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Preclinical data acquired for human muscle stem (hMuStem) cells indicate their great repair capacity in the
context of muscle injury. However, their clinical potential is limited by their moderate ability to survive after
transplantation. To overcome these limitations, their encapsulation within protective environment would be
beneficial. In this study, tunable calcium-alginate hydrogels obtained through molding method using external or
internal gelation were investigated as a new strategy for hMuStem cell encapsulation. The mechanical properties
of these hydrogels were characterized in their fully hydrated state by compression experiments using Atomic
Force Microscopy. Measured elastic moduli strongly depended on the gelation mode and calcium/alginate
concentrations. Values ranged from 1 to 12.5 kPa and 3.9 to 25 kPa were obtained for hydrogels prepared
following internal and external gelation, respectively. Also, differences in mechanical properties of hydrogels
resulted from their internal organization, with an isotropic structure for internal gelation, while external mode
led to anisotropic one. It was further shown that viability, morphological and myogenic differentiation char-
acteristics of hMuStem cells incorporated within alginate hydrogels were preserved after their release. These
results highlight that hMuStem cells encapsulated in calcium-alginate hydrogels maintain their functionality,

thus allowing to develop muscle regeneration protocols to improve their therapeutic efficacy.

1. Introduction

The identification in several tissues of adult stem cells (ASC) with
demonstrated myogenic potential has paved the way for new thera-
peutic proposals in the field of regenerative medicine for muscle diseases
[1-3]. The specific proliferation and differentiation properties of myo-
blasts were initially exploited for use in cell-based therapeutic strategies
for muscular dystrophy. Myoblasts are the natural myogenic de-
scendants of muscle-resident stem cells called satellite cells, and are
responsible for ensuring post-natal growth and tissue repair [4]. How-
ever, myoblasts showed poor efficacy following administration into
severely affected muscle, mainly due to an inability to successfully
survive and integrate into host tissue [5]. These findings spurred further
investigation aimed at identifying other cell candidates with better
engraftment capacity in dystrophic muscle.

MusStem cells, a type of ASC identified in muscle tissue from healthy
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dogs and humans, have been extensively studied for their muscle
regeneration potential. In vitro studies using conventional two-
dimensional (2D) cell culture systems showed that MuStem cells have
a high capacity for proliferation and naturally commit to the myogenic
lineage [6,7]. In terms of phenotype and plasticity, MuStem cells were
identified as early myogenic-committed progenitors with a mesen-
chymal perivascular profile, and displayed oligopotency through their
commitment into myocytes, osteocytes or adipocytes after incubation in
specific cell induction media [7,8]. Their robust capacity to form new
muscle fibers has been demonstrated in vivo using multiple trans-
plantation protocols in various animal models of acute muscle injury,
including Duchenne muscular dystrophy (DMD) and myocardial
infarction [7,9-11]. In these different contexts, the repeated detection of
hundreds of donor nuclei fused with host muscle fibers several weeks
after MuStem cell administration indicated an ability to engraft and
maintain myogenicity. Overall, these preclinical findings support
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MuStem cells as an attractive candidate for regenerative medicine in
muscle diseases. Nonetheless, their overall therapeutic potential re-
mains somewhat restricted by their moderate ability to survive and
integrate into the host tissue despite clear superiority with respect to
myoblasts and other ASC types [12].

In recent years, several studies have shown that the microenviron-
ment in which cells evolve in vitro has a strong impact on their behavior,
including proliferation, migration and differentiation [13-16]. Indeed,
cells transform external stimuli received from their direct physical
microenvironment into biochemical signals, resulting in the activation
of specific genetic programs that control differentiation and prolifera-
tion of cells [17]. One of the most widely described cell signaling
pathway involves the transcriptional coactivators YAP (yes-associated
protein) and TAZ (PDZ-binding motif), which are known to mediate
organ growth [18,19]. Engler et al. described the lineage commitment of
cells as a function of their capacity for tissue mimicry, and showed that
the mechanical characteristics of the surrounding extracellular matrix
(ECM), such as elastic modulus, are key parameters that strongly in-
fluence cellular activities [20]. This suggests that strict control of the
microenvironment in the in vitro conditioning and transplantation stages
is essential to accurately optimize the overall therapeutic impact. To
open up new transplantation strategies with MuStem cells trans-
plantation, a better understanding of their behavior in the physical
microenvironment is required to enhance their survival capacities and
integration into the host tissue during the delivery protocol.

Emergence of three dimensional (3D) biological model systems
provides a unique opportunity for the study of human biology and dis-
ease modeling. Tissue biomimicry approaches using biomaterials based
on hydrogel networks with mechanical properties closely resembling
those of the targeted tissue have been developed [21-23]. Hydrogels
have a strong affinity for water, resulting in a highly hydrophilic
network that closely matches that of the natural ECM. Multiple pa-
rameters, including the chemical composition of hydrogel components,
the cross-linking density of the network, and its mechanical properties
must be considered to create the most favorable environment to main-
tain cell activities. There are two main types of hydrogels, each of which
differs in terms of network stability [24,25]. Chemical hydrogels are
irreversible and are formed by specific functional groups of polymer
chains linked by covalent bonds. By contrast, physical hydrogels are
reversible, since their networks are maintained by non-covalent in-
teractions induced by temperature, pH, or ionic strength changes.
Alginate, a polysaccharide extracted from brown algae, is one of the
natural polymers most commonly used in tissue engineering owing to its
biocompatibility, low toxicity, and ability to form a hydrogel network
[26-29]. In the presence of divalent cations such as calcium (Ca), algi-
nate forms physical hydrogels based on Ca-mediated chain-chain asso-
ciations following the egg-box model [30]. This type of hydrogel is
particularly interesting given its natural origin and its properties of
reversibility and degradability [28]. Moreover, with a wide range of
elastic moduli (3-500 kPa) depending on reaction conditions, alginate
hydrogels possess mechanical properties resembling those of biological
tissues, making them suitable for biomimicry approaches [31-33]. For
instance, previous studies of muscle tissues reported elastic moduli of 12
kPa in skeletal (tibialis anterior [TA]) muscle [34] and 21 kPa in cardiac
muscle (left ventricle) [35]. Importantly, the mechanical properties of
alginate hydrogels can be tuned to better match the targeted tissue by
adjusting their physicochemical parameters, including gelation mode,
alginate molecular weight, alginate and divalent cation concentrations,
as well as blending and grafting with other polymers [36-41].

