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Abstract

Biophysical/biochemical cues from the environment contribute to regulation of the regenera-
tive capacity of resident skeletal muscle stem cells called satellites cells. This can be
observed in vitro, where muscle cell behaviour is influenced by the particular culture sub-
strates and whether culture is performed in a 2D or 3D environment, with changes including
morphology, nuclear shape and cytoskeletal organization. To create a 3D skeletal muscle
model we compared collagen |, Fibrin or PEG-Fibrinogen with different sources of murine
and human myogenic cells. To generate tension in the 3D scaffold, biomaterials were poly-
merised between two flexible silicone posts to mimic tendons. This 3D culture system has
multiple advantages including being simple, fast to set up and inexpensive, so providing an
accessible tool to investigate myogenesis in a 3D environment. Immortalised human and
murine myoblast lines, and primary murine satellite cells showed varying degrees of myo-
genic differentiation when cultured in these biomaterials, with C2 myoblasts in particular
forming large multinucleated myotubes in collagen | or Fibrin. However, murine satellite
cells retained in their niche on a muscle fibre and embedded in 3D collagen | or Fibrin gels
generated aligned, multinucleated and contractile myotubes.

Introduction

Skeletal muscle represents the most abundant tissue in man, comprising approximately 38% of
total body weight in males, and 30% in females [1]. Skeletal muscle contraction controls volun-
tary body movement, from postural maintenance to locomotion, as well as having important
metabolic functions and generating heat for body temperature regulation.

Skeletal muscles are composed of multiple muscle fibres. These large, cylindrical, multinu-
cleated and contractile cells are formed from the fusion of many myoblasts. Contractile func-
tion of muscle fibres is controlled by innervation, and supported by a network of blood vessels
and connective tissue and extracellular matrix (ECM). Amongst the ECM proteins
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characteristically found in skeletal muscle are collagens (e.g. collagens I, IIT and IV), proteogly-
cans (syndecans, decorin), fibronectin and laminin [2].

Adult myofibres are post mitotic but skeletal muscle has a remarkable capacity to repair/
regenerate after certain types of damage due to resident muscle stem cells called satellite cells
[3-5]. Satellite cells are mitotically quiescent in adult skeletal muscle and reside beneath the
basal lamina surrounding each muscle fibre. After damage, satellite cells are activated to prolif-
erate to provide myoblast progeny, that subsequently differentiate to form nascent muscle
fibres, or repair damaged myofibres by supplying new myonuclei by fusing with them. Satellite
cells also self-renew to maintain a viable stem cell compartment [6].

In large volume muscle injuries or some chronic diseases such as muscular dystrophies
however, damage may exceed the capacity for functional regeneration [7]. In volumetric mus-
cle loss, the reparative, stabilizing fibrotic response inhibits new muscle formation. Dense
fibrotic tissue can also inhibit neural and vascular ingrowth to render muscle denervated and
ischaemic. In chronic degenerative diseases such as Duchenne muscular dystrophy (DMD),
muscle continuously cycles between degeneration and regeneration, which eventually result in
fibrosis, fat accumulation, and a decline in regenerative potential of satellite cells [8]. With
aging, loss of muscle mass and function is amplified by decrease in satellite cell numbers and
an impairment of their regenerative capacity due to intrinsic and extrinsic factors [9].

Modelling muscle formation/regeneration in vitro is essential to both understand the pro-
cess, and how to generate sufficient satellite cells/muscle for therapeutic grafting. In vitro
expansion of satellite cells though, can quickly cause loss of their regenerative potential [6, 8,
10-12]. In addition to various small molecules that can increase satellite cell expansion ex-vivo
[13, 14], properties of the culture substrate is also a factor [10]. This is unsurprising, since com-
ponents of the ECM are essential to support the regeneration process [15]. For example, colla-
gen V and VI in the satellite cell niche is essential to prevent exhaustion of the satellite cell pool
[16, 17] and laminin in the niche is actively remodelled during repair [18]. Furthermore, fac-
tors in the niche also support muscle regeneration by stimulating growth of blood vessels
(VEGF, angiopoietin) or innervation of the newly formed muscle fibres (NERFs) [19, 20].
Thus, efficient muscle fibre formation and restoration of the ECM, vascularisation and inner-
vation must be coordinated for effective and functional muscle regeneration.

Strategies to enhance muscle repair in vivo can be broadly divided into three (overlapping)
groups: (i) administration of factors to enhance myogenesis: such as IGF, VEGF, NO, Wnt7a
[21-25]; (ii) administration of cell types known to contribute to muscle regeneration: includ-
ing satellite cells, pericytes and CD133+ cells [26-31]; (iii) grafting of in vitro engineered mus-
cle tissue [32, 33]. Cells and factors are often encapsulated in 3D scaffolds for delivery, not
only because the scaffold biomaterial can enhance the regenerative process, but it can also be
used to control issues such as the dynamics of substance/cell release [26]. However, only engi-
neering large skeletal muscle tissue in vitro would be a suitable approach to treat volumetric
muscle loss, when the endogenous repair abilities are insufficient.

Scaffolds for skeletal muscle engineering should (i) be biocompatible, (ii) support myoblast
proliferation and differentiation, (iii) allow vascularisation and innervation and (iv) facilitate
directional alignment for optimal force production, (v) be remodelled/degraded. Common
scaffold biomaterials used in muscle engineering are collagen, hyaluronan, fibrin, alginate and
polyethylene glycol [26]. In this study, we focus on collagen type I and fibrin, as well as a PEG-
fibrinogen blend, since these biomaterials are proven to support myogenesis.

Collagen is a major structural protein in skeletal muscle ECM, accounting for 1-10% of dry
muscle mass weight, and has been shown to support proliferation, differentiation and myotube
formation of immortalised and primary murine myoblasts [34-42]. Fibrin is a biopolymer
commonly used in tissue engineering [43]. It polymerises after thrombin mediated cleavage of
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fibrinopeptides A and B, and modulation of thrombin amount allows tuning of physical prop-
erties such as stiffness, pore and branch size [44, 45]. Fibrin contains an abundance of cell
attachment sites that interact with integrins and growth factors (e.g. VEGF, bFGF2) [46-48], it
is biocompatible and degradable, and supports and improves myogenesis. Indeed, culture of
Human Muscle Derived Cells (MDCs) in Fibrin gel produces an engineered skeletal muscle
with structural resemblance to in vivo tissue [49]. Complementary, co-culture of rat primary
embryonic motor neurons and neonatal myoblasts in three-dimensional Fibrin hydrogels
allows formation of functional neuromuscular junctions [50]. Also using myogenic neonatal
rat cells, a highly functional biometric muscle tissue has been engineered using Fibrin, com-
plete with a populated satellite cell niche, the ability for vascular integration, and functional in
vivo maturation [51]. Finally, PEG based hydrogels are also cytocompatible and tuneable in
regard to mechanical properties [52] or adhesion sites. Photopolymerizable PEG-fibrinogen
hydrogel is clinically approved and generates a favourable microenvironment by coupling nat-
ural and synthetic features [53]. PEG-fibrinogen supports myogenic differentiation, cell sur-
vival after transplantation and angiogenic infiltration in vitro and in vivo [54, 55]. Murine
mesoangioblasts overexpressing placenta derived growth factor (PDGF) encapsulated in a
PEG-fibrinogen scaffold generated a functional artificial muscle [32].

Maturation of a construct can be achieved by non-directional mechanical or electrical stim-
ulation [56-59], but alignment is achieved when directional force is applied to the cell contain-
ing scaffold, either actively or passively [34, 60, 61]. In this study, we employed a model
originally used for engineered heart tissue (EHT) [60]. Polymerisation of the biomaterial
between two anchor points, mimicking tendon anchorage, allows exertion of stress on the
encapsulated cells, which is sufficient to promote alignment along the principle axis of force.
This 3D culture system is simple, fast to setup, inexpensive and reproducible, making it a use-
ful tool to screen myoblast behaviour in different 3-dimensional biomaterials.

This study aimed to examine in parallel the ability of collagen I, Fibrin and PEG-Fibrinogen
in an in vitro 3D environment to support myogenesis from multiple myoblasts types including
immortalized murine (C2C12) [62] and human myoblasts (C25Cl48) [63], primary expanded
murine satellites cells [64], and satellite cells retained in their niche on a freshly isolated muscle
fibre [65].

Materials and methods
Biomaterials

Rat collagen I. 80% of type-I acid soluble collagen (First link, UK: rat tail collagen1: 2.05
mg/ml, cat:60-30-810) was mixed on ice with 10% of 10x MEM (Gibco, UK). Collagen solution
was neutralised with 1 M NaOH until colour change from yellow to bright pink. Neutralised
solution was left on ice for 30 minutes, mixed with cells or muscle fibres and incubated at 37°C
for 30-60 mins to allow polymerisation (Table 1). Polymerised Collagen I at a concentration
of 1.5 mg/ml has a stiffness of ~0.2 KPa [66].

Bovine fibrinogen. A stock solution of bovine fibrinogen (Sigma: F8630) was prepared in
sterile PBS (100 mg/ml) and stored at -20°C. The stock solution was diluted to 5 mg/ml in pro-
liferation medium. Fibrinogen was then mixed with cells or muscle fibres and Thrombin (Tis-
suco Duo 500, Baxter, Illinois, USA) was added on ice at a final concentration of 3 U/ml. The
solution was quickly mixed and incubated at 37°C for 30-60 mins to polymerise. To avoid
Fibrin degradation, Aprotinin (Sigma A1153) was added at a final concentration of 33 pg/ml
in culture medium (Table 1). Polymerised Fibrin gel formed using 5 mg/ml of Fibrinogen and
3U/ml of Thrombin has a stiffness of ~1+0.1 KPa [67] [68]. As a positive control for some
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Table 1. Biomaterials.

Biomaterial Source Final concentration Gel Polymerisation
volume

Rat collagen I First link: cat: 60-30-810 +1.5 mg/ml 100 pl | Between, 2 silicone posts, 30—
60 min at 37°C

Bovine fibrinogen, Thrombin, Aprotinin (in medium) Sigma: F8630, Baxter: Tissuco Duo 5 mg/ml, 3 U/ml, 100 ul | Between, 2 silicone posts, 30—
500, Sigma: A1153 33 pg/ml 60 min at 37°C

Bovine fibrinogen, Thrombin, Aprotinin (in medium), Plus | Sigma: F8630, Baxter: Tissuco Duo 5 mg/ml, 3 U/ml, 100 pl | Between, 2 silicone posts, 30—
Matrigel (Growth Factor Reduced Basement Membrane 500, Sigma: A1153, (BD: 354230) 33 pg/ml, Img/ml 60 min at 37°C

Matrix)
PEG-Fibrinogen, Irgacure TECHNION, Sigma: 410896 8 mg/ml, 0.1% 100 pl In 96 well plate under UV

https://doi.org/10.1371/journal.pone.0202574.t001

(365nm) for 10-20 min

experiments, 10% (volume) of Matrigel (Growth Factor Reduced Basement Membrane
Matrix) (BD 354230) was added to the Fibrin gel to a final concentration of ~1 mg/ml.

Polyethylene glycol Fibrinogen (PEG-Fibrinogen). PEG-Fibrinogen (8-10 mg/ml) was
provided by Technion and stored at -80°C. Once defrosted, 0.1% of Irgacure (Sigma: 410896)
(stock solution: 10% of Irgacure diluted in ethanol 70%) was added to the PEG-Fibrinogen.
Cells or muscle fibres were mixed with the solution, transferred into a 96 well plate and cross-
linked under an UV light (365 nm) (3UV Lamp, 230 V, 50 Hz, ThermoFisher) for 10 mins.
Once polymerised, the gel was transferred to a 24 well plate, incubated in proliferation
medium for several days and then switched to differentiation medium to induce myotube for-
mation (Table 1). Polymerised PEG-Fibrinogen gel constituted with 7 mg/ml has a stiffness of
~0.125 KPa [69]. Cytotoxicity of UV light (365 nm) used to initiate PEG-FN polymerisation
was previously tested and found to be minimal [70] and the same parameters were used here
[32, 54].

