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lonically Modified Gelatin Hydrogels Maintain Murine
Myogenic Cell Viability and Fusion Capacity

Margherita Burattini, Robrecht Lippens, Nicolas Baleine, Melanie Gerard, Joeri Van
Meerssche, Chloé Geeroms, Jérémy Odent, Jean-Marie Raquez, Sandra Van Vlierberghe,

and Lieven Thorrez*

For tissue engineering of skeletal muscles, there is a need for biomaterials
which do not only allow cell attachment, proliferation, and differentiation, but
also support the physiological conditions of the tissue. Next to the chemical
nature and structure of the biomaterial, its response to the application of
biophysical stimuli, such as mechanical deformation or application of
electrical pulses, can impact in vitro tissue culture. In this study, gelatin
methacryloyl (GelMA) is modified with hydrophilic
2-acryloxyethyltrimethylammonium chloride (AETA) and 3-sulfopropyl acrylate
potassium (SPA) ionic comonomers to obtain a piezoionic hydrogel. Rheology,
mass swelling, gel fraction, and mechanical characteristics are determined.
The piezoionic properties of the SPA and AETA-modified GelMA are confirmed
by a significant increase in ionic conductivity and an electrical response as a
function of mechanical stress. Murine myoblasts display a viability of >95%
after 1 week on the piezoionic hydrogels, confirming their biocompatibility.
The GelMA modifications do not influence the fusion capacity of the seeded
myoblasts or myotube width after myotube formation. These results describe
a novel functionalization providing new possibilities to exploit piezo-effects in

1. Introduction

About 40% of the human body mass con-
sists of skeletal muscle. Upon injury, the
skeletal muscle tissue has the capacity to
regenerate itself using tissue-resident stem
cells, the satellite cells. However, when
there is a substantial loss in muscle tis-
sue, the remaining tissue is unable to re-
store the defect fully. This volumetric mus-
cle loss (VML) results in the development
of scar tissue and has a negative impact
on the patients’ morbidity and life qual-
ity. To eliminate the need of an autolo-
gous muscle transfer as a main resolution
to the VML,'™* the engineering of mus-
cles as clinical substitutes is therefore an
important aim of the field.’! As a conse-
quence, off-the-shelf biomimetic scaffolds
for skeletal muscle regeneration need to be
developed.l'!l These scaffolds need to sup-
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port the cells” proliferation and differenti-

ation to produce a construct that mimics

the physiology of skeletal muscle as close as
possible. For this, different procedures to engineer 3D in vivo-
like structures or bioartificial muscles (BAMs) were already
described.[*1% The most used materials as a biomimetic scaf-
fold for BAMs are fibrin and collagen.!”#1%12] Gelatin, as a col-
lagen derivate, is considered an interesting material for several
reasons. It is a natural biodegradable polymer with extensive
tunability thanks to (photo-)cross-linkable functionalities.!!3-1%]
Moreover, it is cheap and easily manipulable.l'] As a conse-
quence, cross-linkable gelatins have become a benchmark in
many fields of bio-fabrication and tissue engineering.['’] One of
the most used gelatin-based hydrogels is the gelatin methacry-
loyl (GelMA). GelMA hydrogels closely resemble some essen-
tial properties of native extracellular matrix (ECM), such as the
presence of cell-attaching and matrix responsive peptide motifs
(RGD), which allow cells to attach, proliferate, and spread in the
scaffolds.!1417]

Besides the supportive properties, other hydrogel characteris-
tics might further promote the formation of engineered tissue.
For example, a typical property of skeletal muscle is the electri-
cal activity occurring in the tissue.['®] Therefore, the use of an
electroconductive hydrogel as a scaffold for muscle tissue engi-
neering could help to provide electrical cues to the cells, con-
tributing to the alignment, proliferation, and differentiation of

© 2023 Wiley-VCH GmbH
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muscle cells.’”] Hydrogels with conductive properties can be
synthesized by conjugating conductive polymers or by incorpo-
rating conductive nanomaterials into the backbone of polymer
networks.[?% An attractive way of providing electric current to
the engineered muscle without using an external electric power
source involves the use of electromechanical materials.[?!:2]
These materials produce an electric current induced by a me-
chanical deformation. The electromechanical transduction in-
cludes piezoresistive, piezoelectric, piezoionic, and capacitive
mechanisms.[?*] Among them, typical piezoionic materials con-
sist of a polyelectrolyte hydrogel containing fixed macro-ions and
mobile counterions. Under indentation, the mechanical defor-
mation entrains the mobile counterions to flow from the point
of compression, generating a charge imbalance within the poly-
electrolyte hydrogel and leading to a voltage induction. Some
biological polymers, such as collagen, fibrin, and cellulose, al-
ready exhibit mild electromechanical characteristics.*2’] These
can be further enhanced by the incorporation of mobile ions in
the scaffold material. Nowadays, an increasing amount of ma-
terials with improved electrical and mechanical properties find
their application in tissue regeneration.[?®] Specifically, Odent et
al. developed new self-powered piezoionic sensors, which utilize
touch-induced ionic charge separation in 3D-printed ionically
modified polyacrylamide hydrogels.??! In this work, cationic 2-
acryloxyethyltrimethylammonium chloride (AETA) and anionic
3-sulfopropyl acrylate potassium (SPA), whose charges are bal-
anced by mobile Cl~ anions and K* cations respectively, are
chemically incorporated in photo-crosslinkable hydrogels based
on GelMA.[?633] This GelMA modification involves the genera-
tion of an output voltage induced by the separation of ions of
different mobilities, stimulated by a mechanical load applied to
the material.

