incubation media and time, because they were formulated with an ionic
crosslinker. The most interesting features of the SASCs-loaded hydrogels
observed were the ability of kC1 to ensure 100 % viability of SASCs in
SCM and of dXG1 to support their slight expansion. The dXG2.5-S sys-
tem, which caused an initial decrease in viability, probably due to the
poor ability of dXG jammed at 2.5 %w to ensure even distribution and
optimal nesting of SASCs prior to gelation, on the longer time scale was
able to support significant expansion of stem cells. Alginate-based sub-
strates did not promote cell viability when incubated with SCM. This
may be due to their rapid gelation and reduced remodeling capacity or
the presence of free Ca2t. Under chondrogenic and osteogenic differ-
entiation conditions, a good correlation was found between cell viability
and scaffold modules; the lower the G’ and G", the higher the cell
viability. The results confirmed the better performance of dXG1. It was
also interesting to observe that under chondrogenic differentiation
conditions SASCs never experienced complete mortality. One possible
explanation could lie in the increased commitment of SASCs to the
chondrogenic lineage. This hypothesis requires further investigation to

12

be supported. In summary, the gelation mechanism and the ability of the
network to nest spheroids and remodel over time, rather than the stiff-
ness of the hydrogel, seem to be the most important feature of these
artificial niches.
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Perspectives

Inductive media will be optimized to replace commercial media and
be suitable for in vivo use. The ease of injection of dXG formulations is an
important property to validate dXG-based hydrogel vectors for stem cell
therapy of osteochondral defects and a variety of tissue engineering
applications. Future research should focus on enhancing the biome-
chanical properties of these hydrogels to better mimic natural ECM,
potentially by incorporating dynamic and responsive elements that
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exploring the effects of varying Ca®" concentrations and other
biochemical cues could lead to more tailored and effective treatments
for specific tissue engineering applications. Finally, from these results,
generally dXG remains the best substrate for cell viability and differ-
entiation. Other hydrogels, like the Alginate-based, can be optimised for
specific biomedical applications.
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