3D culture model

This method was adapted from that used for cardiac muscle [60]. Collagen and Fibrin gels
were polymerized between 2 silicon posts that mimic tendons (Fig 1A) [60]. The biomaterial
(100 pl/gel) was mixed with muscle cells (around 0.5 million cells/gel) or with muscle fibres
(100 fibres/gel). The cell/biomaterial combination was then cast in a rectangular agarose-cast-
ing mold (12 x 3 x 3 mm) prepared in a standard 24-well cell culture dish. A pair of flexible sili-
cone posts supported by a silicone rack was immersed in the gel. After polymerization (30-60
mins at 37°C), a 3D gel containing the cells is formed between the two silicone posts. When
polymerised, the silicone rack holding the silicone posts is used to transfer the gel into a
24-well tissue culture dish containing proliferation medium. In culture, cells remodel the gel
and create tension that promotes alignment along the principal axis of force generated between
the posts. To synchronise initiation of myogenic differentiation, proliferation medium was
changed to differentiation medium.

PEG-Fibrinogen did not polymerase between the two silicone posts and was instead poly-
merised in 96 well plates (Fig 1B). Once polymerised, the gel was transferred to a larger plate
(24 well plates). In this context, no static strain is applied on this scaffold to promote myotubes
alignment. The size of the gel after polymerisation was about 8.5 mm in length and 1-2 mm in
diameter.

Myoblast sources

Murine C2C12 myoblasts. Immortalized murine C2C12 myoblasts [62] were cultured in
proliferation medium (DMEM supplemented with L-glutamine (2 mM), 10% foetal bovine
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A 3D Collagen | and Fibrin gels

Silicone

Silicone posts

3D scaffold

between 2 flexible silicone posts

rack

Axis of fore

Polymerisation

B

3D PEG-FN gel

Polymerisation in 96 well plate
under UV light

Fig 1. Experimental setup to generate 3D gels. Collagen and Fibrin gels were polymerized between two silicone posts that
mimic tendons (A). The biomaterial was mixed with muscle cells or muscle fibres. A pair of flexible silicone posts supported
by a silicone rack was immersed in the gel. The gel containing the cells polymerises between the two silicone posts. After
polymerisation, the silicone rack holding the silicone posts was used to transfer the gel into a 24-well tissue culture dish. The
axis of force created by the silicone posts promotes cellular alignment. PEG-Fibrinogen could not to polymerised between the
two silicone posts and was instead polymerised in a 96 well plate using UV light (B). Once polymerised, the gel was transferred
to a 24 well plate, but undergoes no uniform, directed static strain.

https://doi.org/10.1371/journal.pone.0202574.9001

serum (FBS) and 1% penicillin-streptomycin. For differentiation, myoblasts were switched to
low-mitogen differentiation medium (DMEM supplemented with 2 mM L-glutamine, 2%
Horse Serum (HS) and 1% penicillin-streptomycin) (Table 2).

Immortalized human myoblasts. Immortalized human myoblasts C25CI48 [63] were
maintained in cell growth medium (Promocell: C-23160) supplemented with 20% FBS and
Gentamycin (50 ug/ml). For differentiation, C25Cl48 were switched to skeletal muscle cell dif-
ferentiation medium (C-23161: Promocell) with gentamicin (50 pg/ml) (Table 2).

Primary murine expanded satellite cells. Adult C57BL10 mice (8-12 weeks old) were
killed by cervical dislocation and the Extensor digitorum longus muscle (EDL) was removed
and digested in 0.2% collagenase type 1 (sigma) for 2 h at 37°C [71]. Satellite cell-derived

myoblasts were allowed to migrate from isolated myofibres cultured in proliferation medium
(DMEM-GlutaMAX, 30% FBS, 10% HS, 1% chick embryo extract (CEE), 10 ng/ml bFGF, and
1% penicillin-streptomycin) on Matrigel. Three days later, myofibres were removed, satellite

Table 2. Muscle cell sources and cell culture conditions.

Muscle cells type Number of Proliferation medium Differentiation medium
cells per gel
Murine immortalized C2C12 450 000 DMEM supplemented with L-glutamine (2mM), 10% | DMEM supplemented with L-glutamine (2mM), 2%
myoblasts myoblasts foetal bovine serum (FBS) and 1% penicillin- HS and 1% penicillin-streptomycin, 3 days
streptomycin, 2 days
Immortalized human myoblasts 500 000 Promocell, Skeletal Muscle Cell Growth Medium Kit (C- Promocell, Skeletal Muscle Cell Differentiation,
C25Cl48 myoblasts 23160) supplemented with 20% FBS and Gentamycin Medium Kit (C-23161) supplemented with
(50 pg/ml), 2 days gentamicin (50pg/ml), 6 days
Primary in vitro expanded satellite 500 000 DMEM-GlutaMAX, 30% FBS, 10% HS, 1% CEE, 10 ng/ | DMEM-GlutaMAX supplemented with 2% FBS and
cell-derived myoblasts from EDL myoblasts ml bFGF, and 1% penicillin-streptomycin, 4 days 1% penicillin-streptomycin, 2 to 10 days
muscle
Freshly isolated murine Soleus | 100 myofibres | DMEM-GlutaMAX, 30% FBS, 10% HS, 1% CEE, 10 ng/ | DMEM-GlutaMAX supplemented with 2% FBS and
myofibres ml bFGF, and 1% penicillin-streptomycin, 10 days 1% penicillin-streptomycin, 3 days

https://doi.org/10.1371/journal.pone.0202574.t1002
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cells re-plated on Matrigel and expanded in proliferation medium for another 3 days before
being embedded in a 3D scaffold. Satellite cells were then switched to differentiation medium
(DMEM-GlutaMAX supplemented with 2% HS and 1% penicillin-streptomycin) (Table 2).

Satellite cells associated with a myofibre. Adult C57BL10 mice (8-12 weeks old) or 3F-
nlacZ-E mice [72] [73]. were killed by cervical dislocation and the Soleus muscle isolated and
digested in 0.2% collagenase type 1 (sigma) for 120-135 mins at 37°C [65]. Freshly isolated
myofibres were embedded in 3D scaffolds and cultured in proliferation medium (DMEM-Glu-
taMAX, 30% FBS, 10% HS, 1% CEE, 10 ng/ml bFGF, and 1% penicillin-streptomycin). In pro-
liferative conditions, satellites were activated, proliferated and colonised the 3D scaffold.
When approximately confluent, cells were switched to differentiation medium (DMEM-Gluta-
MAX supplemented with 2% HS and 1% penicillin-streptomycin) (Table 2).

Ethical statement

Procedures were carried out under the Animals (Scientific Procedures) Act 1986, and this
study was approved by the King’s College London Ethical Review Process committee.

EdU incorporation and immunolabeling

EdU (10 uM, Invitrogen Life Technologies) was added at a concentration of 10 pM for 2
hours, and the gels then fixed. 3D constructs were fixed with 4% paraformaldehyde/PBS for 20
mins. EAQU incorporation was revealed using a Click-iT EdU Imaging Kit (Invitrogen Life
Technologies) as per manufacturer’s instructions.

For immunolabeling, gels were permeabilised with 2.5% Triton X-100/PBS for 15 min at
room temperature and blocked with 5% goat serum/5% swine serum in PBS for 60 min at
room temperature. Primary antibodies used were monoclonal mouse anti-MyHC (MF20-c
DSHB, 1/100), anti-Desmin (clone D33, DAKO, 1/100), anti-B-Tubulin (E7-c, DSHB, 1/100)
and monoclonal rabbit anti-Ki67 (Ab16667, Abcam, 1/100). Primary antibodies were diluted
in blocking solution and applied overnight at 4°C. Following multiple washes in PBS/0.05%
Tween 20, gels were incubated with fluorochrome-conjugated secondary antibodies (Molecu-
lar Probes) used at 1/250 for 90 min at room temperature and then 4, 6-diamidino-2-phenylin-
dole (DAPI: 300 nM) in PBS for 20 min. All the steps were performed under agitation
(rotating mixer) and washes were performed in PBS/0.05% Tween 20. B-galactosidase activity
from the 3F-nlacZ-E transgene was revealed using X-gal solution for 60 min at 37°C.

Image acquisition and measuring

Images were acquired on a Zeiss Axiovert 200 M microscope using a Zeiss AxioCam HRm
and AxioVision software version 4.4. Images of muscle fibres were acquired using a Zeiss
Axiovert 25 microscope. Images were adjusted globally for brightness and contrast. Dimen-
sions of gels were determined form images taken at a standard magnification with reference to
a graticule.

Quantitative RT-PCR

Total RNA was extracted using the RNeasy Kit (Qiagen) and cDNA prepared with the Quanti-
Tect Reverse Transcription Kit with genomic DNA wipeout (Qiagen). RT-qPCR was per-
formed on an Mx3005PQPCR system (stratagene) with Brilliant II SYBR green reagents and
ROX reference dye (Stratagene). Human RT-qPCR primers for TBP (F: 5’ -CGGCTGTTT
AACTTCGCTTC-3’ and R: 5’ -CACACGCCAAGAAACAGTGA-3'), MYH2,3,8 (F:
5’ ~AGCAGGAGGAGTACAAGAAG-3’" and R: 5’ -CTTTGACCACCTTGGGCTTC-3"),
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ACTN3 (F: 5" -CAGCACCTGGCTGAGAAGTT-3’ and R: 5’ -AGCAAAGCCGAATCGT
AGTC-3’), TPMI (F: 5'-GGTCCTTTCCGACA AGCTG-3' and R: 5'-TGGCATG
AGCCACTTTCTCT-3"), CKM (F: 5’ -ACCTCA ACCATGAAAACCTCA-3’ and R:
5’ -GGCTGCTGAGCACGTAGTTA-3") . Mouse RT-gPCR primers for Tbp (F:
5’ -ATCCCAAGCGATTTGCTG-3" and R: 5’/ -CCTG TGCACACCATTTTTCC-3")
Myhl (F: 5’ -GTCCAAAGCCAACAGTGAAG-3’ and R: 5’ -CTTCTGTTTCCATTCT
GCCA-3'), Actn3 (F: 5'-TGAACCAGGAAAATGAGAAG C-3’ and R: 5’-GCG
GATCCACTCCAACAG-3’), Tpml (F: 5’'-CCAAATTGGAG AAAAGCATTG-3’ and
R: 5’/ -TGGAAGTCATATCGTTGAGAGC-3"), Ckm (F: 5’ -GCATCAAGGGTTACAC
TCTGC-3’ and R: 5’ -CCCGTCAGGCTGITGAGA-3') . Gene expression was normal-
ized to TBP and measured from three independent samples and significant differences assessed
using a Student’s t-test.

Results

Collagen I, Fibrin and PEG-Fibrinogen 3D scaffolds support myogenic
progression in murine C2C12 myoblasts

We first analysed myogenic progression of immortalized murine C2C12 myoblasts in col-
lagen I, Fibrin and PEG-Fibrinogen 3D scaffolds. C2C12 have several advantages, includ-
ing unlimited expansion and robust myotube formation in classic 2D cell culture, and are
commonly used in muscle research. Immortalized C2C12 myoblasts were embedded in
collagen I (Fig 2A and 2D), Fibrin (Fig 2B and 2E) or PEG-Fibrinogen (Fig 2C and 2F)
gels. Collagen I and Fibrin 3D scaffolds were then polymerised between two flexible sili-
cone posts to create tension that promotes myoblast alignment and myotube formation
(Fig 1A). PEG-Fibrinogen could not be polymerased between the two silicone posts and
was instead polymerised in 96 well plates (Fig 1B). Myoblasts were cultured in prolifera-
tion medium for 2 days (Fig 2A-2C) and then switched to differentiation medium for
another 3 days (Fig 2D-2F).