2. Results and Discussion

In order to produce piezoionic materials, GelMA was combined
with the ionic SPA and AETA monomers, which were chemi-
cally incorporated as previously described.[?!3%] The starting ma-
terial for GelMA was gelatin type B (Gel-B), on which the photo-
crosslinkable methacrylamide moieties were introduced to the
gelatin side chains. An o-phthaldialdehyde (OPA) assay demon-
strated a degree of substitution (DS) of 95% for GelMA. This was
then used for all characterization tests at a concentration of 10%
w/v. The physico-chemical properties of GelMA 30% SPA and
GelMA 30% AETA, with charges balanced by K* cations and CI~
anions, respectively, were compared to the control with no ionic
monomers, termed GelMA 0% ion.

The cross-linking efficiency of Gel-MA 0% ion, Gel-MA 30%
SPA, and Gel-MA 30% AETA equaled 80%, 90%, and 80%, re-
spectively (HR-MAS 'H NMR spectra of Gel-MA 0% ion shown
in Figure 1; see Figures S1 and S2, Supporting Information for
GelMA 30% SPA and GelMA 30% AETA). The similar cross-
linking efficiencies of the samples indicated that the incorpo-
rated SPA and AETA monomers did not interfere with the Gel-
MA cross-linking reaction. The obtained cross-linking efficiency
of Gel-MA 0% ion was slightly higher compared with previous
literature reports referring to a cross-linking efficiency of ~70%
for 10% w/v Gel-MA hydrogels based on a degree of substitution
of 95%.131]
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Figure 1. HR-MAS "H NMR spectrum of crosslinked Gel-MA (DS 95%,
10% w/v) with the characteristic methacrylamide signals at 5.5 and
5.7 ppm and the reference signal at 1.0 ppm corresponding to the —CH3
groups present in valine, leucine, and isoleucine.

The photo-crosslinking kinetics of GelMA 30% SPA and
GelMA 30% AETA were assessed with in situ photo-rheology
(Figure 2a). The results demonstrate that during the physical
gelation at 5 °C during the first 15 min, the three hydrogels
showed a similar increase in storage modulus. However, the
addition of SPA and AETA led to faster cross-linking kinetics
upon UV-light irradiation (Figure 2b). Additionally, the mechan-
ical properties of the three types of equilibrium swollen GelMA
hydrogel films in aqueous solution, were determined with rheol-
ogy (Figure 2c). The storage moduli were respectively 31.6 + 3.5,
26.4 £ 9.9, and 48.2 + 3.7 kPa for GelMA 0% ion, GeIMA 30%
SPA, and GelMA 30% AETA. A significant difference was de-
tected between the storage moduli of GeIMA 0% ion and GelMA
30% AETA (p < 0.05).

The probability of a hydrogel to leach potentially harmful cy-
totoxic substances was assessed by measuring the gel fraction
(Figure 2d). In all conditions, a high gel fraction of #100% was
detected, indicating no significant leaching of components. More
specifically, the following gel fractions were measured for GelMA
0% ion (99.6 = 1.6%), GeMA 30% SPA (94.5 + 3.1%), and GeIMA
30% AETA (97.0 + 4.6%). There was a significant difference de-
tected between GelMA 30% SPA and GelMA 0% ion (p < 0.05),
while GelMA 30% AETA was not significantly different. In Fig-
ure 2e, the mass swelling is depicted, indicating the ability of the
hydrogel to swell in aqueous medium without dissolving. The
measured mass swelling ratios were 16.2 + 1.5, 18.4 + 1.4, and
18.6 + 0.9 for GeIMA 0% ion, GelMA 30% SPA, and GelMA 30%
AETA, respectively. A significant increase in mass swelling ratios
was observed for both the SPA and AETA modified GelMA sam-
ples compared to GeIMA 0% ion. Furthermore, the biodegrad-
ability of the cross-linked hydrogels was determined with an in
vitro enzymatic degradation assay (Figure 2f). All GelMA hydro-
gel films (0% ion, 30% SPA, and 30% AETA) were enzymatically
degradable with degradation times of 243.9, 281.7, and 259.2 min
for GeIMA 0% ion, GeIMA 30% SPA, and GelMA 30% AETA,
respectively. No significant difference was observed between the
aforementioned conditions (p > 0.05).
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Figure 2. Physico-chemical characterization of GelMA and ionically modified GelMA. a) In situ rheology on 10% w/v solution of GelMA (0% ion,
30% SPA, and 30% AETA) in the presence of 2 mol.% Li-TPO-L. The storage modulus increases during the first 900 s when physical gelation at 5 °C
occurs. b) Cross-linking upon UV-A light exposure (indicated by the pink background in panel a). ¢) Comparison of the storage moduli (G’) after
rheology on equilibrium swollen hydrogel films. d) Gel fraction comparison between the three GeIMA conditions. e) Mass swelling ratio comparison
between the GelMA conditions. A higher mass swelling ratio in the ionic modifications compared to the control without ions can be seen. f) In vitro
enzymatic degradation comparison between the different GelMA experimental specimen. Statistical analysis: Kruskal-Wallis test and Dunn’s correction