The main objective of this study was to develop physical alginate-
and Ca-based hydrogels with the aim of preserving viability and
myogenic potential of encapsulated human MuStem (hMuStem) cells.
This point is crucial for their further therapeutic use. Firstly, the impact
of alginate and Ca concentrations on the mechanical properties of
hydrogels, prepared using two distinct gelation modes, external gelation
(EG) or internal gelation (IG), was evaluated. For this purpose, several
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Ca-alginate hydrogels were generated using an experimental central
composite design and their elastic moduli were systematically deter-
mined in their fully hydrated state at the cell level by Atomic Force
Microscopy (AFM). Next, the diffusion of two fluorescein isothiocyanate
(FITC)-labeled dextran derivatives was assessed to determine whether
the hydrogel structure, evaluated using scanning electron microscopy
(SEM), enabled the diffusion of small molecules secreted by the cells and
nutrients essential for cell survival. Finally, the impact of the mechanical
characteristics of these 3D artificial matrices on viability, morphology,
and myogenic differentiation of encapsulated hMuStem cells was
evaluated.

2. Materials and methods
2.1. Chemicals

Sodium alginate powder (Protanal TM LF10/60FT, M,, 180,000 g/
mol, Mannuronate/Guluronate ratio of 0.4) was obtained from FMC
Biopolymer (USA). The alginate powder was sterilized by steam auto-
clave (121 °C, 20 min), which resulted in a decrease in alginate mo-
lecular weight. The M,, of 85,000 g/mol of alginate derivative was
determined by high-performance size-exclusion chromatography
(HPSEC, Proinence Schimadzu, Japan) coupled with multiangle light
scattering (MALS, Dawn Heleos-II, Wyatt Technology, CA, USA) [42].
Freeze-dried calcium carbonate (CaCO3) powder (5 pm diameter parti-
cles) was provided by Mikhart Provencal S.A. Olive oil, calcium chloride
(CaCly) powder and acetic acid were purchased from Sigma-Aldrich
(MO, USA). Ultra-Pure™ Agarose was purchased from Invitrogen
(Paisley, UK).

2.2. Preparation of solutions

Alginate (0.3, 0.6, 2.0, 4.0, 3.7 and 7.4 wt%) was dissolved either in
ultra-pure water or culture medium for 2 h. CaCO3 powder (5 pm
diameter particles) was dispersed either in ultra-pure water or culture
medium at 0.5 wt%. CaCl, solution (30, 100 and 170 mmol/L) was
prepared in either ultra-pure water or culture medium. Acetic acid was
solubilized in olive oil at 0.25 wt%. Agarose (5 % w/v) was dissolved in
ultra-pure water at 100 °C under stirring, supplemented with CaCl, and
poured into multi-well plate.

2.3. Preparation of hydrogels by molding methods

2.3.1. External gelation (EG)

EG was carried out by diffusion of a solubilized cross-linker, Ca, from
the bottom of an underlying CaCly-loaded agarose layer to the top of the
alginate solution. For this purpose, 1 mL or 300 pL of CaCl,-loaded
agarose (30, 100 or 170 mmol/L) were respectively poured into a 12-
well (for AFM and SEM experiments) or 48-well (for diffusion experi-
ments) plate. Next, 1 mL or 150 pL aqueous alginate solution (0.3, 2.0 or
3.7 wt%), respectively, was poured on top of the agarose layer. After 2 h
of incubation at room temperature (RT), hydrogels were unmolded by
direct addition of the corresponding aqueous CaCl; solution (30, 100 or
170 mmol/L) to each well. Hydrogels were then incubated in corre-
sponding CaCl, solutions for at least 1 h to equilibrate the Ca concen-
tration (Table S1).

2.3.2. Internal gelation (IG)

IG was induced by decreasing the pH inside the alginate solution
containing CaCOg particles as the cross-linking agent in an inactive form
placed at the bottom of the well. Acetic acid, used as a solubilization
agent, diffuses from the top oil phase to the bottom alginate phase and
triggers the release of Ca%™ ions, resulting in the formation of a hydrogel.
Alginate (0.6, 4.0 or 7.4 wt%) and CaCOs3 (0.5 wt%) aqueous solutions
were mixed (1:1, v/v) and 1 mL or 300 pL of the resulting solution,
respectively, poured into a 12-well (for AFM and SEM experiments) or
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48-well (for diffusion experiments) plate. Next, 2 mL or 600 pL of olive
oil supplemented with acetic acid (0.25 wt%) was poured onto the
aqueous alginate/CaCOg3 phase. After 2 h of incubation at RT, hydrogels
were unmolded after replacement of the oil phase with the corre-
sponding aqueous CaCl; solution (30, 100, or 170 mmol/L). Hydrogels
were then incubated in corresponding CaCly solutions for at least 1 h to
equilibrate the Ca concentration (Table S1).

2.4. Preparation of calcium-alginate hydrogel following an experimental
design

To evaluate the impact of Ca and alginate concentrations on the
structural and mechanical properties of the hydrogels prepared using EG
and IG methods, a 22 central composite design was constructed with 2-
level variables coded (—1, +1) (Table 1). Level O was represented by
central points (CP), performed in triplicate. Quadratic effects were
determined by 4 “star” points (SP). Analysis of variance (ANOVA),
regression analysis, and graphical study were conducted using Stat-
Graphics 18.