After two days in proliferation medium, 3D scaffolds were fixed and immunolabelled for -
Tubulin to visualise the morphology of proliferating myoblasts (Fig 2A-2C). In collagen I (Fig
2A) and Fibrin (Fig 2B) gels, C2C12 myoblasts had an elongated shape and were generally
aligned along the axis of force generated between the silicone posts. Alignment was more pro-
nounced in Fibrin gels (Fig 2B), compared to collagen (Fig 2A). A compaction of collagen I
and Fibrin gels was observed, since they are natural biomaterials that can be actively remod-
elled by cells. Indeed, human myoblasts actively stiffen 3D Fibrin gels [67]. In PEG-Fibrinogen
gels, C2C12 myoblasts also showed an elongated morphology but were randomly orientated
(Fig 2C). No obvious remodelling of the gel was observed.

After 3 days in differentiation medium, scaffolds were fixed and immunolabelled for myo-
sin heavy chain (MyHC) to monitor sarcomeric assembly in myotubes (Fig 2D-2F). Large
multinucleated myotubes with parallel alignment were observed in both collagen I (Fig 2D)
and Fibrin (Fig 2E) gels. A higher density of large myotubes was present in Fibrin gels. Multi-
nucleated myotubes were also present in PEG-Fibrinogen scaffold (Fig 2F) but were thinner
and not aligned. Absence of static tension, combined with reduced gel compaction that effec-
tively decreased cell density, could explain this observation. However, reduction of cell prolif-
eration and myotube differentiation due to the biochemical and biophysical nature of the
PEG-Fibrinogen can not be excluded.

These results show that all three biomaterials in a 3D culture support myogenic progression
of C2C12 myoblasts, from cell attachment, elongation, proliferation, alignment to myogenic
differentiation to fusion into multinucleated myotubes.
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Fig 2. All 3D biomaterial scaffolds promote robust myotube formation of murine C2C12 myoblasts in vitro.
Immortalized C2C12 myoblasts, embedded in Collagen I (450 000 cells / 100 pl: A and D) or Fibrin (450 000 cells /
100 pl: B and E) gels were polymerised between two silicone posts. PEG-Fibrinogen (300 000 cells / 100 pl: C and F)
gels were polymerised in a 96 well plate and cultured without uniform static tension. Gels were cultured in
proliferation medium for 2 days (A-C) and then switched to differentiation medium for 3 days (D-F). 3D scaffolds
were fixed and immunolabelled for -Tubulin (A-C) or myosin heavy chain (MyHC) (D-F) and nuclei counterstained
with DAPI. In Collagen I (A) and Fibrin (B) gels, proliferating myoblasts were often aligned along the line of force
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created by the silicone posts and gel compaction was observed. In PEG-Fibrinogen gels (C), C2C12 myoblasts present
randomly orientated membrane projections and no gel compaction was observed. After 3 days in differentiation
medium, large parallel myotubes (arrowed) were observed in Collagen I (D) and Fibrin (E) gels. Thinner and
randomly orientated myotubes were present in PEG-Fibrinogen scaffold (F). Scale bar represents 100 pum.
Representative images from three or more independent experiments.

https://doi.org/10.1371/journal.pone.0202574.9002

Collagen I, Fibrin and PEG-Fibrinogen 3D scaffolds support moderate
myogenic progression of immortalized human myoblasts

We then tested the ability of the biomaterials to support myogenic progression of human myo-
blasts in a 3D environment, a model relevant for potential therapeutic application. Immortal-
ized human C25Cl48 myoblasts were embedded in collagen I (Fig 3A and 3D), Fibrin (Fig 3B
and 3E) or PEG-Fibrinogen (Fig 3C and 3F), cultured in proliferation medium for 2 days (Fig
3A-3C) and then switched to differentiation medium for 6 days (Fig 3D-3F). After two days
in proliferation medium, cells were pulsed with the thymidine analogue 5-Ethynyl-2’deoxyuri-
dine (EAU) for two hours and fixed, before being immunolabelled for 3-Tubulin and EdU
incorporation visualised using the Click-it Edu imaging kit.

In collagen I (Fig 3A) and Fibrin (Fig 3B) gels, myoblasts had an elongated morphology
and were aligned along the axis of force created by the silicone posts. Human myoblasts were
denser and more compact in collagen I compared to Fibrin, suggesting that human myoblasts
interact differently with these biomaterials. Both collagen I and Fibrin scaffolds promoted
myoblast proliferation, as many had incorporated EAU (Fig 3A and 3B). Human myoblasts
elongated and proliferated in PEG-Fibrinogen, but appeared unable to remodel the biomate-
rial, as no gel compaction was observed, with fewer elongated human myoblasts present (Fig
30).

After 6 days in differentiation medium, gels were fixed and immunolabelled for MyHC to
assess myotube formation (Fig 3D-3F). While many MyHC positive cells were present, only a
few small myotubes were evident, showing the ability of all three biomaterials to support myo-
blast differentiation but limited fusion. Myocytes/myotubes were aligned in collagen I (Fig
3D) and Fibrin (Fig 3E), but not in PEG-Fibrinogen (Fig 3F) scaffolds. In Collagen gels how-
ever, DAPI staining revealed many necrotic/apoptotic nuclei.

To confirm the terminal differentiation state of the human cells, expression of Myosin
Heavy chain (MYH?2, 3, 8), the sarcomeric proteins Tropomyosinl (TPM1) and Actinin o3
(ACTN3) and creatine kinase (CKM) were analysed by RT-qPCR (Fig 3G-3]). PEG-Fibrin gels
were not analysed due to the inability to extract sufficient mRNA. Human myotubes in Fibrin
gel had an increased expression of MYHC2, 3, 8 and ACTN3 compared to Collagen (Fig 3G
and 3H). As we are interested in biomaterials with potential clinical application, we did not
formally evaluate Matrigel, since it is derived from Engelbreth-Holm-Swarm mouse sarcomas.
However, Matrigel is widely used in the culture of myoblasts and to improve myotube forma-
tion, and so we did use Matrigel as a positive control. Matrigel was added to the Fibrin gel
(109%: final concentration of 1mg/ml), which led to increased expression of MYHC2, 3, 8,
TPM1, ACTN3 and CKM compared to Collagen 1 (Fig 3G-3]).

The dimensions of Collagen and Fibrin gels with embedded human myoblasts were also
analysed at 0, 3 and 7 days of differentiation. Lengths of the 3D scaffolds were unchanged
(data not shown). The molds were 2.5 mm wide, and so the 3D cultures began at this width,
but Collagen gels with human myoblasts then became more compact (width of 1.48+0.02 mm)
compared to Fibrin gels (2.30+0.08 mm) after the 2 day proliferation phase, when measured at
Day 0 (Parts A and B of S1 Fig). Between day 0 and day 7 though, Fibrin gels further com-
pacted during myogenic differentiation (Part B of S1 Fig). Addition of 10% Matrigel made
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Fig 3. Myogenic progression of immortalized human myoblasts in different 3D biomaterial scaffolds in vitro.
Immortalized human myoblasts C25CI48 were embedded in collagen I (500 000 cells / 100 pl: A and D), Fibrin (500
000 cells / 100 pl: B and E) or PEG-Fibrinogen (500 000 cells / 100 pl: C and F), cultured in proliferation medium for 2
days (A-C) and then switched to differentiation medium for 6 days (D-F). After 2 days in proliferation medium, cells
were pulsed with the thymidine analogue 5-Ethynyl-2’deoxyuridine (EdU) for 2 hours and then fixed, before EdU
incorporation was visualised and myoblasts immunolabelled for B-Tubulin and nuclei counterstained with DAPI.
After 6 days in differentiation medium, cells were fixed and immunolabelled for myosin heavy chain (MyHC) to
visualise myotubes and counterstained with DAPI. Proliferating EAU positive (arrow-heads) and B-Tubulin myoblasts
were aligned in collagen I (A) and Fibrin (B) gels but randomly orientated in PEG-Fibrinogen scaffold (C). After 6
days in differentiation medium many MyHC positive cells were present but only a few small myotubes were detected
in collagen I (D) or Fibrin (E) gels. In PEG-Fibrinogen scaffold (C), small myotubes were randomly orientated. Scale
bar represents 100 um. Representative images from 3 or more independent experiments. Expression of the sarcomeric
proteins Myosin Heavy chain (MYH2, 3, 8) (G), Actinin 03 (ACTN3) (H) and Tropomyosin 1 (TPM1I) (I) and creatine
kinase (CKM) (J) after 7 days of differentiation were analysed by RT-qPCR. Expression was normalized to the house
keeping gene TBP. Data are mean+SEM from 3 independent gels where an asterisk denotes a significant difference
(p<0.05) from the Collagen gel using an unpaired two-tailed Student’s t-test.

https://doi.org/10.1371/journal.pone.0202574.9003

Fibrin gels become more compact after 2 days of human myoblast proliferation, when mea-
sured at Day 0 (1.57+0.10 mm), with width then remaining unchanged through differentiation
(Parts B and C of S1 Fig).

Collagen I, Fibrin and PEG-Fibrinogen 3D scaffolds support limited
differentiation of expanded primary murine satellite cells

We next analysed the behaviour of ex vivo expanded primary murine satellite cells, which are a
more biologically pertinent model compared to immortalized C2C12. Satellite cells were iso-
lated from the EDL muscle and expanded ex vivo on Matrigel for five days to obtain sufficient
cells. Expanded primary satellite cell-derived myoblasts were embedded in collagen I (Fig 4A
and 4D), Fibrin (Fig 4B and 4E) or PEG-Fibrinogen (Fig 4C and 4F), cultured in proliferation
medium for 4 days (Fig 4A-4C) and then switched to differentiation medium for 10 days (Fig
4D-4F). Proliferating myoblasts were immunolabelled for B-Tubulin (Fig 4A-4C) and myo-
tubes for Desmin, a muscle specific intermediate filament protein (Fig 4D-4F). After 4 days in
proliferation medium (Fig 4A, 4B and 4C) most satellite cells were round, with only a few
showing an elongated morphology. The inability of satellite cells to elongate could be an issue
of cell-scaffold interaction and initial adhesion within the 3D environment. After ten days in
differentiation medium, no myotubes were observed in collagen I (Fig 4D) and PEG-Fibrino-
gen scaffolds (Fig 4F) and only few thin myotubes were detected in Fibrin gels (arrow in Fig
4E).

To confirm terminal differentiation of expanded satellite cells embedded in 3D gels, expres-
sion of Myhl, Actn3, Tpml, and Ckm was again analysed by RT-qPCR (Fig 4G-4]). PEG-Fi-
brin gels were not analysed due to the inability to extract enough mRNA for the analysis.
Presence of all terminal differentiation markers was confirmed in all the biomaterials, but sur-
prisingly compared to Collagen gels, satellite cells in Fibrin presented significantly less expres-
sion of TpmI and Ckm (Fig 41 and 4]).