with “p < 0.5.
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Figure 3. Mechanical characterization of GelMA and ionically modified GelMA. a) Stress—strain curves of GeIMA loops (GelMA 0% ion, 30% SPA, and
30% AETA). b) Total elongation (%) before fracture of the GelMA hydrogel loops, which was significantly reduced in the GelMA with SPA functionalization.
c) Young’s modulus (kPa) of the GelMA hydrogel loops. Statistical analysis: Kruskal-Wallis test with Dunn’s correction with “p < 0.05.
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Figure 4. Electromechanical characterization of GelMA and ionically modified GelMA. a) ionic conductivity of GelMA (GelMA 0% ion, 30% SPA, and
30% AETA). b) electromechanical response as a function of stress for GelMA 30% SPA and GelMA 30% AETA gels. Statistical analysis: Kruskal-Wallis

test with Dunn’s correction with “p < 0.05.

In addition, tensile tests were conducted to determine the to-
tal elongation (%) and the Young’s modulus (kPa) of the hy-
drogel loops (Figure 3a). The % elongation before fracture was
50.4 + 4.8%, 33.8 + 4.7%, and 40.1 + 7.8% for GelMA 0%
ion, GelMA 30% SPA, and GelMA 30% AETA, respectively (Fig-
ure 3b). A significant difference was detected between the total
elongation of GeIMA 30% SPA and GelMA 0% ion (p < 0.05).
The Young’s moduli were 7.7 + 2.0, 9.3 + 1.2, and 7.2 + 0.7 kPa
for GelMA 0% ion, GelMA 30% SPA, and GelMA 30% AETA, re-
spectively, which was not significantly different between the three
conditions (p > 0.05) (Figure 3c).

The ionic conductivity was further assessed by impedance
spectroscopy and estimated at 3.14x107° + 0.83x107°,

4.34x10™* + 0.21x107*, and 2.09x10~* + 0.19x10~* S cm™!
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for GeIMA 0% ion, GeIMA 30% SPA, and GelMA 30% AETA,
respectively (Figure 4a). A significant increase in ionic conduc-
tivity was observed for the SPA and the AETA-modified GelMA
samples compared to the GeIMA 0% ion. The electromechanical
response was assessed using an open circuit voltage measure-
ment of the potential (Figure 4b). Under compressive strains
using a cylindrical indenter of outer diameter 4 mm, an initial
viscoelastic deformation entrains the mobile counterions to flow
from the point of compression, generating a charge imbalance
within the ionically modified GelMA hydrogel which in turn
leads to an output voltage. Overall, a preferential displacement
of the cations over anions results in a positive voltage reading,
and vice versa. As expected, no response as a function of the
compressive strain was observed for GelMA 0% ion while —0.24
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Figure 5. Live/dead viability assay on cross-linked GelMA DS95 10% w/v (0% ion, 30% AETA, 30% SPA). The hydrogel films were seeded with 5000
C2C12 cells. Scalebar: 50 um. a) Live/dead images were taken on days 1, 4, and 7. b) Quantification of the cell viability (left panel). A metabolic (Alamar
Blue) assay was performed on seeded C2C12 cells on GelMA DS95 10% w/v (0% ion, 30% AETA, and 30% SPA) hydrogel films (right panel).

and +0.28 mV kPa~! were recorded for GelMA 30% AETA and 7 (Figure 5a). After 24 h of cell seeding, the cell viability was
GelMA 30% SPA, respectively. 88.3 + 13.2%, 52.4 + 23.4%, and 64.3 + 18.0% for GelMA 0%,

