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Abstract

Bioengineered human skeletal muscle tissues have emerged in the last years as new in vitro systems
for disease modeling. These bioartificial muscles are classically fabricated by encapsulating human
myogenic precursor cells in a hydrogel scaffold that resembles the extracellular matrix. However,
most of these hydrogels are derived from xenogenic sources, and the culture media is
supplemented with animal serum, which could interfere in drug testing assays. On the contrary,
xeno-free biomaterials and culture conditions in tissue engineering offer increased relevance for
developing human disease models. In this work, we used human platelet lysate (PL)-based
nanocomposite hydrogels (HUgel) as scaffolds for human skeletal muscle tissue engineering. These
hydrogels consist of human PL reinforced with aldehyde-cellulose nanocrystals (a-CNC) that allow
tunable mechanical, structural, and biochemical properties for the 3D culture of stem cells. Here,
we developed hydrogel casting platforms to encapsulate human muscle satellite stem cells in
HUgel. The a-CNC content was modulated to enhance matrix remodeling, uniaxial tension, and
self-organization of the cells, resulting in the formation of highly aligned, long myotubes
expressing sarcomeric proteins. Moreover, the bioengineered human muscles were subjected to
electrical stimulation, and the exerted contractile forces were measured in a non-invasive manner.
Overall, our results demonstrated that the bioengineered human skeletal muscles could be built in
xeno-free cell culture platforms to assess tissue functionality, which is promising for drug

development applications.

1. Introduction

Engineered human skeletal muscle tissues are prom-
ising new tools to accelerate the drug development
process of muscle-related diseases, such as muscu-
lar dystrophies. In particular, these engineered tis-
sues represent more efficient and predictive in vitro
models that can be used in preclinical research stages,
complementing traditional 2D assays and reducing
the need for animal models [1, 2]. Advances gener-
ated in this field could also be applied to regenerative
medicine. Concretely, tissue replacements could be

© 2022 The Author(s). Published by IOP Publishing Ltd

engineered at a larger scale to treat volumetric muscle
loss [3, 4]. Native skeletal muscle tissue comprises
aligned multinucleated fibers formed by the fusion
and differentiation of muscle precursor cells [5, 6].
Therefore, tissue engineering strategies are based on
encapsulating muscle precursor cells in a suitable bio-
material scaffold that mimics the extracellular matrix
(ECM) 3D architecture and provides topographical
and microenvironmental cues to guide cell alignment
and fusion [2].

Nowadays, the most common biomaterials used
for skeletal muscle tissue engineering are gelatin
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methacryloyl (GelMA) [7-13], collagen [3, 14-16],
and fibrin [17-27]. These natural biomaterials are
usually modified or reinforced to improve their
mechanical or biological properties. For instance,
photocrosslinkable GeIMA has been combined with
other biomaterials such as cellulose, alginate, or
poly(ethylene glycol) (PEG), to generate long-lasting
micropatterned composite hydrogels with a slower
degradation rate [11-13]. On the other hand, col-
lagen and fibrin have been widely combined with
Matrigel® [16, 20, 22, 25-27] or Geltrex™ [19, 24]
to enhance their structural properties. Matrigel®
and Geltrex™ are commercial basement membrane
ECM products derived from the Engelbreth-Holm—
Swarm (EHS) murine tumor cells. These bioma-
terials contain various structural proteins, includ-
ing laminin, collagens (mainly collagen IV), entactin,
and the heparin sulfate proteoglycan perlecan [28].
Moreover, these EHS matrices have several tumor-
derived growth factors, cytokines, and enzymes
contributing to their biological function [29, 30].
Although these have been valuable materials for 3D
cell culture, their complex, ill-defined, and highly
variable batch-to-batch composition compromises
the reproducibility and accuracy of cell-based assays
(29, 31, 32]. Furthermore, these materials are not
xeno-free. Nearly all 3D models of human skeletal
muscle published to date have used materials derived
from xenogenic tissues, such as gelatin from porcine
skin [10, 13, 17], collagen from rat tail [10, 16], fib-
rinogen from bovine plasma [19, 24-27], or decel-
lularized ECM from porcine muscle [33]. This lim-
its any clinical application of engineered tissues in
regenerative medicine due to the possible presence of
xenogenic contaminants from animal-derived ECM
[34, 35]. Moreover, animal-derived serum in culture
media could reduce sensitivity to drug toxicity within
in vitro testing platforms [36].