To determine if the lack of myogenic differentiation of ex vivo expanded primary murine
satellite cells was due to the biomaterials, we added Matrigel (10%) into Fibrin gel as a positive
control, since it is routinely used to enhance myotube formation. After only 2 days in differen-
tiation medium, we observed robust spontaneous contraction (S1 Movie) in Fibrin/Matrigel
hybrid gels that was not observed in Fibrin gels (S2 Movie). This confirmed that ex vivo
expanded primary murine satellite cells were capable of robust differentiation and highlights
the crucial function of ECM/growth factors supplied by Matrigel for satellite cell function in a
3D environment. Interestingly, though expanded satellite cells in Fibrin/Matrigel hybrid gels
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Fig 4. Limited myogenic differentiation of expanded primary murine satellite cells in 3D biomaterial scaffolds. In
vitro expanded primary satellite cell-derived myoblasts were embedded in collagen I (500, 000 cells/100 pl: A and D),
Fibrin (500, 000 cells/100 ul: B and E) or PEG-Fibrinogen (500, 000 cells/100 pl: C and F) and were cultured in
proliferation medium for 4 days (A-C) and then switched to differentiation medium for 10 days (D-F). Cellular
morphology of proliferating myoblasts (A-C) and myotubes (D-F) were visualized by immunolabelling for B-tubulin
and Desmin respectively, and nuclei counterstained with DAPI. After 4 days in proliferation medium (A, B and C)
most of the satellite cells had a rounded shape (arrow heads) and only few were elongated (arrows). Even after 10 days
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in differentiation medium, no myotubes were observed in collagen I (D) or PEG-Fibrinogen scaffolds (F) and only a
few thin myotubes were present in Fibrin gel (arrow in E). Scale bar represents 100 pm. Representative images from 3
independent experiments. Expression of the sarcomeric proteins myosin heavy chain (Myhl) (G), tropomyosin 1
(Tpm1I) (H) and actinin 03 (Actn3) (I) and creatine kinase (Ckm) (J) were analysed by RT-qPCR (G-]). Expression was
normalized to the house keeping gene Tbhp. Data are mean+SEM from satellite cells isolated from 3 mice where an
asterisk denotes a significant difference (p<0.05) from Collagen gels using a paired two-tail Student’s t-test.

https://doi.org/10.1371/journal.pone.0202574.9004

exhibited spontaneous contraction (S1 Movie), they did not show any difference in expression
of sarcomeric genes compared to collagen 1 (Fig 4G-4I).

Dimensions of PEG-FN, Collagen and Fibrin gels were analysed during proliferation and
differentiation of expanded satellite cells (S2 Fig). Diameter of the PEG-FN gels did not change
during satellite cell proliferation but slightly increased during their differentiation (Part A of
S2 Fig). Collagen gel width was unchanged under either satellite cell proliferation or differenti-
ation conditions (Part B of S2 Fig). However, the width of Fibrin gels reduced during prolifera-
tion (from 2.55+0.05 mm to 1.92+0.02 mm) and even further during differentiation (1.55
+0.03 mm after 2 days and 1.35+0.05 mm at day 3) (Part C of S2 Fig), suggesting a strong
remodelling of Fibrin by satellite cells.

Robust and functional myogenic differentiation of satellite cells delivered
in their niche on a myofibre in 3D scaffolds

In vivo transplantation of freshly isolated satellite cells while still in their niche on a muscle
fibre, vastly improves their regenerative potential [6]. To test if the regenerative potential of
satellite cells could be preserved in an in vitro 3D environment, we embedded freshly isolated
myofibres in 3D scaffolds. 100 freshly isolated Soleus myofibres were embedded in 100 pl of
collagen I (Fig 5A-5D), Fibrin (Fig 5E-5H) or PEG-Fibrinogen (Fig 5I-5L), the gels polymer-
ised and then cultured in proliferation medium for 1 (Fig 5A, 5E and 5I), 3 (Fig 5B, 5F and 5])
or 6 (Fig 5C, 5G and 5K) days. After 10 days in proliferation medium, scaffolds were switched
to differentiation medium for 3 days (Fig 5D, 5H and 5L).

After 1 day in proliferation medium, intact myofibres were present (Fig 5A, 5E and 5I), but
more hypercontracted myofibres were observed in PEG-Fibrinogen (Fig 5I). In all biomaterial
scaffolds, after 3 days in proliferation medium, activated satellite cells were observed migrating
from their myofibre niche into the 3D matrix (Fig 5B, 5F and 5]). After 6 days, satellite cell-
derived myoblasts were still proliferating, indicated by an increased number of cells present at
the surface of the myofibres and inside the biomaterial gels (Fig 5C, 5G and 5K). After 10 days
in proliferation medium followed by 3 days in differentiation medium, multinucleated myofi-
bres were observed (Fig 5D, 5H and 5L). The static force exerted on the collagen I (Fig 5D)
and Fibrin (Fig 5H) gels facilitated parallel alignment of myotubes. In absence of tension in
the PEG-Fibrinogen scaffold, myotubes were randomly orientated (Fig 5L).

To evaluate myogenic differentiation of satellite cells delivered in their niche on a myofibre,
we isolated Soleus myofibres from the 3F-nlacZ-E mouse: transgenic for a construct with regu-
latory elements of the myosin light chain (MLC) 1/3F gene driving nlacZ reporter gene expres-
sion in myonuclei [72]. X-gal staining of satellite cells isolated from the 3F-nlacZ-E mouse
allows high resolution detection of their differentiated progeny, with -galactosidase activity
only in myonuclei. Freshly isolated Soleus myofibres from 3F-nlacZ-E mice were embedded in
collagen I (Fig 5M), Fibrin (Fig 5N) or PEG-Fibrinogen (Fig 50) gels, incubated in prolifera-
tion medium for 10 days and then switched to differentiation medium for 3 days. Biomaterial
gels were then fixed and stained in X-gal solution to detect transgenic B-galactosidase activity
in myonuclei (Fig 5M-50). More myonuclei were stained, and more parallel aligned myotubes
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Fig 5. Satellite cells delivered in their niche on a myofibre make contractile myotubes in 3D scaffolds. Approximately 100 freshly isolated Soleus
myofibres were embedded in 100 pl of collagen I (A-D), 100 pl of Fibrin (E-H) or 100 pl PEG-Fibrinogen (I-L) and were cultured in proliferation
medium for 1 (A, E and ), 3 (B, F and J) or 6 days (C, G and K). After 10 days in proliferation medium, 3D scaffolds were switched to differentiation
medium for 3 days (D, H and L). After 1 day (A, E and I), intact myofibres (arrows) were visible and some hypercontracted myofibres (asterisk) were
observed in PEG-Fibrinogen (I). After 3 days (B, F and J), satellite cells (arrow heads) were present at the surface of myofibres and some had migrated
into the biomaterial scaffold. After 6 days (C, G and K) satellite cells were still proliferating. After 10 days in proliferation medium and 3 days in
differentiation medium (D, H and L) multinucleated, matured and functional myotubes (arrows) were observed. Representative images from repeats
using myofibres from 3 mice. Scale bars represent approximately 100 um. Freshly isolated Soleus myofibres from 3F-nlacZ-E transgenic mice were
embedded in collagen I (M), Fibrin (N) or PEG-Fibrinogen (O) gels. Biomaterial scaffolds were incubated in proliferation medium for 10 days,
switched to differentiation medium for 3 days and then fixed and stained in X-gal solution to reveal B-galactosidase activity in myonuclei from the 3F-
nlacZ-E transgene. Differentiated X-Gal positive myonuclei were detected in myotubes (arrows). More X-Gal positive nuclei and parallel aligned
myotubes were observed in Fibrin (N) compared to Collagen I (M). Representative images of 3 independent experiments using myofibres from 3 x
3F-nlacZ-E mice.

https://doi.org/10.1371/journal.pone.0202574.9g005

PLOS ONE | https://doi.org/10.1371/journal.pone.0202574 September 17,2018 14/23


https://doi.org/10.1371/journal.pone.0202574.g005
https://doi.org/10.1371/journal.pone.0202574

@° PLOS | ONE

Myogenic cell properties in 3D culture using different biomaterials

were observed, in the Fibrin gel (Fig 5N) compared to collagen I (Fig 5M) or PEG-Fibrinogen
(Fig 50).

Importantly, myotubes formed from satellite cells delivered in their niche in all three 3D
biomaterial gels showed spontaneous contraction, confirming their state of maturation and
functionality (collagen I: S3 Movie; Fibrin: S4 Movie and PEG-Fibrinogen: S5 Movie). Move-
ment and frequency of myotube contraction was higher in Fibrin scaffolds compared to colla-
gen I scaffolds. Interestingly, multinucleated and contractile myotubes could be maintained
for up to two months in 3D Fibrin gels. Thus, delivery of satellite cells in their niche on freshly
isolated myofibres allows for robust proliferation and formation of multinucleated, mature
and functional myotubes in a 3D environment with all three biomaterials tested.

Discussion

In this study, we evaluated in parallel the ability of collagen I, Fibrin and PEG-Fibrinogen 3D
scaffolds to support proliferation and myogenic differentiation of different types of muscle
cells in vitro. The 3D culture system was originally developed for engineered heart tissue by
embedding cardiomyocytes in Fibrin [68]. Here, we used this system for engineering skeletal
muscle tissue by embedding myoblasts in collagen I and Fibrin gels. Polymerisation of Fibrin
was stable, however with collagen I after polymerisation, a detachment from one of the flexible
silicone posts was sometimes observed. We also tried to polymerise PEG-Fibrinogen between
the two silicone posts using UV light. However, no polymerisation was observed probably due
to an obstruction of the UV light by the silicone rack holding the posts.

This in vitro 3D culture system involves securing the biomaterial scaffold between two flexi-
ble silicone posts that mimic tendons, and so create predictable lines of tension [60]. Using
this system, we observed an alignment of cells along the principal axis of force in collagen I
and Fibrin gels. Such static force allows formation of parallel, aligned myotubes that are char-
acteristic of native skeletal muscle and essential to efficiently generate force. Therefore, this
simple 3D system represents a suitable in vitro model to analyse myogenesis, by allowing for-
mation of aligned multinucleated and mature myotubes. Myofibre diameter and force produc-
tion of in vitro-engineered skeletal muscle are known to be lower compared to native skeletal
muscle and will be difficult to reach in vitro without more complex, multi-lineage culture to
induce vascularisation and innervation [33, 51].

Static force during 3D culture of immortalized human C25Cl48 myoblasts produced myo-
blast and myotube alignment. However, compared to immortalized murine C2C12, only a
moderate myotube formation was observed and no obvious difference was observed between
collagen I and Fibrin gel. Human myoblasts were unable to contract spontaneously, and we
did not try mechanical or electrical stimuli in this 3D system, that could improve myotube for-
mation and maintenance. Alternatively, drugs can be added in the culture medium to stimu-
lated myotube formation (e.g. HGF, FGF, IGF-1, DEX)[23] or muscle contraction (e.g.
caffeine) [74]. Similarly, co-culture with fibroblasts can also improve myotube formation [75].
Finally, no other components were added routinely to the biomaterials that were tested, except
Matrigel as a positive control, which contains the main component of the muscle stem cells
niche (e.g. laminin) [35]. Other human myoblast clones may be able to differentiate better in
this system though.

Using ex vivo expanded murine satellite cells with the 3D biomaterials, we observed only a
moderate ability of the cells to fuse to form multinucleated myotubes. However, addition of
growth factor reduced Matrigel to the Fibrin gel was able to enhance greatly the formation of
contractile myotubes. Moreover, culture of satellite cells in their niche on freshly isolated myo-
fibres in these 3D gels promoted the expansion of satellite cell-derived myoblasts and their
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robust differentiation and fusion into multinucleated, mature and contractile myofibres: show-
ing greater regenerative capacity, in agreement with in vivo data [6, 10-12, 76]. This highlights
the importance of biochemical and biophysical cues supplied by the native niche to maintain
the regenerative potential of muscle stem cells [77]. Encouragingly then, primary murine satel-
lite cells on a myofibre, compared to expanded satellite cells, behave in a similar way in our in
vitro 3D culture system as when grafted in vivo.