The biocompatibility of SPA and AETA GelMA films (DS95,  GelMA 30% AETA, and GelMA 30% SPA, respectively. No signif-
10% w/v) films was assessed with the additional anion SPA and  icant difference was detected for GeIMA 30% AETA and GelMA
cation AETA. Using the Calcein-AM/PI staining, the cell viabil-  30% SPA in comparison to GelMA 0% ion (p > 0.05). However,
ity of the seeded C2C12 cells was determined on days 1, 3, and  note that there was a high variability, especially a higher initial

Macromol. Biosci. 2023, 2300019 2300019 (5 of 10) © 2023 Wiley-VCH GmbH
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Figure 6. Fusion capacity followed up to D14 of culture over the three different materials. a) Representative Tropomyosin/DAPI fluorescent images of
myotubes formed from differentiated C2C12 myoblasts seeded on GelMA with respectively 0% ion, 30% SPA, and 30% AETA on days 4, 7, and 14.
Blue: DAPI, green: tropomyosin. Scalebar: 50 um. b) Fiber width calculated from the immunofluorescence images. c) Fusion indices calculated from the
immunofluorescence images. Statistical analysis: Kruskal-Wallis test with Dunn’s correction.

viability for GelMA 0% ion, due to the small sample size, lead-
ing to no statistical difference at day 1. Over time, the viability
in the AETA and SPA group increased (Figure 5b). At day 4, the
cell viability was raised t0 92.9 + 11.1%, 82.1 + 16.5%, and 81.5%
for GelMA 0% ion, GelMA 30% AETA, and GelMA 30% SPA, re-
spectively. Ultimately, 1 week after cell seeding, the C2C12 cells
had reached a cell viability of 98.5 + 1.2%, 95.7 + 5.7%, and
98.7 + 1.4% for GelMA 0% ion, GelMA 30% AETA, and Ge]MA
30% SPA, respectively. At days 4 and 7, no significant difference
in cell viability was detected between the three experimental con-
ditions (p > 0.05). Furthermore, an Alamar Blue Assay, which can
detect changes in metabolic activity of the cells, showed no sig-
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nificant difference for the metabolic activity of the C2C12 cells
between the three GelMA conditions (p > 0.05) (Figure 5b, right
panel).

To verify whether the hydrogel compositions affected the dif-
ferentiation potential of the C2C12 cells to fuse and form my-
otubes, the fusion index and myotube width was calculated. The
immunofluorescence staining for tropomyosin was performed at
days 4, 7, and 14 on the 4% PFA-fixed samples (Figure 6). The
experimental days have to be intended as days in culture in dif-
ferentiation medium. No differences in fusion capacity nor my-
otube width were observed between the different GelMA hydro-
gels (Figure 6b).
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3. Conclusion

In the field of skeletal muscle tissue engineering, the addition of
mechanical and electrical stimuli to the scaffolds plays a pivotal
role in the function, proliferation, and differentiation of the
skeletal muscle cells.32! Additionally, electrical cues fulfill an
essential role in the morphology and migration of the cells.l*]
Therefore, constructing a hydrogel material with electroconduc-
tive properties is a very promising route in the field of skeletal
muscle tissue engineering. Electroconductive GeIMA hydrogels
have previously been developed by Wu et al.**l by integrating
poly(aniline) (PANi) within GelMA. These formed hydrogels
demonstrate similar mechanical and swelling properties to the
benchmark GelMA, but with superior electrical properties.[**]
Moreover, Sawyer et al.**] developed GelMA-PANi bio-inks with
encapsulated osteogenic cells, demonstrating similar cell viabil-
ity compared to GeMA.[*] In the present work, the anionic SPA
and the cationic AETA, with charge balanced by Cl~ anions and
K* cations, respectively, were chemically incorporated to develop
a piezoionic GelMA hydrogel. The resulting ionically modified
GelMA exhibited high conductivity compared to 0% ion GelMA
and generated an output voltage in response to mechanical
deformation. The polarity of output voltages is herein consistent
with the movement of the mobile counterions away from the in-
dented region. As a consequence, positive and negative voltages
respectively arise from anionic SPA- and cationic AETA-modified
GelMA. Interestingly, these intrinsic electromechanical proper-
ties of ionically modified GelMA offer the possibility to induce
electromechanical cues caused by the movement of cells, or on
the contrary, allowing the electromechanical stimulation of cells.

The physico-chemical properties of GelMA hydrogel films with
incorporated anionic SPA or cationic AETA functionalities were
determined. A high gel fraction was obtained for all the GelMA
conditions (0% ion — 30% SPA — 30% AETA), indicating an ef-
ficient crosslinking of the hydrogel films and minimal leaching
of components. The gel fraction results of GelMA without ions
were in line with previously reported data by Van Nieuwenhove
et al.’® and demonstrated the efficient UV-photo-crosslinking
of the hydrogels.[315] This can be explained by the high DS of
95% and the use of 10% w/v, resulting in a high probability for
the functionalities of GelMA to efficiently react. Due to the high
amount of reacted functionalities as demonstrated by HR-MAS
NMR spectroscopy, efficient crosslinking occurred and a stable
GelMA network was formed.