Platelet lysate (PL) from human plasma is an
attractive alternative biomaterial for xeno-free scaf-
fold formation. PL formulations are prepared by
pooling platelet concentrates from several donors
and freeze/thaw cycles that cause platelet disruption
without adding any clot activator to release PL con-
tent, resulting in a reproducible batch-to-batch com-
position [37-39]. Apart from a rich environment of
growth factors and cytokines, PL contains ECM pre-
cursors like fibrinogen and vitronectin. Hence, PL
hydrogels can be formed through thrombin-activated
induction of the coagulation cascade, obtaining
fibrin-based fibrillar gels [40]. Although these are
exciting materials, their potential as scaffolds for
3D cell culture is restricted by their poor structural
stability and mechanical properties [41]. Addition-
ally, the intrinsic PL growth factors and cytokines
are not well-retained in PL gels [40]. To overcome
these limitations, PL gels can be reinforced with
nanomaterials that provide additional functionalities.
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Mendes et al, have developed a nanocomposite fib-
rillar hydrogel (HUgel) based on the induction of
the human PL coagulation cascade while incorporat-
ing cellulose nanocrystals (CNC) modified with sur-
face aldehyde groups aldehyde-cellulose nanocrys-
tals (a-CNC) [42]. In this material, the a-CNC act
both as nanofillers entrapped in the PL fibril struc-
ture, and crosslinkers through reversible Schiff base
bonds with the amine groups of the PL proteins.
The resulting nanocomposite hydrogels have tun-
able mechanical and biochemical properties that can
modulate the behavior of encapsulated stem cells,
such as human adipose-derived stem cells (hASCs). It
has been demonstrated that increasing a-CNC con-
tent in PL hydrogels causes an increase in fiber dia-
meter, interfibrillar porosity, and stiffness. Moreover,
a-CNC loading hinders the typical fast clot retrac-
tion and improves bioactive molecule retention, con-
trolling the 3D cell microenvironment. HUgel has
also been used as bioink for bioprinting hierarch-
ical fibrillar structures for stem cell 3D cell culture
without the need for animal-derived serum supple-
mentation [43]. For instance, the serum-free cell cul-
ture of hASCs in HUgel was compared to those in
GelMA and alginate bioinks. The results showed that,
in contrast to the other polymers, HUgel enhances cell
spreading and proliferation, and stimulates the pro-
duction of cell-secreted ECM.

Here, we employed this human PL-based nano-
composite hydrogel as a scaffold for the 3D cul-
ture of human muscle satellite stem cells. This xeno-
free model was developed by encapsulating human
muscle satellite stem cells in HUgel around a pair of
flexible posts in hydrogel casting platforms. The a-
CNC content was modulated to favor uniaxial ten-
sion, self-organization, cell fusion, and differentiation
into long multinucleated myotubes. Furthermore, the
functionality of the bioengineered human skeletal
muscle tissues was demonstrated by force measure-
ments of the electrical stimulation-induced contrac-
tions. Overall, these results show the great poten-
tial of human PL-based nanocomposite hydrogels for
in vitro models of skeletal muscle tissue. These bioen-
gineered human tissues could be used as models for
muscular diseases by incorporating patient-derived
PL and satellite cells. Remarkably, the xeno-free char-
acteristics of this in vitro 3D model could enable the
transition into clinical applications for regenerative
medicine.

2. Experimental procedure

2.1. Cell culture

Human immortalized muscle satellite stem cells
(HuMSCs) [44] were provided by Dr Bénédicte
Chazaud from the Institut NeuroMyoGene, Lyon,
France. Primary muscle satellite stem cells were pre-
viously isolated from a healthy 14 year-old muscle
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biopsy and immortalized using CDK-4/hTERT
expression. Cells expressing PAX7 were grown in
Skeletal Muscle Basal Medium (PromoCell), con-
taining skeletal muscle supplemental mix (#C-
39365, PromoCell), 1% v/v penicillin/streptomy-
cin (P/S, 10000 U ml~!, Thermo Fisher Scientific),
and 10% v/v fetal bovine serum (FBS, Thermo
Fisher Scientific). The growth medium added after
cell encapsulation did not contain FBS but was
supplemented with 1 mg ml~! of 6-amino-n-
caproic acid (ACA, Sigma-Aldrich). The differ-
entiation medium (DM) consisted of Dulbecco’s
modified eagle medium (DMEM), high glucose,
GlutaMAX™ (Gibco, Thermo Fisher Scientific), 1%
v/v Penicillin-Streptomycin-Glutamine (P/S-G, 100
X, Gibco, Thermo Fisher Scientific), 1% v/v Insulin-
Transferrin-Selenium-Ethanolamine supplement
(ITS-X, 100 X, Gibco, Thermo Fisher Scientific), and
1 mg ml~! of ACA.