2.5. Atomic force microscopy experiments

Mechanical properties of alginate hydrogels (n = 3, independent
preparation) were assessed using a NanoWizard® atomic force micro-
scope (AFM, JPK Instruments, Germany) operating in CaCl, aqueous
solutions at RT (20 °C). Cantilevers (SQube) with a colloidal glass sphere
of 5 pm in diameter were used to perform indentation experiments by
measuring force-distance curves. The spring constant was calibrated
using the thermal noise method implemented in the AFM setting (JPK
software), with values of 0.12-0.18 N-m L. Prior to indentation mea-
surements, cantilever sensitivity was systematically measured from the
slope of force-distance curves performed on glass. For each hydrogel of
approximately 4-mm thickness, approach-retract force-distance curves
were firstly performed to determine the maximum force to be applied
corresponding to a maximum indentation depth of ~500 nm. Next,
10-20 force-distance curves were recorded at different locations for
each hydrogel at a constant speed of 1 pm/s. This low speed was used to
neglect the hydrodynamic drag forces exerted on the cantilever by the
liquid medium [43]. These raw curves were then converted into force-
indentation (F-5) curves and the approach part was fitted using the
Hertz model to determine the apparent elastic modulus of the hydrogels
[44,45] using the following Eq. (1):

4 E
F=_\/Ry — 56" )}
3 1 —vy

where Ry is the AFM tip radius, and Ey and vy are the elastic modulus
and the Poisson's ratio of the hydrogel, respectively. In these experi-
ments, the following parameters were used: Rip = 2.5 pm and vy = 0.5

Table 1

Experimental design parameters for independent variables used for EG and IG
gelation processes. SP, star point, CP, central point. Matrix of the 2> central
composite design.

Variable/ n°. of Alginate concentration (wt CaCl, concentration

variables %) (mM)
-1-1 0.3 30
-1+1 0.3 170
+1+1 3.7 170
+1-1 3.7 30
SP1 2 170
SP2 2 30
SP3 0.3 100
SP4 3.7 100
CP1 2 100
CP2 2 100
CP3 2 100
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(the widely accepted value for hydrogels) [45].
2.6. Analysis of hydrogel structure by scanning electron microscopy

Ca-alginate hydrogel structures were examined with an environ-
mental scanning electron microscope (ESEM, FEI Quanta 200 FEG,
Netherlands). SEM images were obtained under low vacuum using
frozen (—80 °C) and freeze-dried samples.

2.7. Diffusion properties of hydrogels

The diffusion properties of the hydrogels were studied by adapting a
previously described protocol [46,47]. Briefly, hydrogels (n = 2, inde-
pendent preparation) were placed at the bottom of chambered cover-
slips (Ibidi, Germany) and incubated for 24 h at RT in ultra-pure water
containing 1 mg/mL of FITC-dextran at 2 different molecular weights:
20 kDa and 2000 kDa. Fluorescence intensity was measured by confocal
laser scanning microscopy (CLSM; Nikon Eclipse N-Storm C2Si, Europe).
FITC emission fluorescence was recorded between 515 and 555 nm after
excitation at 488 nm in order to quantify the amount of dextran diffused
inside hydrogels. Images were analyzed with ImageJ software (version
2.1.0/1.53¢, https://imagej.nih.gov) to determine fluorescence in-
tensities inside and outside the hydrogels and inside/outside (I/0) ratio
was calculated. A ratio of 1 indicates a total homogenization of FITC-
dextran molecules inside and outside the hydrogels. Results were
expressed as the 1/0 ratio over time. Diffusion experiments were per-
formed in duplicate for each condition and each time-point.

2.8. Biological activity of calcium-alginate hydrogel-encapsulated human
MuStem cells

2.8.1. Cell culture conditions

Human MuStem cells were isolated from paravertebralis muscle bi-
opsies from patients free of known muscle disease and who had under-
gone surgery for acute scoliosis at the Department of Pediatric surgery of
the Centre Hospitalier Universitaire (CHU) de Nantes (France). Human
MuStem cells were obtained from patients who had given written con-
sent. All protocols were approved by the Clinical Research Department
of the CHU (Nantes, France), according to the rules of the French Reg-
ulatory Health Authorities (Approval Number: MESR/DC-2010-1199). A
biological sample bank was created in compliance with national
guidelines regarding the use of human tissue for research (Approval
Number: CPP/29/10). Human MuStem cells were isolated and charac-
terized as previously established [6,8]. Cells were expanded in complete
culture medium (DMEM, DMEM 4.5 g/L glucose and M199 mix [Fischer
Scientific, France]) supplemented with 10 % fetal calf serum (Sigma-
Aldrich), 1 % PSF mix (10,000 IU/mL penicillin, 10 mg/mL strepto-
mycin 25 pg/mL fungizone; Sigma-Aldrich, France), 5 % horse serum
(Sigma, France), 0.5 % chicken embryo extract (Clinisciences, France),
10 ng/mL human recombinant leukemia inhibitory factor (Sigma,
France), 10 ng/mL human recombinant basic fibroblast growth factor
(bFGF; Stemcell Technologies, France), 25 ng/mL human recombinant
epidermal growth factor (EGF; Stemcell Technologies, France), and 25
ng/mL human recombinant stem cell factor (SCF; Cellgenix, Germany)
under standard conditions at 37 °C in 5 % CO, and humidified atmo-
sphere, and maintained at roughly 75 % confluence to avoid sponta-
neous myogenic differentiation. Cells were seeded on CELLstart
substrate-coated plastic flasks (Invitrogen, France) and culture me-
dium was replaced every 2 days. For this study, cells underwent in vitro
expansion corresponding to 12 to 16 cumulated population doublings.