Furthermore, the addition of the SPA anion and the AETA
cation led to an increase in the mass swelling ratio of the GelMA
hydrogel films. This increase can be explained by the increased
charge density in the GelMA hydrogel films, due to the addition
of positively charged AETA or negatively charged SPA.*] These
additional charges could create an osmotic effect and therefore
attract more water.3%-40]

The photo-crosslinking of GelMA was also influenced by the
addition of these ionic functionalities to the GelMA network, as
there was a significant increase detected in the cross-linking rate.
This can be explained by the higher concentration of unsaturated
bonds available due to the addition of AETA or SPA to GelMA.[*!]
Both ionic modifications have acrylate groups that can crosslink
with the functional methacrylamide groups of GelMA upon expo-
sure to UV-light. The cross-linking rate of SPA/AETA-modified
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GelMA when exposed to UV-light was increased compared to
the regular GelMA, thanks to a higher number of cross-linkable
functionalities of the former.[**] Furthermore, the storage modu-
lus of the equilibrium swollen hydrogel films was also assessed,
with the storage modulus of GeIMA 0% ion being in accordance
with previously reported data by Van Hoorick et al.*?] The sig-
nificantly higher storage modulus of GelMA AETA can again be
explained by the higher concentration of acrylate functionalities.
The effect of the increased amount of unsaturated bonds on the
storage modulus upon the addition of cationic AETA is compara-
ble to the effect of a higher DS or %w/v.[*?) Upon using a higher
DS or %w/v, the amount of double bounds is higher, resulting
in an increase in storage modulus after UV-light exposure.[*}] In
order to gain more insight in the differences in the cross-linking
efficiency of SPA/AETA-modified GelMA versus the unmodified
GelMA, HR-MAS NMR spectroscopy was performed. SPA and
AETA had no major impact on the cross-linking efficiency.[**!

Next, GelMA 0% ion, 30% SPA, 30% AETA hydrogel loops
were subjected to tensile tests. The Young’s modulus of the
loops was determined from the linear part of the stress—strain
curves and were in line with previously reported results by Ra-
jabi et al.**] No significant differences were observed between
the Young’s moduli of the three samples. Moreover, a Young’s
modulus in the range of a few kPa is an ideal environment for
myotube differentiation.l>3*] Nonetheless, the material studied
offers great flexibility and multiple solutions to modify the stiff-
ness making it an ideal substrate for culturing muscle cells.!**]
Furthermore, the ionic modifications caused an increase in the
swelling properties, which may lead to higher cell infiltration,
higher diffusion as well as higher surface to volume ratio.[340]
The similar physico-chemical properties and cytocompatibility
when AETA and SPA were chemically incorporated in compar-
ison to the GelMA without ions indicate that the introduced
modifications constitute a usable hydrogel. Conductive measure-
ments have been performed showing that the addition of AETA
or SPA enhances the conductivity of the hydrogel by a factor
10.°) Therefore, GelMA with incorporated AETA cations or SPA
anions could be used as a conductive scaffold material to test cy-
totoxicity and possible positive effects for enhancing culture con-
ditions. This result reports a new favorable niche for the genera-
tion of small currents in the presence of mechanical pressure and
making the cues as physiological as possible. The duality given
by the piezoionicity would allow researchers to study multiple
culture conditions.

In vitro cell tests on C2C12 cells were conducted to determine
the possible cytotoxicity of the anionic SPA and cationic AETA
functionalities. For the seeded C2C12 cells, a live/dead staining
was performed on days 1, 4, and 7. After 1 week, C2C12 cells
seeded on GelMA hydrogel films (0% ion, 30% SPA, and 30%
AETA), showed no statistical difference in viability, for all the
experimental conditions. High cell viability (>95%) of the seeded
C2C12 cells on GelMA with a DS of 95% and at 10% w/v agreed
with previously reported results by Chen et al.*’l where ~92%
of viable cells was reported after 5 days. Although at the first
time point (day 1) measured, there was a large variability in
the cell viability, the later time points (days 4 and 7) showed
that the addition of additional ions to the GelMA hydrogel did
not affect cell proliferation. Additionally, a metabolic assay,
which quantifies number and metabolic activity of the cells, was
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performed on days 1, 4, and 7 of culture. The data demonstrate
that after 4 days the proliferation increased, but no significant
difference was detected between the three conditions. The for-
mer is in line with earlier reported results from Kim et al.l*®] In
these experiments, the cells were not seeded onto GelMA film
but encapsulated instead.l*8] Overall, we can conclude that the
SPA or AETA functionalization was not cytotoxic for the C2C12
cells.[1527:36:46] Tastly, we performed an immunofluorescence
staining to further study any differences in the differentiation of
the cells on the three materials. As in the proliferation stage, the
differentiation phase of the cells occurred similarly in the AETA
and SPA-modified GelMA as in the unmodified GelMA. Future
studies may be geared toward testing the possible enhance-
ment on myotube development when applying a mechanical
stimulation protocol and conversely, an electrical stimulation
protocol, to fully use the ability of these piezoionic materials. In
conclusion, these findings may help to provide to researchers
an off-the-shelf scaffold with a defined and tunable property to
better resemble the muscle physiological condition.