Classic 2D culture of myoblasts is commonly used due to multiple advantages, such as no
need for specific or complex equipment, fewer cells required, and fast, easy and reproducible
quantification of gene expression by quantitative RT-qPCR and immunolabelling. However,
in the absence of mechanical/electrical stimulation, critical for muscle cell viability [78], myo-
tubes in 2D cell culture can only usually be maintained for few days as they start to spontane-
ously contract and soon detach from the culture surface. Using the 3D culture system
however, with approximately 100 freshly isolated Soleus fibres (so only around 2500 satellite
cells [79]), we obtained multinucleated and contractile myofibres with parallel alignment that
generated force for a long period. Indeed, multinucleated and contractile myotubes were
maintained for up to two months in 3D Fibrin gels. The spontaneous muscle contraction
observed possibly plays a functional role in the integrity and maintenance of in vitro engi-
neered muscle [78].

Apart from the influence on satellite cell function of remaining in their native niche, the
isolated myofibres themselves could provide structural support and produce factors (e.g. IGF-
1) [80] that could promote myotube formation. In addition, some residual fibroblasts may be
present, which could also enhance differentiation [75, 81, 82]. This simple 3D system allows
spontaneous contraction of myotubes without any external electrical stimulation or addition
of molecules to induce muscle contraction. Therefore, this 3D in vitro culture system of myofi-
bres could be a useful tool to analyse growth, maturation or muscle contraction in different
contexts.

A video optical recording system developed for cardiomyocytes [68] will be a valuable tool
to automatically evaluate the contractile activity of myotubes. The system could also be used to
test drugs that could affect muscle mass (atrophy/hypertrophy) over a longer period. In vitro,
culture of neonatal rat myogenic cells embedded in Fibrin can generate a functional muscle
with resident satellite cells that allow muscle regeneration in vitro [51]. It will also be interest-
ing to check if our system also allows the formation of a new satellite cells niche and supports
the self-renewal of satellite cells. However, in our hands, sufficient optical resolution could not
be obtained to investigate this.

The 3D PEG-Fibrinogen scaffold allows myotube formation of murine myoblasts but myo-
tubes were not aligned and smaller compared with collagen I and Fibrin gels. Generally, we
observed less remodelling of the PEG-Fibrinogen gel and more rounded cells inside the matrix.
These results suggest that myoblasts have a reduced adhesion with the biosynthetic matrix and
are less able to remodel the matrix. However, at the same time, Fibrin gels require stabilisation
with Aprotinin to prevent degradation by cells, and the higher stability of the PEG-Fibrinogen
could provide useful in certain scenarios. PEG-Fibrinogen was not polymerised between the
two silicone posts, but in a 96 well plate. The resulting shape of PEG-Fibrinogen gels most likely
influenced the diffusion of nutrients and oxygen. Moreover, the absence of static force applied
to the scaffold likely explains lack of myotube alignment and their reduced size. In vivo, trans-
plantation of mesoangioblasts in PEG-Fibrinogen generated a complete and functional (vascu-
larised, innervated and contractile) muscle [32]. Using freshly isolated murine muscle fibres
embedded in PEG-Fibrinogen we also observed a robust formation of multinucleated and con-
tractile myotubes. Our data supports the potential of the PEG-Fibrinogen scaffold to sustain
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myotube formation of murine satellite cells in vitro when delivered on their freshly isolated
muscle fibres.

In conclusion, we show that biomaterials collagen I, Fibrin and PEG-Fibrinogen supported
myoblast proliferation and differentiation. However, our study revealed that subtle differences
exist between the way the same cell type interacts with different biomaterials, or how different
cell types interact with the same material. Additionally, we highlight how important the cell
source is: a hundred freshly transplanted soleus fibres with ~2500 satellite cells [79] greatly out-
performed directly embedding 500 000 expanded satellite cell-derived myoblasts.

Supporting information

S1 Fig. Immortalized human myoblasts remodel 3D biomaterial scaffolds. Immortalized
human C25Cl48 myoblasts were embedded in Collagen (A), Fibrin (B) or Fibrin with 10%
Matrigel (final concentration of 1mg/ml) (C), cultured in proliferation medium for 2 days and
then switched to differentiation medium for 7 days. The mold width, so initial gel width, was
2.5 mm (red line). Width of the 3D scaffolds was measured at three different time points, after
the 2 days of proliferation (day 0), when cells were switched to differentiation medium and
then after 3 and 7 days of differentiation. At 2 days of proliferation (day 0), Collagen and
Fibrin/Matrigel hybrid were more compact (reduced width) compared to Fibrin (B). During
the differentiation process a moderate reduction in width was observed in Fibrin gels. Data are
mean+SEM from 3 independent gels where an asterisk denotes a significant difference
(p<0.05) from DO using an unpaired two-tail Student’s t-test.

(TTF)

S2 Fig. 3D biomaterial scaffolds remodelling with expanded primary murine satellite cells.
In vitro expanded primary murine satellite cells were embedded in PEG-FN (A), Collagen I
(B) or Fibrin (C) and cultured in proliferation medium for 4 days and then switched to differ-
entiation medium. The dimensions of PEG-FN, Collagen and Fibrin gels was measured at sev-
eral time points during proliferation and differentiation. The well diameter and mold width,
so initial gel width, are indicated by a red line. The diameter of the PEG-FN gels did not
change during satellite cell proliferation and slightly increased during their differentiation (A).
Collagen gel width did not change during either satellite cell proliferation or differentiation
(B). Fibrin gel width reduced during satellite cell proliferation and further during their differ-
entiation (C). Data are mean+SEM from satellite cells isolated from 3 mice, where an asterisk
denotes a significant difference (p<0.05) from day 0 of proliferation using a paired two-tail
Student’s t-test. Scale bars represent approximately 1 mm.

(TIFF)

S1 Movie. In vitro expanded satellite cell-derived myoblasts in hybrid Fibrin/Matrigel 3D
scaffold. In vitro expanded primary murine satellite cells were embedded in Fibrin with 10%
Matrigel, cultured in proliferation medium for 4 days and then switched to differentiation
medium for 2 days. After 2 days of differentiation, robust spontaneous contraction was
observed in the 3D scaffold. Representative data from 3 independent gels containing in vitro
expanded murine satellite cells from 3 mice.

(MP4)

$2 Movie. In vitro expanded satellite cell-derived myoblasts in Fibrin 3D scaffold. In vitro
expanded primary murine satellite cells were embedded in Fibrin, cultured in proliferation
medium for 4 days and then switched to differentiation medium for 2 days. After 2 days of dif-
ferentiation no spontaneous contraction was observed. Representative data from 3
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independent gels containing in vitro expanded murine satellite cells from 3 different mice.
(MP4)

$3 Movie. Formation of contractile myotubes from murine satellite cells delivered in their
niche on a myofibre in 3D collagen I gels. Freshly isolated Soleus myofibres were embedded
in a collagen I gel, cultured in proliferation medium for 10 days and then switched to differen-
tiation medium for 3 days. Some hypercontracted myofibres (asterisks) were observed. Func-
tional myotubes exhibiting spontaneous contractions were present (arrows). Representative
data from 3 independent gels using myofibres from 3 mice.

(MP4)

S4 Movie. Formation of contractile myotubes from murine satellite cells delivered in their
niche on a myofibre in 3D Fibrin scaffold. Freshly isolated Soleus myofibres were embedded
in fibrin gel, cultured in proliferation medium for 10 days and then switched to differentiation
medium for 3 days. Large functional contractile myotubes (arrows) were observed, producing
spontaneous force strong enough to move the flexible silicone posts. Representative data from
3 independent gels using myofibres from 3 mice.

(MP4)

S5 Movie. Formation of contractile myotubes from murine satellite cells delivered in their
niche on a myofibre in 3D PEG-Fibrinogen scaffold. Freshly isolated Soleus myofibres were
embedded in PEG-Fibrinogen, cultured in proliferation medium for 10 days and then
switched to differentiation medium for 3 days. Several functional contractile myotubes (arrow
heads) were observed but without alignment or specific orientation. Representative data from
3 independent gels using myofibres from 3 mice.

(MP4)

Acknowledgments

Robert Brown, Vivek Mudera and Josephine Wong (University College London, UK) pro-
vided Rat Collagen I and advice on biomaterial use. Heinz Redl, Christiane Fuchs, Philipp
Heher (LBIT-Vienna, Austria) provided several components and advice to work with Fibrin.
Dror Seliktar and Olga Kossover (Israel Institute of Technology, Israel) provided the PEG-
Fibrinogen scaffold and advice. Giulio Cossu (University of Manchester, UK), Francesco
Saverio Tedesco and Sara Maffioletti (University College London, UK) gave advice on 3D cell
culture.

Author Contributions

Conceptualization: Johanna Priiller, Peter S. Zammit, Nicolas Figeac.
Formal analysis: Johanna Priiller, Nicolas Figeac.

Funding acquisition: Peter S. Zammit.

Investigation: Nicolas Figeac.

Methodology: Ingra Mannhardt, Thomas Eschenhagen.

Project administration: Nicolas Figeac.

Supervision: Peter S. Zammit, Nicolas Figeac.

Writing - original draft: Nicolas Figeac.

Writing - review & editing: Johanna Priiller, Peter S. Zammit, Nicolas Figeac.

PLOS ONE | https://doi.org/10.1371/journal.pone.0202574 September 17,2018 18/23


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0202574.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0202574.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0202574.s007
https://doi.org/10.1371/journal.pone.0202574

@° PLOS | ONE

Myogenic cell properties in 3D culture using different biomaterials

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

Janssen |, Heymsfield SB, Wang ZM, Ross R. Skeletal muscle mass and distribution in 468 men and
women aged 18-88 yr. J Appl Physiol (1985). 2000; 89(1):81-8. https://doi.org/10.1152/jappl.2000.89.
1.81 PMID: 10904038.

Gillies AR, Lieber RL. Structure and function of the skeletal muscle extracellular matrix. Muscle Nerve.
2011; 44(3):318-31. https://doi.org/10.1002/mus.22094 PMID: 21949456; PubMed Central PMCID:
PMC3177172.

Relaix F, Zammit PS. Satellite cells are essential for skeletal muscle regeneration: the cell on the edge
returns centre stage. Development. 2012; 139(16):2845-56. https://doi.org/10.1242/dev.069088 PMID:
22833472.

Mauro A. Satellite cell of skeletal muscle fibers. J Biophys Biochem Cytol. 1961; 9:493-5. PMID:
13768451; PubMed Central PMCID: PMC2225012.

Dumont NA, Bentzinger CF, Sincennes MC, Rudnicki MA. Satellite Cells and Skeletal Muscle Regener-
ation. Comprehensive Physiology. 2015; 5(3):1027-59. https://doi.org/10.1002/cphy.c140068 PMID:
26140708.

Collins CA, Olsen |, Zammit PS, Heslop L, Petrie A, Partridge TA, et al. Stem cell function, self-renewal,
and behavioral heterogeneity of cells from the adult muscle satellite cell niche. Cell. 2005; 122(2):289—
301. https://doi.org/10.1016/j.cell.2005.05.010 PMID: 16051152.

Turner NJ, Badylak SF. Regeneration of skeletal muscle. Cell Tissue Res. 2012; 347(3):759-74.
https://doi.org/10.1007/s00441-011-1185-7 PMID: 21667167.

Sacco A, Mourkioti F, Tran R, Choi J, Llewellyn M, Kraft P, et al. Short telomeres and stem cell exhaus-
tion model Duchenne muscular dystrophy in mdx/mTR mice. Cell. 2010; 143(7):1059-71. https://doi.
org/10.1016/j.cell.2010.11.039 PMID: 21145579; PubMed Central PMCID: PMC3025608.

Blau HM, Cosgrove BD, Ho AT. The central role of muscle stem cells in regenerative failure with aging.
Nat Med. 2015; 21(8):854—62. https://doi.org/10.1038/nm.3918 PMID: 26248268; PubMed Central
PMCID: PMC4731230.