2.8.2. Encapsulation of human MuStem cells in calcium-alginate hydrogels

Human MuStem cells were encapsulated inside Ca-alginate hydro-
gels prepared following the steps described in part 2.2. Experiments
were performed using hydrogels with an elastic modulus of 12 kPa for
EG and IG modes. For EG, 300 pL of 170 mmol/L CaCly-loaded agarose


https://imagej.nih.gov

M. Marquis et al.

was poured into a 48-well plate. Next, 150 pL of 2 wt% alginate solution,
prepared in culture medium and containing 7 x 10° hMuStem cells,
were poured on the top of the agarose layer. After 2 h of incubation in
standard culture conditions hydrogels were unmolded with culture
medium supplemented with 170 mmol/L CaCl, added directly to the
wells and incubated 1 h to reach Ca equilibrium. For IG, 7.4 wt% algi-
nate solution containing 7 x 10° hMuStem cells and 0.5 wt% CaCOs
solution, both prepared in culture medium, were mixed (1:1, v/v) and
150 pL of the resulting solution poured into a 48-well plate. Next, 300 pL
of olive oil supplemented with 0.25 wt% acetic acid was poured onto the
aqueous alginate/CaCOs3 phase. After 2 h of incubation in standard
culture conditions, hydrogels were unmolded after replacement of the
oil phase by culture medium supplemented with 170 mmol/L CaCl, and
incubated 1 h to reach Ca equilibrium. Finally, hydrogels were trans-
ferred into a 24-well plate and incubated with 2 mL of culture medium in
culture conditions for further analysis.

2.8.3. Cell viability

Human MuStem cells encapsulated in Ca-alginate hydrogels with an
elastic modulus of 12 kPa were cultured in proliferation medium for up
to 8 days, and medium changed every 2 days. Cell viability was deter-
mined at days 1, 2 and 8 using classical trypan blue staining. To this end,
encapsulated cells were released by degrading Ca-alginate hydrogels
with 55 mmol/L sodium citrate, used as calcium chelating agent (10
min, 37 °C), followed by centrifugation (400 xg, 10 min) and staining
with trypan blue (VWR, France). Cells were counted with hemacytom-
eter. In parallel, viability assays were performed on cells encapsulated
for 1 and 2 days using Live/Dead staining protocol. Briefly, Ca-alginate
hydrogels containing cells were incubated in chambered coverslips
(Ibidi, Germany) for 45 min in Live/Dead solution composed of 2 nu-
clear fluorochromes: 5.00 pg/mL Hoechst 33342 and 8.56 pg/mL
Ethidium homodimer-1 (EthD-1), which stain the nuclei of viable and
dead cells, respectively. Indeed, EthD-1 is known to quench Hoechst
33342 fluorescence on dead cells, when used at 6.2 pg/mL [48]. The
labeled nuclei of hMuStem cells were directly imaged in chambered
coverslips by CLSM (Zeiss LSM 780, Germany). For each acquisition, cell
counting was performed by analyzing a stack of at least 10 images of a
10 pm-thick section using ImageJ Software (win64). Viability experi-
ments with trypan blue staining and Live/Dead staining protocol were
performed in triplicate for each EG and IG hydrogel from independent
experiments (n = 2 for trypan blue staining, n = 1 for Live/Dead
staining). In all cases, cell viability was calculated using the following
Eq. (2):

Niwe

Cell viability (%) = ( ) ¢ 100% 2)

tot

where Ny is the number of living cells and Ny, is the total cell number.

2.8.4. Proliferation and myogenic differentiation of human MuStem cells
Human MuStem cells encapsulated for 1 and 2 days were released by
degrading Ca-alginate hydrogels with 55 mmol/L sodium citrate (10
min, 37 °C), followed by centrifugation (400g, 10 min). Cell suspension
(700 pL) at a density of 2.4 x 10* cells/mL was seeded in a 24-well plate
with proliferation medium. During the first 5 days of culture, the me-
dium was changed every 2 days. Cell proliferation was evaluated up to
day 5 by phase contrast microscopy acquisitions in 3 replicate wells.
After 5 days under proliferative conditions, commitment towards
myogenic differentiation was induced by progressive depletion of the
nutrient load (cessation of medium renewal). Differentiation ability was
assessed at day 21 by phase contrast microscopy based on the formation
of multinucleated cells (myotubes) expressing the sarcomeric myosin
heavy chain isoform (sMHC). Cultures were fixed in 4 % para-
formaldehyde, treated with 0.5 % Triton X-100/20 % (w/v) goat serum
in PBS, and incubated (1 h, 37 °C) with anti-human MF20 Ab (1:200,
Developmental Studies Hybridoma Bank [DSHB], IA, USA). Specific Ab
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binding was revealed using biotinylated secondary goat-anti-mouse Ab
(1:300, Dako). Ability of hMuStem cells to commit to differentiation was
determined by the presence of nuclei within MF20" myotubes (>2
nuclei) in 3 replicate wells.

2.9. Statistical analysis

All experimental results were expressed as mean values + SD
(Standard Deviation). Cell viability data were analyzed by Student's t-
test to determine statistical differences between different hydrogel
gelation preparations and cell staining conditions using GraphPad Prism
software, v6.0f (GraphPad Software, La Jolla, CA, USA). Diffusion
properties were analyzed in R software, v4.2.3, by one-way analysis of
variance (ANOVA) and Tukey's multiple comparison tests to determine
statistical differences between different hydrogel structures. Levels of
significance were set at *p < 0.05 and **p < 0.01.