4. Experimental Section

Modification of Gelatin: For reaching the desired modification of
gelatin, the protocol described earlier by Van den Bulcke et al.*% was used.
Briefly, gelatin type B (Gel-B, 38.5 mmol amines per 100 g) was dissolved
in a phosphate buffer (pH 7.8) at 40 °C while stirring. The reaction was
initiated by the addition of methacrylic anhydride in 2.5 equivalents (eq),
relative to the number of primary amines of Gel-B, to the solution. After
stirring the solution vigorously for 1 h, the solution was diluted (1:2) with
Milli-Q water and was dialyzed (Spectrapor MWCO 12 000-14 000 Da)
for 24 h at 40 °C. After completion of the dialysis, the pH of the solution
was adjusted to 7.4 using NaOH (2 m). Finally, the solution was frozen
(=20 °C) and lyophilized, in order to obtain dry GelMA. The degree of sub-
stitution (DS) was confirmed with the o-phthaldialdehyde (OPA) assay, as
described by Tytgat et al.["*] The DS was measured by the absorbance at
335 nm (37 °C) and R? was calculated.

Crosslinking: ~ First, a GelMA 10% w/v solution was made by
dissolving GelMA in Milli-Q together with 2% Lithium phenyl-
2,4,6-trimethylbenzoylphosphinate  (Li-TPO-L)  photo-initiator  (rel-
ative to the amount of methacrylamide present, see section 2.1)
(Sigma—Aldrich, 900889-5G). GelMA modifications were adopted by
blending 30 mol.% of 3-sulfopropyl acrylate potassium (SPA) or [2-
(acryloyloxy)ethylJtrimethylammonium chloride (AETA) with the GelMA
10% w/v solution. After dissolving the solutions at a temperature of
40 °C, the mixtures were poured between two glass plates that were
separated by a 1 mm silicone spacer. Next, the glass plates were stored
in the dark at 4 °C for 20 min to allow physical crosslinking. Then, the
GelMA hydrogels were chemically crosslinked by exposure to UV-A light
(365 nm, 4 mW cm~2, 20 min). Finally, films were made out of the
hydrogel with appropriate punchers to assess the physico-chemical and
biocompatibility properties of the hydrogels.

Physico-Chemical Hydrogel Characterization: Determination of Hydro-
gel Storage Modulus: The mechanical properties and photo-crosslinking
kinetics were determined using a rheometer (Physica MCR-301, Anton
Paar, Sint-Martens-Latem, Belgium). The storage modulus was mea-
sured during dynamic oscillation exploiting a parallel plate set-up. Photo-
crosslinking kinetics were determined by in situ rheology, by placing a
solution containing 2 mol.% Li-TPO-L photoinitiator between the paral-
lel plates of the rheometer in order to evaluate the effect on the storage
modulus when exposed to UV-light. Next, the gap between the plates was
set to 0.35 mm. Dehydration of the solution was avoided by applying mid-
dle viscosity silicone grease on the edges of the plates. During the first
900 s, the temperature of the plates was set at 5 °C to induce physical
gelation, while an oscillation frequency of 1 Hz, a strain of 0.1%, and a
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normal force of 1 N were applied on the forming hydrogel. After physical
gelation, the solution was exposed to UV-A light (EXFO Novacure 2000
UV light source at 365 nm using a 3500 mW cm™2 intensity) for 10 min at
5 °C, to determine the storage modulus of the cross-linked GelMA.

Gel Fraction Determination: The gel fraction of circular hydrogel films
(8 mm diameter, 6 films) was determined. First, the cross-linked films were
punched out and lyophilized. After freeze-drying, the initial dry mass (W)
of the samples was weighed. Next, the discs were incubated and swollen
overnight in double distilled water at 37 °C. Subsequently, the samples
were lyophilized again and weighed to determine the mass of the samples
after incubation (Wpg,). The gel fraction was calculated by comparing the
final dry mass to the initial dry mass, as reported in Equation (7).