Gilbert PM, Havenstrite KL, Magnusson KE, Sacco A, Leonardi NA, Kraft P, et al. Substrate elasticity
regulates skeletal muscle stem cell self-renewal in culture. Science. 2010; 329(5995):1078-81. hitps://
doi.org/10.1126/science.1191035 PMID: 20647425; PubMed Central PMCID: PMC2929271.

Quarta M, Brett JO, DiMarco R, De Morree A, Boutet SC, Chacon R, et al. An artificial niche preserves
the quiescence of muscle stem cells and enhances their therapeutic efficacy. Nat Biotechnol. 2016; 34
(7):752-9. https://doi.org/10.1038/nbt.3576 PMID: 27240197; PubMed Central PMCID: PMC4942359.

Rossi CA, Flaibani M, Blaauw B, Pozzobon M, Figallo E, Reggiani C, et al. In vivo tissue engineering of
functional skeletal muscle by freshly isolated satellite cells embedded in a photopolymerizable hydrogel.
FASEB J. 2011; 25(7):2296-304. https://doi.org/10.1096/f].10-174755 PMID: 21450908.

Charville GW, Cheung TH, Yoo B, Santos PJ, Lee GK, Shrager JB, et al. Ex Vivo Expansion and In
Vivo Self-Renewal of Human Muscle Stem Cells. Stem Cell Reports. 2015; 5(4):621-32. https://doi.org/
10.1016/j.stemcr.2015.08.004 PMID: 26344908; PubMed Central PMCID: PMC4624935.

Cosgrove BD, Gilbert PM, Porpiglia E, Mourkioti F, Lee SP, Corbel SY, et al. Rejuvenation of the muscle
stem cell population restores strength to injured aged muscles. Nat Med. 2014; 20(3):255-64. https://
doi.org/10.1038/nm.3464 PMID: 24531378; PubMed Central PMCID: PMC3949152.

Mashinchian O, Pisconti A, Le Moal E, Bentzinger CF. The Muscle Stem Cell Niche in Health and Dis-
ease. Current topics in developmental biology. 2018; 126:23-65. https://doi.org/10.1016/bs.ctdb.2017.
08.003 PMID: 29305000.

Urciuolo A, Quarta M, Morbidoni V, Gattazzo F, Molon S, Grumati P, et al. Collagen VI regulates satel-
lite cell self-renewal and muscle regeneration. Nature communications. 2013; 4:1964. https://doi.org/
10.1038/ncomms2964 PMID: 23743995; PubMed Central PMCID: PMC3682802.

Baghdadi MB, Castel D, Machado L, Fukada SI, Birk DE, Relaix F, et al. Reciprocal signalling by Notch-
Collagen V-CALCR retains muscle stem cells in their niche. Nature. 2018; 557(7707):714-8. https://doi.
0rg/10.1038/s41586-018-0144-9 PMID: 29795344; PubMed Central PMCID: PMC5985950.

Rayagiri SS, Ranaldi D, Raven A, Mohamad Azhar NIF, Lefebvre O, Zammit PS, et al. Basal lamina
remodeling at the skeletal muscle stem cell niche mediates stem cell self-renewal. Nature communica-
tions. 2018; 9(1):1075. https://doi.org/10.1038/s41467-018-03425-3 PMID: 29540680; PubMed Central
PMCID: PMC5852002.

Mounier R, Chretien F, Chazaud B. Blood vessels and the satellite cell niche. Current topics in develop-
mental biology. 2011; 96:121-38. https://doi.org/10.1016/B978-0-12-385940-2.00005-X PMID:
21621069.

PLOS ONE | https://doi.org/10.1371/journal.pone.0202574 September 17,2018 19/23


https://doi.org/10.1152/jappl.2000.89.1.81
https://doi.org/10.1152/jappl.2000.89.1.81
http://www.ncbi.nlm.nih.gov/pubmed/10904038
https://doi.org/10.1002/mus.22094
http://www.ncbi.nlm.nih.gov/pubmed/21949456
https://doi.org/10.1242/dev.069088
http://www.ncbi.nlm.nih.gov/pubmed/22833472
http://www.ncbi.nlm.nih.gov/pubmed/13768451
https://doi.org/10.1002/cphy.c140068
http://www.ncbi.nlm.nih.gov/pubmed/26140708
https://doi.org/10.1016/j.cell.2005.05.010
http://www.ncbi.nlm.nih.gov/pubmed/16051152
https://doi.org/10.1007/s00441-011-1185-7
http://www.ncbi.nlm.nih.gov/pubmed/21667167
https://doi.org/10.1016/j.cell.2010.11.039
https://doi.org/10.1016/j.cell.2010.11.039
http://www.ncbi.nlm.nih.gov/pubmed/21145579
https://doi.org/10.1038/nm.3918
http://www.ncbi.nlm.nih.gov/pubmed/26248268
https://doi.org/10.1126/science.1191035
https://doi.org/10.1126/science.1191035
http://www.ncbi.nlm.nih.gov/pubmed/20647425
https://doi.org/10.1038/nbt.3576
http://www.ncbi.nlm.nih.gov/pubmed/27240197
https://doi.org/10.1096/fj.10-174755
http://www.ncbi.nlm.nih.gov/pubmed/21450908
https://doi.org/10.1016/j.stemcr.2015.08.004
https://doi.org/10.1016/j.stemcr.2015.08.004
http://www.ncbi.nlm.nih.gov/pubmed/26344908
https://doi.org/10.1038/nm.3464
https://doi.org/10.1038/nm.3464
http://www.ncbi.nlm.nih.gov/pubmed/24531378
https://doi.org/10.1016/bs.ctdb.2017.08.003
https://doi.org/10.1016/bs.ctdb.2017.08.003
http://www.ncbi.nlm.nih.gov/pubmed/29305000
https://doi.org/10.1038/ncomms2964
https://doi.org/10.1038/ncomms2964
http://www.ncbi.nlm.nih.gov/pubmed/23743995
https://doi.org/10.1038/s41586-018-0144-9
https://doi.org/10.1038/s41586-018-0144-9
http://www.ncbi.nlm.nih.gov/pubmed/29795344
https://doi.org/10.1038/s41467-018-03425-3
http://www.ncbi.nlm.nih.gov/pubmed/29540680
https://doi.org/10.1016/B978-0-12-385940-2.00005-X
http://www.ncbi.nlm.nih.gov/pubmed/21621069
https://doi.org/10.1371/journal.pone.0202574

@° PLOS | ONE

Myogenic cell properties in 3D culture using different biomaterials

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Bentzinger CF, Wang YX, Dumont NA, Rudnicki MA. Cellular dynamics in the muscle satellite cell
niche. EMBO Rep. 2013; 14(12):1062—-72. https://doi.org/10.1038/embor.2013.182 PMID: 24232182;
PubMed Central PMCID: PMC3849491.

Borselli C, Cezar CA, Shvartsman D, Vandenburgh HH, Mooney DJ. The role of multifunctional delivery
scaffold in the ability of cultured myoblasts to promote muscle regeneration. Biomaterials. 2011; 32
(34):8905—14. https://doi.org/10.1016/j.biomaterials.2011.08.019 PMID: 21911253; PubMed Central
PMCID: PMC3210474.

Borselli C, Storrie H, Benesch-Lee F, Shvartsman D, Cezar C, Lichtman JW, et al. Functional muscle
regeneration with combined delivery of angiogenesis and myogenesis factors. Proc Natl Acad SciU S
A. 2010; 107(8):3287-92. https://doi.org/10.1073/pnas.0903875106 PMID: 19966309; PubMed Central
PMCID: PMC2840452.

Syverud BC, VanDusen KW, Larkin LM. Growth Factors for Skeletal Muscle Tissue Engineering. Cells
Tissues Organs. 2016; 202(3—4):169-79. https://doi.org/10.1159/000444671 PMID: 27825154;
PubMed Central PMCID: PMC5130097.

von Maltzahn J, Renaud JM, Parise G, Rudnicki MA. Wnt7a treatment ameliorates muscular dystrophy.
Proc Natl Acad Sci U S A. 2012; 109(50):20614-9. https://doi.org/10.1073/pnas.1215765109 PMID:
23185011; PubMed Central PMCID: PMC3528612.

Wehling M, Spencer MJ, Tidball JG. A nitric oxide synthase transgene ameliorates muscular dystrophy
in mdx mice. J Cell Biol. 2001; 155(1):123-31. https://doi.org/10.1083/jcb.200105110 PMID: 11581289;
PubMed Central PMCID: PMC2150800.

Han WM, Jang YC, Garcia AJ. Engineered matrices for skeletal muscle satellite cell engraftment and
function. Matrix biology: journal of the International Society for Matrix Biology. 2017;60—-61:96—-109.
https://doi.org/10.1016/j.matbio.2016.06.001 PMID: 27269735; PubMed Central PMCID:
PMC5136521.

Juhas M, Bursac N. Engineering skeletal muscle repair. Curr Opin Biotechnol. 2013; 24(5):880-6.
https://doi.org/10.1016/j.copbio.2013.04.013 PMID: 23711735; PubMed Central PMCID:
PMC3766474.

Klumpp D, Horch RE, Kneser U, Beier JP. Engineering skeletal muscle tissue—new perspectives in
vitro and in vivo. J Cell Mol Med. 2010; 14(11):2622-9. https://doi.org/10.1111/].1582-4934.2010.
01183.x PMID: 21091904; PubMed Central PMCID: PMC4373482.

Qazi TH, Mooney DJ, Pumberger M, Geissler S, Duda GN. Biomaterials based strategies for skeletal
muscle tissue engineering: existing technologies and future trends. Biomaterials. 2015; 53:502—-21.
https://doi.org/10.1016/j.biomaterials.2015.02.110 PMID: 25890747.

Rossi CA, Pozzobon M, De Coppi P. Advances in musculoskeletal tissue engineering: moving towards
therapy. Organogenesis. 2010; 6(3):167-72. PMID: 21197219; PubMed Central PMCID:
PMC2946049.

Wolf MT, Dearth CL, Sonnenberg SB, Loboa EG, Badylak SF. Naturally derived and synthetic scaffolds
for skeletal muscle reconstruction. Adv Drug Deliv Rev. 2015; 84:208-21. https://doi.org/10.1016/].
addr.2014.08.011 PMID: 25174309.

Fuoco C, Rizzi R, Biondo A, Longa E, Mascaro A, Shapira-Schweitzer K, et al. In vivo generation of a
mature and functional artificial skeletal muscle. EMBO Mol Med. 2015; 7(4):411-22. https://doi.org/10.
15252/emmm.201404062 PMID: 25715804; PubMed Central PMCID: PMC4403043.

Maffioletti SM, Sarcar S, Henderson ABH, Mannhardt I, Pinton L, Moyle LA, et al. Three-Dimensional
Human iPSC-Derived Atrtificial Skeletal Muscles Model Muscular Dystrophies and Enable Multilineage
Tissue Engineering. Cell Rep. 2018; 23(3):899-908. https://doi.org/10.1016/j.celrep.2018.03.091
PMID: 29669293; PubMed Central PMCID: PMC5917451.

Cheema U, Yang SY, Mudera V, Goldspink GG, Brown RA. 3-D in vitro model of early skeletal muscle
development. Cell Motil Cytoskeleton. 2003; 54(3):226—36. https://doi.org/10.1002/cm.10095 PMID:
12589681.

Hinds S, Bian W, Dennis RG, Bursac N. The role of extracellular matrix composition in structure and
function of bioengineered skeletal muscle. Biomaterials. 2011; 32(14):3575-83. https://doi.org/10.
1016/j.biomaterials.2011.01.062 PMID: 21324402; PubMed Central PMCID: PMC3057410.

Powell CA, Smiley BL, Mills J, Vandenburgh HH. Mechanical stimulation improves tissue-engineered
human skeletal muscle. Am J Physiol Cell Physiol. 2002; 283(5):C1557—65. https://doi.org/10.1152/
ajpcell.00595.2001 PMID: 12372817.