2.2. Fabrication of the hydrogel casting platforms
The hydrogel casting platforms were designed using
Fusion 360 software (Autodesk) as circular chips
(8 mm diameter) with a rectangular well of 35 ul
volumetric capacity, containing two T-shaped posts
(diameter: 0.8 mm; height: 3.25 mm) (figure S1(a)).
In this protocol, polydimethylsiloxane (PDMS) rep-
licas of a 3D printed master mold were obtained by
Ecoflex™ (00-30, Smooth-On) negative intermedi-
ary molds (figure S1(c)) [45].

2.2.1. Fabrication of the master molds

First, the master mold was generated by trans-
forming the platform design into an standard tri-
angle language (STL) file for projector-based ste-
reolithography 3D printing using a Solus digital
light processing (DLP) 3D Printer (Reify 3D) with
an opaque orange resin (SolusProto, Reify 3D) that
withstands high temperatures. The hard 3D printed
molds were silanized by chemical vapor deposition
of trichloro(1H,1H,2H,2H-perfluorooctyl)silane
(PFOTS, Sigma-Aldrich). Briefly, the surface of 3D
printed molds was activated with oxygen plasma for
30 s and immediately placed in a vacuum desiccator
with five drops of PFOTS for 1 h. After deposition,
the silanized 3D printed master mold was left in an
oven for 1 h at 80 °C.

2.2.2. Fabrication of the negative molds

The Ecoflex™ negative mold was made by mixing the
two prepolymers (1A:1B, approximately 15 g of each
prepolymer). Before beginning, prepolymer B had to
be thoroughly pre-mixed. Then, A and B were thor-
oughly mixed for 3 min. The mixture was placed in
a vacuum desiccator for 5 min to remove entrapped
air. After, the liquid prepolymer was poured on the
3D printed master mold and degassed inside the
vacuum desiccator for 15 min. The Ecoflex™ was
cured at room temperature overnight. Finally, the
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cured polymer was carefully peeled off from the 3D
printed master mold, washed with ethanol, and dried
with N, flow and on a hot plate (90 °C, 10 min) before
silanization with PFOTS (following the same proced-
ure as with the 3D printed master mold).

2.2.3. Replica molding of PDMS platforms

The PDMS polymer elastomer base and curing agent
were weighted in a 10:1 ratio. After thoroughly mix-
ing, we degassed the polymer in a vacuum desiccator.
The uncured PDMS was poured on the Ecoflex™
mold (placed in a glass Petri dish), and the trapped
air in the post area was removed with a syringe. Then,
the mold was left inside a vacuum desiccator until all
the trapped air was removed. After, the PDMS was
cured at 80 °C for 6 h. Before demolding, PDMS
was left for additional curing at room temperat-
ure overnight. PDMS was then detached from the
Ecoflex™ and cleaned by sonication in Milli-Q water
and 2-propanol for 5 min. Then, individual PDMS
platforms were cut using an 8 mm diameter biopsy
punch. Finally, a cover glass was bonded to each plat-
form base by activating the glass and PDMS platform
base with ultraviolet (UV) plasma for 15 min before
joining the two surfaces. Before cell encapsulation,
platforms were washed with 2-propanol and water.