%%
Gel fraction (%) = e 100 (%) m
Wio

The mass swelling ratio of hydrogel films (8 mm diameter, 6 films),
punched out from equilibrium swollen sheets (overnight at 37 °C, in dou-
ble distilled water), was determined. The swollen mass (M) of the films
was determined after removal of the excess of water. Next, the samples
were lyophilized in order to determine the dry mass (My). Finally, the
swelling ratio was calculated by comparing the swelling mass to the dry
mass (Equation 2):

. . M
Mass swelling ratio = . (2)

d

Enzymatic Degradation of Hydrogels: The enzymatic degradation assay
was conducted on lyophilized hydrogel films (8 mm diameter, n = 4 for
each timepoint), which were weighted first in order to determine the ini-
tial dry mass. Consequently, the samples were incubated in Tris-HCl buffer
(0.1 m, pH 7.4), containing 0.005% w/v NaN; and CaCl, (5 mm), at
37 °Cfor 1 h. Then, collagenase (100 collagen degrading units (CDU)/mL
buffer), dissolved in Tris-HC| buffer, was added to the samples.[*°] At the
predetermined timepoints, the enzymatic degradation was inhibited by the
addition of EDTA solution (0.25 mm). After blocking the enzymatic degra-
dation, the samples were cooled in ice. The samples were washed three
times in Tris-HCI buffer, followed by washing three times in double dis-
tilled water. Next, the samples were freeze-dried and the final dry mass
was determined. Using the initial dry mass and the final dry mass, the gel
fraction of the samples at each time point could be determined.

Tensile Testing: Tensile testing was performed on photo-crosslinked
hydrogel loops swollen to equilibrium with Hounsfield Test Equip-
ment Ltd (Horizon software). The hydrogel loops had a dimension of
28 mm X 3 mm X 1 mm (diameter of 1 mm) and were put around two
clamps, which allowed stretching of the hydrogel. The tensile properties of
the hydrogel loops were determined with a load cell of 25 N. After placing
the hydrogel loop on the two clamps, the loop was subjected to increasing
stress and strain at a speed of 5 mm min~! until fracture. The measure-
ments started when the loop was submitted to a force above the threshold
0.05 N. Tensile testing was performed on the hydrogel loops to determine
the total elongation and the Young's modulus of the material.

Determination of Cross-Linking Efficiency: High Resolution — Magic Angle
Spinning "H-NMR spectroscopy (HR-MAS NMR) was used to analyze the
cross-linking efficiency of GelMA. All measurements were conducted on a
Avance Il 700 spectrometer (Bruker, 700.12 MHz) with an equipped HR-
MAS probe (1H, 13C, 199Sn and a gradient channel). All samples were ro-
tated with a 6 kHz spinning rate. The cross-linked GelMA hydrogels were
divided into small pieces, which were introduced with 50 uL D,0O into a
4 mm MAS rotor. After allowing the hydrogel sample to swell, the sam-
ple was homogenized by manually stirring the rotor. The cross-linking ef-
ficiency (CE) was determined by using Equation (3), as reported earlier by
Van Hoorick et al.[4?]

,S.Sppm+,5.7ppm

mol
2+%0.0385 T00g

CE (%) =| —— 100 3)
0.3836%
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Cell Culture: For cytotoxicity studies, the murine C2C12 myoblast
cell line was selected. Cells with passage numbers below 20 were
used to assure adequate proliferation and differentiation ability. C2C12
were cultured in growth medium (high glucose DMEM, Gibco, Ther-
moFisher, #11965092) supplemented with 10% FBS (Biowest) and 1%
penicillin/streptomycin solution (P/S, ThermoFisher, 10 000U/mL)). The
cells were harvested once reaching 80% confluency and seeded on round
GelMA films (10 mm diameter) placed in 24-well plates. Cell seeding den-
sity was 10 000 cells per well for proliferation studies and 50 000 cells per
well for differentiation assessment. Within 2 days after seeding, in which
the cells were cultured in growth medium, the medium was switched to
a differentiation medium (high glucose DMEM, 2% horse serum (Ther-
moFisher) and 1% P/S) for 4, 7, or 14 days to allow the myoblasts to fuse
and differentiate into myofibers.