Rhim C, Lowell DA, Reedy MC, Slentz DH, Zhang SJ, Kraus WE, et al. Morphology and ultrastructure
of differentiating three-dimensional mammalian skeletal muscle in a collagen gel. Muscle Nerve. 2007;
36(1):71-80. https://doi.org/10.1002/mus.20788 PMID: 17455272.

PLOS ONE | https://doi.org/10.1371/journal.pone.0202574 September 17,2018 20/23


https://doi.org/10.1038/embor.2013.182
http://www.ncbi.nlm.nih.gov/pubmed/24232182
https://doi.org/10.1016/j.biomaterials.2011.08.019
http://www.ncbi.nlm.nih.gov/pubmed/21911253
https://doi.org/10.1073/pnas.0903875106
http://www.ncbi.nlm.nih.gov/pubmed/19966309
https://doi.org/10.1159/000444671
http://www.ncbi.nlm.nih.gov/pubmed/27825154
https://doi.org/10.1073/pnas.1215765109
http://www.ncbi.nlm.nih.gov/pubmed/23185011
https://doi.org/10.1083/jcb.200105110
http://www.ncbi.nlm.nih.gov/pubmed/11581289
https://doi.org/10.1016/j.matbio.2016.06.001
http://www.ncbi.nlm.nih.gov/pubmed/27269735
https://doi.org/10.1016/j.copbio.2013.04.013
http://www.ncbi.nlm.nih.gov/pubmed/23711735
https://doi.org/10.1111/j.1582-4934.2010.01183.x
https://doi.org/10.1111/j.1582-4934.2010.01183.x
http://www.ncbi.nlm.nih.gov/pubmed/21091904
https://doi.org/10.1016/j.biomaterials.2015.02.110
http://www.ncbi.nlm.nih.gov/pubmed/25890747
http://www.ncbi.nlm.nih.gov/pubmed/21197219
https://doi.org/10.1016/j.addr.2014.08.011
https://doi.org/10.1016/j.addr.2014.08.011
http://www.ncbi.nlm.nih.gov/pubmed/25174309
https://doi.org/10.15252/emmm.201404062
https://doi.org/10.15252/emmm.201404062
http://www.ncbi.nlm.nih.gov/pubmed/25715804
https://doi.org/10.1016/j.celrep.2018.03.091
http://www.ncbi.nlm.nih.gov/pubmed/29669293
https://doi.org/10.1002/cm.10095
http://www.ncbi.nlm.nih.gov/pubmed/12589681
https://doi.org/10.1016/j.biomaterials.2011.01.062
https://doi.org/10.1016/j.biomaterials.2011.01.062
http://www.ncbi.nlm.nih.gov/pubmed/21324402
https://doi.org/10.1152/ajpcell.00595.2001
https://doi.org/10.1152/ajpcell.00595.2001
http://www.ncbi.nlm.nih.gov/pubmed/12372817
https://doi.org/10.1002/mus.20788
http://www.ncbi.nlm.nih.gov/pubmed/17455272
https://doi.org/10.1371/journal.pone.0202574

@° PLOS | ONE

Myogenic cell properties in 3D culture using different biomaterials

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Smith AS, Passey S, Greensmith L, Mudera V, Lewis MP. Characterization and optimization of a sim-
ple, repeatable system for the long term in vitro culture of aligned myotubes in 3D. J Cell Biochem.
2012; 113(83):1044-53. https://doi.org/10.1002/jcb.23437 PMID: 22065378.

Vandenburgh H, Del Tatto M, Shansky J, Lemaire J, Chang A, Payumo F, et al. Tissue-engineered skel-
etal muscle organoids for reversible gene therapy. Hum Gene Ther. 1996; 7(17):2195-200. https://doi.
org/10.1089/hum.1996.7.17-2195 PMID: 8934233.

Vandenburgh H, Shansky J, Benesch-Lee F, Barbata V, Reid J, Thorrez L, et al. Drug-screening plat-
form based on the contractility of tissue-engineered muscle. Muscle Nerve. 2008; 37(4):438—47. https://
doi.org/10.1002/mus.20931 PMID: 18236465.

Vandenburgh HH, Karlisch P, Farr L. Maintenance of highly contractile tissue-cultured avian skeletal
myotubes in collagen gel. In Vitro Cell Dev Biol. 1988; 24(3):166—74. PMID: 3350785.

Sharples AP, Player DJ, Martin NR, Mudera V, Stewart CE, Lewis MP. Modelling in vivo skeletal muscle
ageing in vitro using three-dimensional bioengineered constructs. Aging Cell. 2012; 11(6):986-95.
https://doi.org/10.1111/j.1474-9726.2012.00869.x PMID: 22882433.

Heher P, Maleiner B, Pruller J, Teuschl AH, Kollmitzer J, Monforte X, et al. A novel bioreactor for the
generation of highly aligned 3D skeletal muscle-like constructs through orientation of fibrin via applica-
tion of static strain. Acta Biomater. 2015; 24:251-65. https://doi.org/10.1016/j.actbio.2015.06.033
PMID: 26141153.

Chiu CL, Hecht V, Duong H, Wu B, Tawil B. Permeability of three-dimensional fibrin constructs corre-
sponds to fibrinogen and thrombin concentrations. Biores Open Access. 2012; 1(1):34—40. https://doi.
org/10.1089/biores.2012.0211 PMID: 23515363; PubMed Central PMCID: PMC3559212.

Rowe SL, Lee S, Stegemann JP. Influence of thrombin concentration on the mechanical and morpho-
logical properties of cell-seeded fibrin hydrogels. Acta Biomater. 2007; 3(1):59-67. https://doi.org/10.
1016/j.actbio.2006.08.006 PMID: 17085089; PubMed Central PMCID: PMC1852453.

Sahni A, Baker CA, Sporn LA, Francis CW. Fibrinogen and fibrin protect fibroblast growth factor-2 from
proteolytic degradation. Thromb Haemost. 2000; 83(5):736—41. PMID: 10823272.

Sahni A, Francis CW. Vascular endothelial growth factor binds to fibrinogen and fibrin and stimulates
endothelial cell proliferation. Blood. 2000; 96(12):3772-8. PMID: 11090059.

Sahni A, Odrljin T, Francis CW. Binding of basic fibroblast growth factor to fibrinogen and fibrin. J Biol
Chem. 1998; 273(13):7554-9. PMID: 9516457.

Martin NR, Passey SL, Player DJ, Khodabukus A, Ferguson RA, Sharples AP, et al. Factors affecting
the structure and maturation of human tissue engineered skeletal muscle. Biomaterials. 2013; 34
(28):5759-65. https://doi.org/10.1016/j.biomaterials.2013.04.002 PMID: 23643182.

Martin NR, Passey SL, Player DJ, Mudera V, Baar K, Greensmith L, et al. Neuromuscular Junction For-
mation in Tissue-Engineered Skeletal Muscle Augments Contractile Function and Improves Cytoskele-
tal Organization. Tissue Eng Part A. 2015; 21(19-20):2595-604. https://doi.org/10.1089/ten. TEA.2015.
0146 PMID: 26166548; PubMed Central PMCID: PMC4605379.

Juhas M, Engelmayr GC Jr., Fontanella AN, Palmer GM, Bursac N. Biomimetic engineered muscle with
capacity for vascular integration and functional maturation in vivo. Proc Natl Acad Sci U S A. 2014; 111
(15):5508—13. https://doi.org/10.1073/pnas.1402723111 PMID: 24706792; PubMed Central PMCID:
PMC3992675.

Davoudi S, Gilbert PM. Optimization of Satellite Cell Culture Through Biomaterials. Methods in molecu-
lar biology. 2017; 1556:329—41. https://doi.org/10.1007/978-1-4939-6771-1_18 PMID: 28247359.

Almany L, Seliktar D. Biosynthetic hydrogel scaffolds made from fibrinogen and polyethylene glycol for
3D cell cultures. Biomaterials. 2005; 26(15):2467—77. https://doi.org/10.1016/j.biomaterials.2004.06.
047 PMID: 15585249.

Fuoco C, Salvatori ML, Biondo A, Shapira-Schweitzer K, Santoleri S, Antonini S, et al. Injectable poly-
ethylene glycol-fibrinogen hydrogel adjuvant improves survival and differentiation of transplanted
mesoangioblasts in acute and chronic skeletal-muscle degeneration. Skelet Muscle. 2012; 2(1):24.
https://doi.org/10.1186/2044-5040-2-24 PMID: 23181356; PubMed Central PMCID: PMC3579757.

Fuoco C, Sangalli E, Vono R, Testa S, Sacchetti B, Latronico MV, et al. 3D hydrogel environment reju-
venates aged pericytes for skeletal muscle tissue engineering. Front Physiol. 2014; 5:203. https://doi.
org/10.3389/fphys.2014.00203 PMID: 24910618; PubMed Central PMCID: PMC4039010.

Dennis RG, Kosnik PE 2nd. Excitability and isometric contractile properties of mammalian skeletal mus-
cle constructs engineered in vitro. In Vitro Cell Dev Biol Anim. 2000; 36(5):327-35. https://doi.org/10.
1290/1071-2690(2000)036<0327:EAICPO>2.0.CO;2 PMID: 10937836.

Fujita H, Nedachi T, Kanzaki M. Accelerated de novo sarcomere assembly by electric pulse stimulation
in C2C12 myotubes. Exp Cell Res. 2007; 313(9):1853-65. https://doi.org/10.1016/].yexcr.2007.03.002
PMID: 17425954.

PLOS ONE | https://doi.org/10.1371/journal.pone.0202574 September 17,2018 21/23


https://doi.org/10.1002/jcb.23437
http://www.ncbi.nlm.nih.gov/pubmed/22065378
https://doi.org/10.1089/hum.1996.7.17-2195
https://doi.org/10.1089/hum.1996.7.17-2195
http://www.ncbi.nlm.nih.gov/pubmed/8934233
https://doi.org/10.1002/mus.20931
https://doi.org/10.1002/mus.20931
http://www.ncbi.nlm.nih.gov/pubmed/18236465
http://www.ncbi.nlm.nih.gov/pubmed/3350785
https://doi.org/10.1111/j.1474-9726.2012.00869.x
http://www.ncbi.nlm.nih.gov/pubmed/22882433
https://doi.org/10.1016/j.actbio.2015.06.033
http://www.ncbi.nlm.nih.gov/pubmed/26141153
https://doi.org/10.1089/biores.2012.0211
https://doi.org/10.1089/biores.2012.0211
http://www.ncbi.nlm.nih.gov/pubmed/23515363
https://doi.org/10.1016/j.actbio.2006.08.006
https://doi.org/10.1016/j.actbio.2006.08.006
http://www.ncbi.nlm.nih.gov/pubmed/17085089
http://www.ncbi.nlm.nih.gov/pubmed/10823272
http://www.ncbi.nlm.nih.gov/pubmed/11090059
http://www.ncbi.nlm.nih.gov/pubmed/9516457
https://doi.org/10.1016/j.biomaterials.2013.04.002
http://www.ncbi.nlm.nih.gov/pubmed/23643182
https://doi.org/10.1089/ten.TEA.2015.0146
https://doi.org/10.1089/ten.TEA.2015.0146
http://www.ncbi.nlm.nih.gov/pubmed/26166548
https://doi.org/10.1073/pnas.1402723111
http://www.ncbi.nlm.nih.gov/pubmed/24706792
https://doi.org/10.1007/978-1-4939-6771-1_18
http://www.ncbi.nlm.nih.gov/pubmed/28247359
https://doi.org/10.1016/j.biomaterials.2004.06.047
https://doi.org/10.1016/j.biomaterials.2004.06.047
http://www.ncbi.nlm.nih.gov/pubmed/15585249
https://doi.org/10.1186/2044-5040-2-24
http://www.ncbi.nlm.nih.gov/pubmed/23181356
https://doi.org/10.3389/fphys.2014.00203
https://doi.org/10.3389/fphys.2014.00203
http://www.ncbi.nlm.nih.gov/pubmed/24910618
https://doi.org/10.1290/1071-2690(2000)036<0327:EAICPO>2.0.CO;2
https://doi.org/10.1290/1071-2690(2000)036<0327:EAICPO>2.0.CO;2
http://www.ncbi.nlm.nih.gov/pubmed/10937836
https://doi.org/10.1016/j.yexcr.2007.03.002
http://www.ncbi.nlm.nih.gov/pubmed/17425954
https://doi.org/10.1371/journal.pone.0202574

@° PLOS | ONE

Myogenic cell properties in 3D culture using different biomaterials

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Langelaan ML, Boonen KJ, Rosaria-Chak KY, van der Schaft DW, Post MJ, Baaijens FP. Advanced
maturation by electrical stimulation: Differences in response between C2C12 and primary muscle pro-
genitor cells. J Tissue Eng Regen Med. 2011; 5(7):529-39. https://doi.org/10.1002/term.345 PMID:
21695794.