2.3. Preparation of the nanocomposite hydrogel
(HUgel)

2.3.1. Preparation of HUgel precursors

Human PL was purchased from STEMCELL™ Tech-
nologies. a-CNC were prepared at the Research
Institute on Biomaterials, Biodegradables, and Bio-
mimetics (I3Bs, University of Minho, Portugal).
CNC were extracted from microcrystalline cellulose
powder (Sigma-Aldrich) by sulphuric acid hydro-
lysis. Briefly, concentrated sulphuric acid (Sigma-
Aldrich) was added dropwise to the microcrystal-
line cellulose powder up to a final concentration of
64% w/v. The obtained suspension was heated at
44 °C for 2 h. Then, the suspension was collected
and stored at 4 °C. To produce a-CNC, sodium peri-
odate (NalOy4, Sigma-Aldrich) was added to a 1.5%
w/v CNC aqueous suspension in a 1:1 molar ratio
(NalO4:CNC) for 12 h. Finally, the concentration of
the working suspension was adjusted by concentrat-
ing it against PEG (20.000 kDa, Sigma-Aldrich) using
benzoylated cellulose dialysis membranes (2000 Da
nominal molecular weight cutoff (NMWCO), Sigma-
Aldrich). Stock water dispersions of a-CNC were pre-
pared and fully characterized in our previous works
(42, 43].

2.3.2. Cell encapsulation by HUgel casting in PDMS
platforms

PDMS casting platforms were treated with 0.2% Plur-
onic® (F-127, Sigma-Aldrich) for 20 min to avoid
hydrogel attachment to the PDMS well. After treat-
ment, the platforms were washed three times with
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phosphate buffered saline (PBS) and sterilized with
UV light. For cell encapsulation, HuMSCs were
tripsinized and resuspended in PL. In these exper-
iments, we worked with final cell densities of 0.5,
1, or 2.5 x 107 cells ml~!. The a-CNC water dis-
persion was placed in a sterile Eppendorf tube at
the desired concentration and sonicated for 5 min.
Then, the suspension was mixed with thrombin from
human plasma (2 U ml~!, Sigma-Aldrich) and CaCl,
(10 mM, Sigma-Aldrich). The cell suspension in PL
was thoroughly mixed in a 1:1 ratio with the sus-
pension containing a-CNC, thrombin, and CaCl,.
Finally, a volume of 35 pl of the mixture was care-
tully placed inside each PDMS platform well. The
samples were allowed to crosslink at 37 °C for 30 min
before adding growth medium (day —2). After two
days (day 0), the medium was switched to differenti-
ation medium (figure 1(a)). Then, half of the medium
was replaced every two days. The 3D culture was car-
ried out under shaking conditions inside an incubator
(37 °C, 5% COy).

2.3.3. Immunofluorescence staining

The bioengineered human muscle tissues were fixed
with 10% formalin solution (Sigma-Aldrich) for
30 min at room temperature (RT), followed by sev-
eral washes in PBS. Samples were then permeab-
ilized with PBS-T (0.1% Triton-X (Sigma-Aldrich)
in PBS) for 15 min at RT, blocked (0.3% Triton-
X, 3% donkey serum (Sigma-Aldrich) in PBS) for
2 h at RT, and incubated with monoclonal mouse
anti-sarcomeric x-actinin (SAA) primary antibody
(1:200, Sigma-Aldrich) at 4 °C overnight. After sev-
eral PBS-T washes, the samples were incubated for 2 h
with polyclonal donkey anti-mouse IgG, Alexa Fluor
488-conjugated secondary antibody (1:200, Invit-
rogen), and rhodamine-phalloidin (1:200, Invitro-
gen) to stain F-actin, at RT. Finally, to detect the
nuclei, the samples were counterstained with DAPI
(4',6-diamidino-2-phenylindole, Life Technologies).
The complete protocol was performed under shaking
conditions.

2.3.4. Electrical pulse stimulation (EPS)

After 7 d in differentiation medium, the bioengin-
eered 3D human skeletal muscle tissues were subjec-
ted to EPS. EPS was performed with a custom-made
stimulation plate with graphite electrodes assembled
on a 12-well plate lid. First, the stimulation plate
containing the tissues was placed inside a Zeiss Axio
Observer.Z1/7 microscope outfitted with the XL S1
cell incubator at 37 °C and in a 5% CO, atmo-
sphere. Then, the electrodes were connected to a mul-
tifunction generator (NF Corporation), and the fre-
quency and amplitude of the signals were confirmed
using a digital oscilloscope (QUIMAT). Finally, the
muscle tissues were subjected to a stimulation regime
of square pulses with a 10% duty cycle, an electrical
field strength of 1 V mm~!, and frequencies from
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1 to 50 Hz to evaluate tissue response for a total dur-
ation of 110 s (figure 4(a)).