3. Results and discussion

3.1. Impact of gelation mode on elastic modulus of calcium-alginate
hydrogels

The first objective of the present study was to evaluate the influence
of the two distinct gelation modes used to generate cylindrical Ca-
alginate hydrogels, of 21 mm in diameter and 4 mm in height, on the
mechanical and structural properties of the resulting networks. Hydro-
gels were prepared using molding methods in multi-well plates (Fig. 1),
using two distinct gelation processes that differ in terms of the Ca source
and its diffusion inside the network. The EG mode involves induction of
gelation by diffusion of solubilized Ca ions from the bottom of a CaCly-
loaded underlying agarose layer to the top of the alginate solution
(Fig. 1A) [49]. By contrast, the IG mode involves gelation by solubili-
zation of Ca ions from CaCOjs particles dispersed inside the alginate
solution through a pH decrease mediated by acetic acid diffusion from
the upper oil layer (Fig. 1B) [50]. These gelation modes were previously
used for cell encapsulation in other studies. Swioklo et al. demonstrated
maintenance of human adipose-derived stem cell functionality following
encapsulation into Ca-alginate discs using EG [51]. Akbari et al. devel-
oped a microfluidic method to encapsulate mouse breast cancer cells by
IG, and showed that encapsulated cells also retained their biological
activities [52]. However, to our knowledge, no comparative study
assessed the impact of gelation mode on the mechanical and structural
properties of Ca-alginate hydrogels and on the viability and biological
activities of cells encapsulated within these hydrogels. For this purpose,
a 22 central composite design was applied for EG and IG modes to assess
the effect of 2 variables, alginate and Ca concentrations, on the elastic
modulus of the resulting hydrogels (Table 1). The experimental domain
was delimited by the solubilization capacity of alginate and Ca, the
viscosity of alginate solutions, and the effective gelation. To ensure Ca
equilibrium inside the hydrogels at the end of the process, each hydrogel
was incubated after unmolding in corresponding CaCl, aqueous solu-
tion. Conditions of incubation chosen (Table S1) were based on previous
studies describing the mechanism that occurs during external gelation of
alginate induced by Ca cations [54,55]. Thus, it can be assumed that a
complete gelation was reached at the end of the process with a Ca
concentration at equilibrium for both gelation modes.

The mechanical properties of various Ca-alginate hydrogels obtained
by both EG and IG were systematically measured by AFM in fully hy-
drated conditions, ie., in CaCly aqueous solution used for storage
(Fig. 2A). Indentation experiments were performed by recording
approach-retraction force-distance curves in different locations for each
hydrogel. Two force-indentation curves measured in EG and IG hydro-
gels prepared with 2 % alginate and 170 mM Ca concentrations were
shown in Fig. 2B. Hysteresis between the approach and retraction parts
of the curves was observed, indicating the time-dependent nature of the
hydrogels' mechanical properties. Recently, it was shown that relaxation



M. Marquis et al.

Alginate
| _Agar + CaCl2

International Journal of Biological Macromolecules 266 (2024) 130823

Internal gelation (IG)
Qil +acetic acid

Alginate + CaCOs3

—_
]
R

Equilibration in CaCl2 solution
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Fig. 2. (A) Schematic representation of AFM indentation experiments performed on hydrogel in liquid medium. (B) Experimental force-indentation curves measured
in hydrogels generated using external and internal gelation modes with 2 % alginate and 170 mM Ca. Fitting of the approach curve using the Hertz model to
determine the elastic modulus of hydrogels. (C) Response surface of the elastic modulus of hydrogels as a function of alginate and Ca concentrations for external and
internal gelation modes. (D) Pareto charts depicting the influence of 2 variables (alginate and Ca concentrations) and their interactions on the elastic moduli for

external and internal gelation modes.

processes in polysaccharide hydrogels crosslinked with Ca arise from
viscoelastic effects [43]. Here, only the elastic component was evalu-
ated. Relaxation times associated with these dissipative processes were
not investigated. The Hertz model was then applied to fit the approach
part of the force-indentation curves, allowing to extract the apparent
elastic modulus [44,45]. As shown in Fig. 2B, good agreement between
fitted and experimental approach curves for 2 EG and IG hydrogels was
observed. Elastic modulus values for EG and IG hydrogels were 13.1 kPa
and 5.8 kPa, respectively. The elastic moduli determined for hydrogels
generated using both gelation modes at different alginate and Ca con-
centrations were presented in Table S2. Elastic moduli ranged from 1 to
12.5 kPa and 3.9 to 25 kPa for IG and EG hydrogels, respectively. The
lowest elastic modulus (1 kPa) was obtained for IG hydrogels formulated
using 0.3 wt% alginate and 30 mM Ca, while the highest elastic modulus
(25 kPa) was obtained for EG hydrogels prepared with 3.7 wt% alginate

and 170 mM Ca. EG hydrogels exhibited higher elastic moduli than IG
hydrogels generated with the same alginate and Ca concentrations
(Fig. 2C). The response surface of elastic modulus revealed that for both
gelation modes mechanical properties markedly increased with alginate
and Ca concentrations (see Supporting Information, Statistical analysis
for response surface equations and validation of models; Tables S3 and
S4). Pareto charts revealed the impact of the alginate and Ca concen-
trations (acting as 2 variables) and their interactions on the elastic
modulus measured in hydrogels generated using the 2 gelation modes
(Fig. 2D). The most significant positive effect on elastic modulus
response came from alginate concentration in comparison to that of Ca.
Increases in alginate concentration had a more pronounced effect on
elastic modulus than increases in Ca concentration. This effect was
observed for both gelation modes, although the studied variables and
their interactions had more pronounced effects in IG versus EG
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hydrogels.

The obtained results indicated a strong influence of gelation mode on
the mechanical properties of hydrogels. The elastic modulus values
obtained were comparable with those reported for alginate microgels
with values of 0.3-16 kPa, depending on alginate molecular weight and
calcium concentration [53]. Elastic moduli of ~9 kPa and ~17 kPa were
reported for macroscopic alginate hydrogels crosslinked with Ca
following rheological measurements [54]. In another study, elastic
moduli of 0.8-8 kPa were measured by AFM on Ca-infernan microgels
[45]. In these different studies the elastic modulus of hydrogels also
increased with polysaccharide and Ca concentrations. Interestingly, of
the hydrogels developed for the present study, two possessed mechan-
ical properties comparable to those of skeletal muscle (~12 kPa). They
were obtained using both gelation modes: one using EG with 2.0 wt%
alginate and 170 mM Ca, and the other using IG with 3.7 wt% alginate
and 170 mM Ca. These two hydrogels that mimic muscle tissue were
selected for a comparative in vitro study of the impact of the two gelation
modes on the biological activities of hMuStem cells.