Viability and Metabolic Assays: Calcein acetoxymethyl ester (Calcein-
AM)/ propidium iodide (PI) staining was used to assess the live/dead ratio
of the seeded C2C12 cells on the GelMA films[>%l The live/dead ratio was
quantified to assess the cytocompatibility of the GelMA constructs. A solu-
tion containing Pl and Calcein-AM (both at 0.0002% (v/v) in PBS, Gibco)
was added to the hydrogels in the 24-well plate and incubated (10 min,
room temperature, shielded from light). Fluorescence microscopy (Ax-
ioVert A1, Zeiss) was used to visualize the living and dead cells. Calcein-
AM binds to living cells and was visualized with a green fluorescent protein
(GFP) filter, while Pl visualizes the dead cells and was detected with a Texas
Red (TxRed) filter. The live/dead ratio was quantified using Image] soft-
ware, which enables counting of both the living and dead cells. The green
(living cells) and red channel (dead cells) were split, and the cells were
respectively quantified with the multi-point counting built-in Image| func-
tion. Live/dead analysis was performed on days 1, 4, and 7 after seeding.
A metabolic assay was performed by incubation with Alamar Blue reagent
(Sigma—Aldrich, 44 um in HBSS). Cells were incubated at 37 °C for 90 min
and fluorescence was measured at Ex 560 nm/ Em 590 nm.

Myofiber Characterization: After differentiation of the C2C12 cells on
the hydrogels, the formed myofibers were assessed for myoblast fusion
using a desmin staining to determine the percentage of myoblasts in the
cell population and a tropomyosin staining to determine the percentage of
myoblasts that is able to differentiate and fuse to form myofibers. First, the
hydrogel films were fixed with formaldehyde (4% PFA) for 30 min at room
temperature. After fixation, the cells were rinsed three times with PBS.
An additional step of permeabilization with methanol (=20 °C, 10 min)
was performed. Next, blocking buffer (PBS with 0.2% Triton-X 100 and
1% bovine serum albumin, BSA, Gibco) was added to the wells with the
films for 1 h to avoid non-specific binding. Anti-desmin primary antibody
(Sigma, #D1033, 1:200 in blocking buffer) or anti-tropomyosin primary
antibody (Sigma, #T9283, 1:100 in blocking buffer) was added and incu-
bated overnight at 4 °C. Subsequently, the hydrogels were rinsed again
three times for 5 min in PBS. Shielded from light, the hydrogels were in-
cubated with the secondary antibody (Alexa Fluor 488, Invitrogen, 1:200
in blocking buffer, room temperature, 1 h). After additional rinsing steps
(3 times 5 min with PBS), the wells were incubated with DAPI (Life Tech-
nologies, 0.1 ug mL~" in PBS, room temperature, 1h) to stain the nuclei.
The samples were analyzed using a fluorescence microscope within the
first 48 h to prevent fluorescence bleaching. The ratio of desmin* cells
to the total amount of cells, determined by the total amount of nuclei,
was calculated. Then, the fusion index (FI) was calculated as the amount
of nuclei in the tropomyosint myofibers divided by the total amount of
desmin* myoblasts.[>52] The fusion assay was calculated via an in-house
Image) macro. Briefly, the image was split into green and blue channels,
which corresponded to the immunofluorescence staining. Therefore, the
green channel was used as a mask to determine the nuclei outside the
tropomyosin-positive stained fibers. The nuclei which form the fibers were
retrieved by the subtraction of the outside nuclei to the total.

Electromechanical Characterization: The electromechanical perfor-
mance of the piezoionic GelMA has been determined using a SP-150e
potentiostat (Bio-Logic Science Instruments). The samples were placed
in a rectangular support structure containing two electrodes of T mm di-
ameter separated by 10 mm. The electrodes were connected to the poten-
tiostat and set in open circuit voltage measuring the potential between the
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two electrodes. External mechanical deformations were applied by fixing
the support on the lower clamp of a tensile machine (Z2.5, ZwickRoell)
while a cylindrical indenter of outer diameter 4 mm was set on the upper
clamp. The output voltage amplitude and polarity as a function of the im-
posed compressive strains (i.e., strain rise from 1% to 50% at a constant
speed of 10 mm min~") were directly recorded by the potentiostat. Since
the reference electrode was placed under the indented portion, a preferen-
tial displacement of the cations over anions resulted in a positive voltage
reading, and vice versa.

lonic conductivity measurements were performed using an electro-
chemical impedance spectroscopy with a VSP potentiostat/galvanostat
(Bio-Logic Science Instruments). Samples were placed between two gold
plates of 20 mm diameter and measurements were performed with a fre-
quency range between 1 Hz and 200 kHz by applying a 10 mV perturbation
at room temperature.

Statistics: ~ Statistical analysis was done using non-parametric one-way
ANOVA test (Kruskal-Wallis) with Dunn’s post-test for multiple compar-
isons. The mean rank of each column was compared with the mean rank of
a control condition, which is the pure GelMA 0% ion condition, to guaran-
tee an adequate statistical power of analysis. Significance level was set at
5% (a = 0.05). A normality test was executed to verify the normal distribu-
tion of the data, before applying an ANOVA test. Triplicate measurements
were obtained for each parameter reported. The analysis was performed
using GraphPad Prism software (version 8.0.2). All the data were reported
as the mean + standard deviation and significance levels were indicated
as “p < 0.05, *p < 0.01, and “p < 0.001.
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