2.3.5. Imaging

Live-cell imaging was performed with the Zeiss Axio
Observer.Z1/7 microscope outfitted with the XL S1
cell incubator. All images were taken at 37 °C and in
a 5% CO, atmosphere and processed using the Fiji
image processing package, a distribution of Image]J
[46, 47]. In addition, fluorescence images were taken
with a ZEISS LSM800 confocal laser scanning micro-
scope and analyzed using the Imaris microscope
image analysis software (Oxford instruments).

2.3.6. Force measurements

The post deflections during tissue contractions
were recorded and analyzed using Fiji. The force-
displacement relationship for the posts was estimated
using linear bending theory based on previously pub-
lished protocols [48, 49], by the following formula:

6mED*

=—————d=k-d
64a% (3L —a)

The Young’s modulus of the PDMS (E) was pre-
viously measured as 1.6 & 0.1 MPa. Considering the
geometry of the posts and dimensions, we calculated
a spring constant (k) of 3.54 N m ™. The spring con-
stant was used to transform the recorded post deflec-
tions (d) into the force generated by the bioengin-
eered 3D skeletal muscle tissues (F) (figure S1(b)).

2.3.7. RNA extraction, RT-PCR, and real-time PCR
Total ribonucleic acid (RNA) from xeno-free bioen-
gineered muscles was isolated using the miRNeasy
Micro Kit (QIAGEN) following the manufacturer’s
instructions. cDNA was synthesized using the Super-
Script II Reverse Transcriptase kit (Invitrogen), and
quantitative polymerase Chain Reaction (PCR) reac-
tions were run using HOT FIREPol® EvaGreen®
qPCR Mix Plus (Solis BioDyne) in a Step-One real-
time PCR System (Thermofisher). Primer sequences
used for gene expression analysis are listed in
table S1.

2.3.8. Statistical analysis

All group data are expressed as mean + SEM. The
comparisons between groups were performed using
Prism 8 software (GraphPad) by a two-tailed Stu-
dent t-test (o« = 0.05), applying Welch’s correction
when necessary. Differences between groups were
considered significant when p < 0.05. All experiments
were performed with an > 3.

3. Results and discussion

3.1. Human skeletal muscle tissue formation in
hydrogel casting platforms

Engineered skeletal muscle tissues require specific
topographical and microenvironmental signals that
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favor cell alignment and fusion into myotubes. When
scaffolds are made of compactable biomaterials, such
as collagen, EHS matrices, or fibrin, the most com-
mon fabrication approach introduces tendon-like
attachment points to provide uniaxial tension during
ECM remodeling [50]. Following this strategy, fibrin-
Matrigel® and fibrin-Geltrex™ hydrogels have been
cast in silicone molds with nylon frames or hooks as
anchor points [24-27]. The resulting muscle tissue
bundles needed to be manipulated and transferred
to a different platform for stimulation and force
measurements. Another widely used method involves
cell-laden matrix compaction around a pair of flex-
ible silicone posts [16, 19, 22—24]. Besides provid-
ing uniaxial tension, these hydrogel casting systems
allow in situ tracking of post deflection due to tis-
sue contraction. Furthermore, these deflections can
be transformed into force measurements. Consider-
ing these advantages, we fabricated hydrogel cast-
ing platforms containing two flexible posts as anchor
points (figure S1). The final PDMS platforms were
fabricated by replica molding of 3D printed master
molds, using Ecoflex™ as reusable intermediary neg-
ative molds. Ecoflex™ is a platinum-catalyzed sil-
icone that is cured at room temperature, resulting
in a highly stretchable material that can be applied
as a fully deformable elastic mold [51]. The indi-
vidual platforms were designed as circular chips that
fitinside 48-well plates. Each platform has a rectangu-
lar casting well with a volumetric capacity of 35 ul and
contains a pair of posts that direct tissue formation.
Crucially, to ensure that tissues are retained under
tension, we designed hook-like features on the top of
each post.