3.2. Structure of calcium-alginate hydrogels

Because the elastic moduli of hydrogels evolved differently
depending on gelation mode, the internal structure of EG and IG
hydrogels with three distinct elastic moduli (5, 12, and 25 kPa and 1, 5,
and 12 kPa, respectively; Table S2) was analyzed. Internal organization
based on a honeycomb-like structure was observed, in line with other
studies on hydrogels [32,58]. Nevertheless, lamellar pores were
observed in EG hydrogels, while IG hydrogels exhibited more spherical
pores, indicating that EG and IG modes led to anisotropic and isotropic
organization, respectively (Fig. 3). The anisotropic organization with
lamellar structures observed in EG hydrogels most likely resulted from
Ca diffusion across a gradient formed between the Ca-rich agarose layer
and the Ca-free alginate solution, resulting in alginate chain associations
perpendicular to Ca flow (Fig. 3A). This type of structural organization
was already reported for divalent cations/polyuronate hydrogels,

Alginate 2 wt % /
CaCl230 mM

12.9kPa

Diffusion of calcium ions

perpendicular to alginate
chains

Alginate 2 wt % /
CaCl2170 mM

25.0 kPa
N

Alginate 3.7 wt % /
CaCl2170 mM
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including alginate hydrogels [55-57]. In those studies, polysaccharide
gelation resulted from the gradient of crosslinking cation concentration.
The formation of rod-shaped fibrils composed of alginate chains ori-
ented perpendicular to the cation flow, leading to the anisotropic
structural organization of the gel was shown by small angle X-ray
scattering [55]. Similarly, in another study, after association of poly-
saccharide chains by Ca, free chains were shown to diffuse in the
opposite direction to the free cation diffusion, leading to the organiza-
tion by “layers” [56]. In IG mode, insoluble CaCOj3 particles homoge-
neously distributed within alginate solution constituted the source of
crosslinking Ca ions. Their slow dissolution, induced by a decrease in pH
by acid diffusion from the upper oil layer, provided soluble Ca, which
induced the cross-linking of surrounding alginate chains, thus leading to
the formation of isotropic structures (Fig. 3B). Such isotropic organi-
zation has already been reported in other studies based on CaCO3-algi-
nate hydrogels [36,50,58].

In general, the AFM tip-hydrogel surface contact can be modelled by
two springs (normal and lateral) having the same spring constant in the
case of an isotropic structure, while these constants are different in
anisotropic structure. Mechanical properties measured by AFM are in
accordance with the internal structure of hydrogels observed in Fig. 3.
Indeed, during AFM force-indentation experiments, the lamellar aniso-
tropic structure stressed in bending showed greater lateral contact
stiffness than the isotropic structure. Thus, under the same experimental
conditions (alginate and Ca concentrations), the contact stiffness be-
tween the AFM tip and EG hydrogel will be higher than that measured
for IG hydrogels. Higher elastic moduli measured for anisotropic
hydrogels generated by EG, compared to those generated by IG, are most
likely due to higher density of junction zones formed when soluble Ca
diffuses freely within alginate solution and initiates alginate gelation
following “egg box model”. Such gelation mechanism leads naturally to
thick junction zones organized in “layers”. In the case of IG hydrogels,
dissolution of Ca from CaCOs particles homogeneously dispersed within
alginate solution may limit the number of thick junction zones, leading
to hydrogel with lower cross-linking density.

1.0 kPa

B) Internal gelation (IG) g

Alginate 0.3 wt % /

Homogeneous CaCl2 30 mM

dispersion

Caets 5.4 kPa

Slow dissolution of
CaCOs particles

Alginate 2 wt % /
CaCl2170 mM

12.5 kPa

Alginate 3.7 wt % /
CaCl2170 mM

Fig. 3. Impact of gelation mode on physical parameters. Schematic structural organizations during the gelation processes. (A) External gelation leading to aniso-
tropic organization with lamellar pores. (B) Internal gelation resulting in isotropic organization with spherical pores. Scale bar: 400 pm.
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3.3. Diffusion properties of hydrogels

Next, the diffusion properties of Ca-alginate hydrogels generated by
EG and IG were evaluated to determine whether pore shape and size can
impact solute accessibility and diffusion rates. This information is
important as the quality of the exchanges that occur within hydrogels
will condition the extent to which cells encapsulated within these
hydrogels can interact with their external environment in the context of
in vitro expansion or transplantation for tissue remodeling. Indeed, sol-
uble factors secreted by cells and/or host tissue as well as growth factors
and other nutrients need to circulate freely through the hydrogel
structure to ensure appropriate cell responses. To this end, two FITC-
dextrans of different molecular weights were used. The hydrodynamic
radius (Rh) of both macromolecules was determined using the following
Eq. (3), as previously described [47]:

M, = (1.4782-R,)"" 3

where M, is the molecular weight (kDa) and Ry, is the hydrodynamic
radius (nm).