Human PL-based nanocomposite hydrogels
(HUgel) were fabricated following a previously pub-
lished protocol based on the formation of fibrin-
based scaffolds [42]. In this work, HuMSCs were
encapsulated in HUgel by hydrogel casting in the
two-post PDMS platforms. Briefly, a suspension of
HuMSCs in PL was mixed with a-CNC water dis-
persions containing thrombin and calcium ions. We
fixed the concentrations of thrombin (1 U ml™)
and CaCl, (5 mM) according to the previous study
by Mendes et al [42]. For the initial experiments, a-
CNC was mixed at a final concentration of 0.5% w/v,
and cells were encapsulated at a density of 5 x 10°
and 1 x 107 cells ml~!. We observed that the cell-
laden HUgel matrix started to detach slowly from
the walls of the PDMS well after two days of cul-
ture. Hydrogel compaction around the posts due to
matrix remodeling by the encapsulated cells could be
observed after four days (figure S1(d)). At this time,
tissues containing 1 x 107 cells ml~! were more com-
pacted than those with fewer cells. Matrix remodel-
ing and compaction around the posts is essential in
these casting systems to implement uniaxial tension
and induce self-organization during tissue formation
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[19, 52]. Consequently, cell density was increased to
2.5 x 107 cells ml~! for future experiments.

3.2. a-CNC content can be modulated to promote
myotube formation

The physical and biological properties of nanocom-
posite hydrogels with varying a-CNC content have
been extensively characterized in previous studies
[42, 43]. Significantly, researchers found that increas-
ing a-CNC content hampers the typical fast densi-
fication of the fibrin matrix, which is referred to as
clot retraction. In some tissue engineering applic-
ations (e.g. for space-filling of wounded tissues),
extensive clot retraction is considered an undesirable
hydrogel effect. Nevertheless, for skeletal muscle tis-
sue formation, the compaction of the cell-laden mat-
rix around the posts contributes to implementing
uniaxial tension that facilitates the self-organization
and alignment of myoblasts. At the same time,
the matrix remodeling favors myoblast fusion into
myotubes. Here, we modified the content of a-CNC
to obtain long-lasting scaffolds with high clot retrac-
tion properties that promote skeletal muscle tis-
sue formation (figure 1(b)). Encapsulating human
skeletal muscle satellite stem cells in a high density of
2.5 x 107 cells ml~! resulted in HUgel detachment
from the wells of the PDMS casting platforms within
a few hours of culture. The matrix compaction after
12 h was calculated as the percentage of reduction in
tissue width (figure 1(c)). We found that the initial
working concentration of 0.5% w/v a-CNC resulted
in 25.7 4+ 1.6% of matrix compaction, whereas the tis-
sues without a-CNC presented extensive compaction
of 66.4 £ 4.3%. However, the lack of mechanical rein-
forcement from a-CNC caused hydrogel degradation,
so the samples broke and collapsed between 12—60 h
after cell encapsulation. On the other hand, hydro-
gels with a low content of a-CNC (0.3 and 0.2% w/v)
offered a high retraction from the beginning of the
culture (33.6 & 2% and 46.7 = 1.1%, respectively)
and were stable for at least two weeks.

PL gels are attractive scaffolding materials for
stem cell encapsulation because PL contains struc-
tural proteins like fibrinogen, as well as growth factors
and cytokines that stimulate cell growth and pro-
liferation [38, 41]. However, PL gels alone do not
retain these growth factors within the scaffold dur-
ing culture. Therefore, the impact of a-CNC content
on the sequestering and release profile of proteins
from the HUgel scaffolds was previously investig-
ated [42]. The results indicated that the a-CNC play
an important role in growth factor retention within
the HUgel scaffolds due to the formation of a pro-
tein corona on the a-CNC surface. This process is
mainly driven by the non-covalent protein binding
enabled by the nanoparticles surface chemistry [53].
Notably, nanocomposite hydrogels with high a-CNC
content (at least 0.61% w/v) are optimal for hASCs
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Figure 1. A-CNC content modulates HUgel matrix compaction. (a) Timeline of the experiments. (b) Representative bright-field
images of cell-laden hydrogels 12 h and 48 h after cell encapsulation. Human muscle satellite stem cells (HuMSCs) were
encapsulated at a density of 2.5 X 107 cells ml™!. a-CNC content was modulated between 0 and 0.5% w/v. (c) Bar graph

quantification of matrix compaction measured as the percentage of reduction of tissue width after 12 h of HuMSCs encapsulation
(n = 4 samples per group). **p < 0.01; ***p < 0.001; ****p < 0.0001. (d)—(i) Relative expression of myogenic genes over culture
time for bioengineered skeletal muscles fabricated with 0.2 and 0.3% a-CNC. (a)—(h) Relative expression mean is shown as a line
and the shaded area represents the standard error. (i) Relative expression at day 7 for all the analyzed myogenes (n = 4 samples

per group at each time point).

cell encapsulation, where proliferation during cell
culture is desired [42, 43]. On the contrary, in skeletal
muscle tissue engineering, differentiation of muscle
precursor stem cells requires that cells stop proliferat-
ing and exit the cell cycle in order to fuse and differ-
entiate into multinucleated myotubes. In fact, all cell
culture protocols for differentiating skeletal muscle
cells involve removing growth factors and reducing
the animal serum present in the basal media [36].
Thus, a microenvironment rich in growth factors
could hinder adequate differentiation.

Considering the matrix compaction properties
and the expected growth factor release profiles, we
selected a-CNC content of 0.2% and 0.3% w/v for the
following experiments with HuMSCs. The serum-free
growth medium was replaced by serum-free differ-
entiation media 48 h after cell encapsulation (day 0)
(figure 1(a)). We analyzed the expression of myo-
genic genes over culture time and between samples
with different a-CNC content (figures 1(d)—(i)). Tis-
sues with 0.2 and 0.3% of a-CNC shared a com-
mon profile of myogenic gene expression without any
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Figure 2. Bioengineered in vitro 3D human skeletal muscle tissue in a xeno-free culture system. (a) Top-view bright-field image of
skeletal muscle tissues in hydrogel casting molds after one week of differentiation. (b)—(f) Representative confocal images showing
long, aligned myotubes expressing sarcomeric -actinin (SAA, green) in nanocomposite hydrogels containing 0.2% w/v a-CNC.
F-actin is stained in red and nuclei in blue. Scale bars: (a) 500 pm, (b) 200 pm (c)—(f) 100 pm.

significant differences. As expected, the expression of
myogenin (MYOG), a key developmental regulator
for inducing myotube formation [54], was increased
after a few days in differentiation conditions (day
4) (figure 1(d)). This increase was followed by a
reduction of MYOG expression on day 7, indicating
myotube maturation with culture time [55]. Myotube
maturation was observed by an increased expression
of MYH?7 (figure 1(e)), along with the specific stri-
ated muscle markers TNNI1 (figure 1(f)), ACTN2
(figure 1(g)), and titin (TTN) (figure 1(h)). Further-
more, after seven days in differentiation media, the
xeno-free bioengineered muscle tissues were stained
for (SAA, green) (figures 2 and S2). The confocal
images showed long, highly aligned, multinucleated
myotubes expressing SAA.

3.3. Nanocomposite hydrogels support the
formation of functional human skeletal muscle
tissues in a xeno-free cell culture system

The functionality of bioengineered muscle tissues was
assessed by their response to EPS. After seven days in
differentiation conditions, we performed EPS using
graphite electrodes fixed on a modified 12-well plate
lid. Following the experiments, immunostaining of
electrically stimulated and control (non-stimulated)
tissues was carried out (figure 3). Confocal images
of SAA stainings showed the presence of striations
(white arrows in figure 3(a)), indicating myotube
maturation in some of the myotubes. These striated
myotubes were only present in electrically stimulated
tissues. Nonetheless, we expect that extended culture

periods combined with electrical stimulation training
regimes would improve myotube maturation, obtain-
ing uniformly striated myotubes.

As described above, one advantage of hydrogel
casting around two flexible posts is performing in situ
force measurements. In these systems, characteriza-
tion of the posts’ mechanics allows converting the
post deflections (caused by contractile tissues) into
force measurements [19, 56]. Therefore, measure-
ments are non-invasive and compatible with cell cul-
ture conditions.