The hydrodynamic radii of low-molecular weight (LMW) FITC-
dextran (20 kDa) and high-molecular weight (HMW) FITC-dextran
(2000 kDa) were 7.0 and 89.4 nm, respectively. Diffusion of both
dextran fractions was followed using CLSM in 3 IG hydrogels of 1, 5.1
and 12.5 kPa and 3 EG hydrogels of 3.9, 12.9 and 25 kPa. Next ratios of
fluorescence intensities inside (I) and outside (O) hydrogels were
determined after 6 h and 24 h of incubation (Fig. 4A). An I/O ratio of
0 indicates the absence of molecular diffusion through the hydrogel,
while a ratio >0 indicates that diffusion rate depends on the mesh size of
the hydrogel. An I/0 ratio of 0.4 was considered to correspond to free
molecular diffusion inside hydrogels, as previously reported [46,47].
For LMW FITC-dextran, maximal diffusion for all hydrogels was
measured during the first 6 h of incubation, and tended to decrease with
increasing elastic modulus (Fig. 4B, left graph). In EG hydrogels,
maximum I/O ratio values were 0.90, 0.85 and 0.80 for elastic moduli of
3.9, 12.9 and 25.0 kPa, respectively. The corresponding values for IG
hydrogels were 0.90, 0.61 and 0.62 for elastic moduli of 1.0, 5.1 and
12.5 kPa, respectively. While these results suggested slightly lower
diffusion in isotropic structures (IG) for elastic moduli of 5.1 and 12.5
kPa (p < 0.05), small molecules of ~7 nm could diffuse freely (I/0 ratios

Hydrogel incubation CLSM imaging
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>0.4) despite constraints imposed by the internal structure of the
hydrogel.

For HMW FITC-dextran diffusion, maximum I/O ratio values reached
those observed for LMW FITC-dextran (I/0 ratio >0.4) for low elastic
moduli (1.0 and 3.9 kPa) (Fig. 4B, right graph). For medium and high
elastic moduli (from 5.1 to 25 kPa), diffusion was low and occurred
mainly during the first 6 h, reaching low 1/0 ratio values of 0.27-0.37.
These findings revealed a marked difference in diffusion profiles be-
tween hydrogels with low versus medium/high elastic moduli regardless
of the gelation mode used (p < 0.01). For hydrogels with a similar elastic
modulus close to 12 kPa, a slight increase in 1/0 ratio was observed for
EG hydrogels. These results suggested effective diffusion of larger mol-
ecules ~90 nm at low elastic moduli, regardless of the internal structure
(anisotropic or isotropic). However, diffusion through hydrogels with
medium/high elastic moduli was significantly restricted. The I/0 ratios
obtained for six alginate hydrogels were concordant with those
measured for alginate and Si-HPMC hydrogels with elastic moduli of 16
kPa and 0.22 kPa, respectively [46,47]. Overall, these results indicates
that the two types of hydrogels studied are compatible with free diffu-
sion of small molecules, suggesting that they allow the circulation of
nutrients necessary for metabolism of encapsulated cells.

3.4. Behavior of human MuStem cells in hydrogels mimicking the elastic
moduli of skeletal muscle

Next the impact of Ca-alginate hydrogels on the biological properties
of hMuStem cells encapsulated within EG and IG hydrogels with an
elastic modulus of 12 kPa (i.e., close to that of skeletal muscle) was
investigated [34]. After encapsulation, cells were uniformly retained
within both types of hydrogels (Fig. S2).

3.4.1. Cell viability

To determine whether the encapsulation process negatively affects
hMuStem cells in any way, cell viability was evaluated after 1, 2 and 8
days in hydrogels using classical staining with trypan blue of a mean
number of 40,000 freshly released cells. Viability rates were 80 % =+ 6 %,
88 % + 4 %, and 83 % + 5% at 1, 2, and 8 days post-encapsulation in EG
hydrogels (Fig. 5A). In IG hydrogels, the corresponding viability rates
were 86 % 4 9 %, 93 % 4 1 %, and 95 % = 3 %. These results showed

Diffusion No diffusion

1/0 ratio
calculation

FITC-dextran of 2,000 kDa

Q
-
@
2
3
og x EG 3.9 kPa
e g ¢ 3
v 9 1 Im —=—EG 12.9 kPa
T3 » *
5 2 * ——EG 25.0 kPa
£ e :/' S
%5 2 |.,. 1G 1.0 kPa
.% —#—-1G5.1kPa
a« —-1G12.5 kPa

5 10 15 20 25

Time (h)

Fig. 4. (A) Methodology applied to monitor diffusion within hydrogels. Inside/outside (I/0) ratio was determined based on fluorescence intensities measured inside
and outside hydrogels in square region of interest (ROI) of 200 pm x 200 pm in size. An I/O ratio of 1 indicates total homogenization of FITC-dextran molecules
inside and outside the hydrogels. (B) Diffusion profiles determined 24 h after incubation with 20 kDa and 2000 kDa FITC-dextran. EG: light blue (e)/middle blue
(W) /dark blue (¢); IG: yellow (e)/orange (ll)/red (). Diffusion experiments were performed in duplicate for each condition and time-point. Data are expressed as
the mean + SD. Statistical analysis compared maximum I/0 ratio values. Values of p < 0.05 were considered significant (*p < 0.05; **p < 0.01). ns, not significant.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Viability over time of hMuStem cells after encapsulation in 12 kPa Ca-alginate hydrogels. Determination of the yield of living cells per macrogel using. (A)
Trypan blue staining. After dissolving hydrogels with sodium citrate, cells resuspended in culture medium were stained with trypan blue. Experiments (n = 3, in-
dependent encapsulation protocol) were performed in triplicate for both EG and IG hydrogels at each time-point (days 1, 2 and 8); (B) live/dead intracellular
staining. Hydrogel-encapsulated cells were incubated at day 1 and 2 with 5 pg/mL Hoechst 33342 (blue) and 8.56 pg/mL EthD-1 (red) to stain nuclei of viable and
dead cells, respectively. Typical CLSM images of cells encapsulated in hydrogels obtained at day 2. Scale bar, 160 pm. A single encapsulation experiment was
performed in triplicate for both EG and IG hydrogels and at the 2 time-points (days 1 and 2). Comparison of cell viability values as determined by Live/Dead staining
and trypan blue staining. Data are expressed as the mean + SD. Values of p < 0.05 were considered significant (*p < 0.05; **p < 0.01). ns: not significant. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

that >80 % of hMuStem cells remained viable regardless of encapsula-
tion time, gelation mode, and internal hydrogel structure. This indicated
that hydrogels were compatible with in vitro maintenance of hMuStem
cells. In addition, living cells inside Ca-alginate hydrogels were counted
1 and 2 days post-encapsulation using Hoechst 33342 and EthD-1 co-
staining of a mean number of 70 cells (Fig. 5B). Proportions of living
cells were 69 % + 9 % and 83 % + 5 % in EG hydrogels and 82 % + 4 %
and 76 % + 5 % in IG hydrogels, respectively, in accordance with trypan
blue staining, even though the proportion of live cells in IG hydrogels
was slightly lower than that obtained with trypan blue staining of cells
released from the hydrogels (p = 0.03). This may be due to the fact that
some dead cells remained trapped in hydrogels and were therefore not
counted in the trypan blue test. These viability rates were in accordance
with those previously described for other cells encapsulated in alginate-
based hydrogels [51,59,60]. Together, these results showed that the use
of EG and IG hydrogels was compatible with the viability of encapsu-
lated cells, suggesting potential as useful matrices for in vitro
conditioning.

3.4.2. Myogenic fate of hMuStem cells after encapsulation into calcium-
alginate matrices

The morphological features of hMuStem cells and their ability to
commit to a myogenic differentiation pathway after encapsulation were
studied to determine whether their encapsulation in a 3D Ca-alginate
matrix would alter the biological properties of hMuStem cells. After 2
days of encapsulation in EG and IG hydrogels, hMuStem cells were
released by dissolving the gels with sodium citrate, and seeded in
standard 2D primary culture conditions (n = 3, independent experi-
ments performed in triplicate). After 5 days, cells adhered to the matrix
support and formed a culture composed of mainly thin, elongated
spindle-shaped cells and small and refringent round cells, as usually
observed in cultures of cells that were never encapsulated (Fig. 6, top
line). This finding indicated the absence of any alteration in morpho-
logical characteristics following cell encapsulation. When primary cul-
tures reached 80 % confluence, myogenic differentiation was induced (n
= 1, independent experiment performed in triplicate). After 16 days,
numerous cells that aligned and fused to form multinucleated cells were
detected by the expression of sarcomeric myosin heavy chain isoform,

Primary culture of hMuStem cells generated from

Non EG-hydrogel
encapsulated cells

encapsulated cells

Phase contrast

Saecomeric myosin
heavy chain isoform

1G-hydrogel
encapsulated cells

Fig. 6. Biological features of hMuStem cells in standard 2D culture conditions, with or without prior encapsulation for 2 days in EG or IG hydrogels. (Top line)
Morphological examination by phase contrast after 5 days in growth medium revealing formation of a primary culture mainly composed of adherent, thin, spindle-
shaped cells (arrowhead) and refringent round cells (arrow) in the 3 conditions tested. (Bottom line) Immunolabeling directed against the sarcomeric isoform of the
myosin heavy chain showing the presence of myotubes (multinucleated cells; arrow) in the 3 conditions tested after 16 days in myogenic differentiation induction
conditions. Scale bar: 200 pm and 100 pm in top and bottom line, respectively.
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strongly resembling the behavior of non-encapsulated cells (Fig. 6,
bottom line). These findings showed that the hMuStem cells, despite
passage in EG or IG hydrogels, maintained their myogenic differentia-
tion potential, as described previously in standard culture conditions
[6]. These results were in line with previous studies performed using
various types of cells encapsulated in alginate-based hydrogels. Li et al.,
reported that mouse preosteoblasts (MC3T3-E1) encapsulated in Ca-
alginate-gelatin capsules retained their capacity for adhesion,
spreading, and proliferation after release and re-inoculation. Moreover,
upon osteogenic induction, these cells were able to differentiate [60].
Similarly, Leijs et al. demonstrated the multi-lineage differentiation
capacity of mesenchymal stem cells (MSCs) released after encapsulation
in alginate hydrogels [61]. Together, these findings showed that Ca-
alginate hydrogels displaying similar elastic modulus (~12 kPa), but
different internal organization resulting from two distinct gelation
modes, allow for preservation of the morphological characteristics and
myogenic differentiation of hMuStem cells.

4. Conclusion

In the present study, the impact of the gelation mode on the me-
chanical properties of Ca-alginate hydrogels and the biological charac-
teristics of encapsulated hMuStem cells was investigated. This step
remains crucial before incorporation the encapsulation of hMuStem cells
as a suitable strategy for in vivo transplantation protocols. Two experi-
mental variables, alginate and Ca concentrations, and two distinct
gelation modes, external versus internal, were applied to produce a set of
hydrogels with a large range of mechanical properties, measured in the
fully hydrated state by AFM. It appeared that the conditions used for
alginate gelation, in particular Ca distribution and availability, were key
determinants of the mechanical properties and internal structure of the
resulting hydrogels. Indeed, EG hydrogels exhibited elastic moduli be-
tween 3.9 and 25 kPa, while elastic moduli of IG hydrogels were
considerably lower ranging from 1 to 12.5 kPa. For the same alginate
and Ca concentrations, EG hydrogels displayed higher elastic moduli
than IG hydrogels. The mechanical properties of these two types of
hydrogels resulted from their different internal organizations, charac-
terized by either anisotropic lamellar or isotropic spherical pore struc-
ture, observed for EG and IG hydrogels, respectively. Diffusion of LMW
molecules inside EG and IG hydrogels was compatible with the diffusion
of nutrients essential for the survival of hMuStem cells after encapsu-
lation. In vitro analyses of hMuStem cells released from EG and IG
hydrogels with elastic moduli similar to that of the skeletal muscle (~12
kPa) indicated that their encapsulation had no impact on cell viability,
morphology and myogenic differentiation. Both gelation approaches can
be applied for hMuStem cell encapsulation. Future studies will be
needed to characterize the phenotypic profile and secretory activities of
encapsulated hMuStem cells. This will provide a better understanding of
the impact of artificial matrices on the biological properties of these
promising candidates for regenerative medicine for muscle diseases.
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