Bioengineered muscle tissues were subjected to a
frequency sweep EPS regime going from low to high
frequencies, according to the scheme in figure 4(a).
We did not observe any spontaneous contractions
without electrical stimulation. However, the electric-
ally stimulated bioengineered human skeletal muscles
presented twitch or tetanic contractions depending
on the applied frequencies (figures 4(c) and (d)).
To compare tissue functionality between different
conditions, force measurements were performed for
HUgel formulations containing 0.2 (figure 4(e)) and
0.3% w/v a-CNC (figure 4(f)). Notably, increasing
a-CNC content led to a significant force reduction,
and the maximum tetanus contractile force with 0.3%
a-CNC was approximately four times lower than
with 0.2% a-CNC (figure 4(g)). Since there were no
significant differences in myogenic gene expression
between 0.2 and 0.3% a-CNC, other factors might
play a more critical role in the measured contract-
ile forces. For instance, the difference in matrix com-
paction could influence the myotube distribution and
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Figure 3. Electrically stimulated myotubes present striations after one week of differentiation. (a)—(d) Representative confocal
images of electrically stimulated bioengineered human skeletal muscle tissues fabricated with 0.2% w/v a-CNC. White arrows
point to striated myotubes. (a) Insert shows zoom-in on the striations. (e)—(h) 3D reconstructions of electrically stimulated
myotubes (e), (f) vs myotubes without EPS (g), (h). Striations are only observed in electrically stimulated myotubes. SAA is
stained green, F-actin in red, and nuclei in blue. Scale bars: 20 pm.
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Figure 4. Bioengineered 3D human skeletal muscle tissues respond to electrical pulse stimulation (EPS). (a) EPS scheme.

(b) Representative top view of a PDMS post used for force measurements. Scale bar: 200 pm. (c), (d) Representative force
measurement line graphs obtained for the EPS of tissues containing 0.2% w/v a-CNC show twitch (c) and tetanus (d) contractions
with applied frequencies of 2 Hz and 50 Hz, respectively. (e), (f) EPS response from bioengineered human skeletal muscle tissues
fabricated with nanocomposite hydrogels containing 0.2% (e) and 0.3% w/v (f) a-CNC. Line graphs represent mean force values
(n = 3 samples per group). (g) Bar graph quantification of the maximum tetanus contractile forces generated by the
bioengineered human skeletal muscle tissues with 0.3 and 0.2% w/v a-CNC (n = 3 samples per group). ***p < 0.001.

organization throughout the tissue, and this could contractile force due to cell-matrix interactions [57].
result in different force transmission. Furthermore, Given that HUgel formulations with 0.3% a-CNC
it has been shown that higher stiffness of engin- present a higher theoretical stiffness [42], a stronger
eered muscle tissues can be correlated to lower tetanus  response from embedded myotubes could be required
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to achieve the same magnitude of post deflection than
in formulations with lower a-CNC content.

3.4. Perspectives of this work

Altogether, these results highlight the potential of PL-
based nanocomposite hydrogels to develop bioengin-
eered skeletal muscle tissues as functional xeno-free
in vitro models. Taking advantage of the tunable phys-
ical and biological properties of these nanocompos-
ite hydrogels, we optimized HUgel’s formulation to
generate contractile human skeletal muscle tissues. As
mentioned above, the maturation of these bioengin-
eered tissues could be enhanced by increasing culture
time and electrical stimulation training.

The application of this biomaterial for the 3D
cell culture of human adipose stem cells has been
explored in previous works [42, 43]. However, at
present, HUgel has not been used to generate any
tissue models. Furthermore, using this biomaterial
would offer several advantages for skeletal muscle
tissue engineering, such as the low batch-to-batch
variability of its components and its xeno-free char-
acteristics. In fact, there are no xeno-free skeletal
muscle tissue models reported to date. For drug devel-
opment applications, xeno-free tissue models could
provide increased relevance by eliminating animal-
derived materials and reagents that could reduce sens-
itivity to drug effects. Additionally, the nature of these
nanocomposite hydrogels offers excellent potential to
develop personalized tissues from patient-derived PL,
which could be used for in vitro studies, and at the
same time, could have a more straightforward trans-
lation from bench to bedside.

4, Conclusions

In this work, for the first time, a human PL-based
nanocomposite hydrogel (HUgel), consisting of PL
and cellulose nanocrystals, was used as a scaffold to
develop in vitro functional human skeletal muscle tis-
sues in a xeno-free system. The previously reported
tunability of the mechanical, biochemical, and struc-
tural properties of the HUgel, enabled the generation
of long, aligned multinucleated human myotubes
in a custom 3D cell culture platform. In addition,
this system provided electrical stimulation and sup-
ported force measurements of contractile bioengin-
eered human skeletal muscle tissues. Overall, we
showed that HUgel has a great potential in skeletal
muscle tissue engineering for in vitro disease mod-
eling. Remarkably, the xeno-free conditions could
also enable future clinical applications in regenerat-
ive medicine.
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