Serena E, Flaibani M, Carnio S, Boldrin L, Vitiello L, De Coppi P, et al. Electrophysiologic stimulation
improves myogenic potential of muscle precursor cells grown in a 3D collagen scaffold. Neurol Res.
2008; 30(2):207—14. https://doi.org/10.1179/174313208X281109 PMID: 18397614.

Schaaf S, Eder A, Vollert |, Stohr A, Hansen A, Eschenhagen T. Generation of strip-format fibrin-based
engineered heart tissue (EHT). Methods in molecular biology. 2014; 1181:121-9. https://doi.org/10.
1007/978-1-4939-1047-2_11 PMID: 25070332.

Vandenburgh HH, Karlisch P. Longitudinal growth of skeletal myotubes in vitro in a new horizontal
mechanical cell stimulator. In Vitro Cell Dev Biol. 1989; 25(7):607—16. PMID: 2753848.

Yaffe D, Saxel O. Serial passaging and differentiation of myogenic cells isolated from dystrophic mouse
muscle. Nature. 1977; 270(5639):725-7. PMID: 563524.

Mamchaoui K, Trollet C, Bigot A, Negroni E, Chaouch S, Wolff A, et al. Immortalized pathological
human myoblasts: towards a universal tool for the study of neuromuscular disorders. Skelet Muscle.
2011; 1:34. https://doi.org/10.1186/2044-5040-1-34 PMID: 22040608; PubMed Central PMCID:
PMC3235972.

Figeac N, Zammit PS. Coordinated action of Axin1 and Axin2 suppresses beta-catenin to regulate mus-
cle stem cell function. Cell Signal. 2015; 27(8):1652—65. https://doi.org/10.1016/j.cellsig.2015.03.025
PMID: 25866367.

Moyle LA, Zammit PS. Isolation, culture and immunostaining of skeletal muscle fibres to study myo-
genic progression in satellite cells. Methods in molecular biology. 2014; 1210:63-78. https://doi.org/10.
1007/978-1-4939-1435-7_6 PMID: 25173161.

Byfield FJ, Reen RK, Shentu TP, Levitan I, Gooch KJ. Endothelial actin and cell stiffness is modulated
by substrate stiffness in 2D and 3D. J Biomech. 2009; 42(8):1114-9. https://doi.org/10.1016/j.jbiomech.
2009.02.012 PMID: 19356760; PubMed Central PMCID: PMC2893018.

Chiron S, Tomczak C, Duperray A, Laine J, Bonne G, Eder A, et al. Complex interactions between
human myoblasts and the surrounding 3D fibrin-based matrix. PLoS One. 2012; 7(4):e36173. https://
doi.org/10.1371/journal.pone.0036173 PMID: 22558372; PubMed Central PMCID: PMC3338613.

Hansen A, Eder A, Bonstrup M, Flato M, Mewe M, Schaaf S, et al. Development of a drug screening
platform based on engineered heart tissue. Circ Res. 2010; 107(1):35—44. https://doi.org/10.1161/
CIRCRESAHA.109.211458 PMID: 20448218.

Gonen-Wadmany M, Goldshmid R, Seliktar D. Biological and mechanical implications of PEGylating
proteins into hydrogel biomaterials. Biomaterials. 2011; 32(26):6025-33. https://doi.org/10.1016/j.
biomaterials.2011.04.055 PMID: 21669457.

Mironi-Harpaz |, Wang DY, Venkatraman S, Seliktar D. Photopolymerization of cell-encapsulating
hydrogels: crosslinking efficiency versus cytotoxicity. Acta Biomater. 2012; 8(5):1838—48. https://doi.
org/10.1016/j.actbio.2011.12.034 PMID: 22285429.

Figeac N, Serralbo O, Marcelle C, Zammit PS. ErbB3 binding protein-1 (Ebp1) controls proliferation and
myogenic differentiation of muscle stem cells. Developmental biology. 2014; 386(1):135-51. https://doi.
org/10.1016/j.ydbio.2013.11.017 PMID: 24275324.

Kelly R, Alonso S, Tajbakhsh S, Cossu G, Buckingham M. Myosin light chain 3F regulatory sequences
confer regionalized cardiac and skeletal muscle expression in transgenic mice. J Cell Biol. 1995; 129
(2):383-96. PMID: 7721942; PubMed Central PMCID: PMC2199907.

Kelly RG, Zammit PS, Schneider A, Alonso S, Biben C, Buckingham ME. Embryonic and fetal myogenic
programs act through separate enhancers at the MLC1F/3F locus. Developmental biology. 1997; 187
(2):183-99. https://doi.org/10.1006/dbio.1997.8577 PMID: 9242416.

Allen DG, Westerblad H. The effects of caffeine on intracellular calcium, force and the rate of relaxation
of mouse skeletal muscle. J Physiol. 1995; 487 (Pt 2):331-42. PMID: 8558467; PubMed Central
PMCID: PMC1156576.

Li M, Dickinson CE, Finkelstein EB, Neville CM, Sundback CA. The role of fibroblasts in self-assembled
skeletal muscle. Tissue Eng Part A. 2011; 17(21-22):2641-50. https://doi.org/10.1089/ten. TEA.2010.
0700 PMID: 21657983.

Sacco A, Doyonnas R, Kraft P, Vitorovic S, Blau HM. Self-renewal and expansion of single transplanted
muscle stem cells. Nature. 2008; 456(7221):502—6. https://doi.org/10.1038/nature07384 PMID:
18806774; PubMed Central PMCID: PMC2919355.

PLOS ONE | https://doi.org/10.1371/journal.pone.0202574 September 17,2018 22/23


https://doi.org/10.1002/term.345
http://www.ncbi.nlm.nih.gov/pubmed/21695794
https://doi.org/10.1179/174313208X281109
http://www.ncbi.nlm.nih.gov/pubmed/18397614
https://doi.org/10.1007/978-1-4939-1047-2_11
https://doi.org/10.1007/978-1-4939-1047-2_11
http://www.ncbi.nlm.nih.gov/pubmed/25070332
http://www.ncbi.nlm.nih.gov/pubmed/2753848
http://www.ncbi.nlm.nih.gov/pubmed/563524
https://doi.org/10.1186/2044-5040-1-34
http://www.ncbi.nlm.nih.gov/pubmed/22040608
https://doi.org/10.1016/j.cellsig.2015.03.025
http://www.ncbi.nlm.nih.gov/pubmed/25866367
https://doi.org/10.1007/978-1-4939-1435-7_6
https://doi.org/10.1007/978-1-4939-1435-7_6
http://www.ncbi.nlm.nih.gov/pubmed/25173161
https://doi.org/10.1016/j.jbiomech.2009.02.012
https://doi.org/10.1016/j.jbiomech.2009.02.012
http://www.ncbi.nlm.nih.gov/pubmed/19356760
https://doi.org/10.1371/journal.pone.0036173
https://doi.org/10.1371/journal.pone.0036173
http://www.ncbi.nlm.nih.gov/pubmed/22558372
https://doi.org/10.1161/CIRCRESAHA.109.211458
https://doi.org/10.1161/CIRCRESAHA.109.211458
http://www.ncbi.nlm.nih.gov/pubmed/20448218
https://doi.org/10.1016/j.biomaterials.2011.04.055
https://doi.org/10.1016/j.biomaterials.2011.04.055
http://www.ncbi.nlm.nih.gov/pubmed/21669457
https://doi.org/10.1016/j.actbio.2011.12.034
https://doi.org/10.1016/j.actbio.2011.12.034
http://www.ncbi.nlm.nih.gov/pubmed/22285429
https://doi.org/10.1016/j.ydbio.2013.11.017
https://doi.org/10.1016/j.ydbio.2013.11.017
http://www.ncbi.nlm.nih.gov/pubmed/24275324
http://www.ncbi.nlm.nih.gov/pubmed/7721942
https://doi.org/10.1006/dbio.1997.8577
http://www.ncbi.nlm.nih.gov/pubmed/9242416
http://www.ncbi.nlm.nih.gov/pubmed/8558467
https://doi.org/10.1089/ten.TEA.2010.0700
https://doi.org/10.1089/ten.TEA.2010.0700
http://www.ncbi.nlm.nih.gov/pubmed/21657983
https://doi.org/10.1038/nature07384
http://www.ncbi.nlm.nih.gov/pubmed/18806774
https://doi.org/10.1371/journal.pone.0202574

@° PLOS | ONE

Myogenic cell properties in 3D culture using different biomaterials

77.

78.

79.

80.

81.

82.

Li EW, McKee-Muir OC, Gilbert PM. Cellular Biomechanics in Skeletal Muscle Regeneration. Current
topics in developmental biology. 2018; 126:125-76. https://doi.org/10.1016/bs.ctdb.2017.08.007 PMID:
29304997.

Rangarajan S, Madden L, Bursac N. Use of flow, electrical, and mechanical stimulation to promote engi-
neering of striated muscles. Ann Biomed Eng. 2014; 42(7):1391-405. https://doi.org/10.1007/s10439-
013-0966-4 PMID: 24366526; PubMed Central PMCID: PMC4069203.

Zammit PS, Heslop L, Hudon V, Rosenblatt JD, Tajbakhsh S, Buckingham ME, et al. Kinetics of myo-
blast proliferation show that resident satellite cells are competent to fully regenerate skeletal muscle
fibers. Exp Cell Res. 2002; 281(1):39—49. PMID: 12441128.

Perrone CE, Fenwick-Smith D, Vandenburgh HH. Collagen and stretch modulate autocrine secretion of
insulin-like growth factor-1 and insulin-like growth factor binding proteins from differentiated skeletal
muscle cells. J Biol Chem. 1995; 270(5):2099—-106. PMID: 7530717.

Mathew SJ, Hansen JM, Merrell AJ, Murphy MM, Lawson JA, Hutcheson DA, et al. Connective tissue
fibroblasts and Tcf4 regulate myogenesis. Development. 2011; 138(2):371-84. https://doi.org/10.1242/
dev.057463 PMID: 21177349; PubMed Central PMCID: PMC3005608.

Murphy MM, Lawson JA, Mathew SJ, Hutcheson DA, Kardon G. Satellite cells, connective tissue fibro-
blasts and their interactions are crucial for muscle regeneration. Development. 2011; 138(17):3625-37.
https://doi.org/10.1242/dev.064162 PMID: 21828091; PubMed Central PMCID: PMC3152921.

PLOS ONE | https://doi.org/10.1371/journal.pone.0202574 September 17,2018 23/23


https://doi.org/10.1016/bs.ctdb.2017.08.007
http://www.ncbi.nlm.nih.gov/pubmed/29304997
https://doi.org/10.1007/s10439-013-0966-4
https://doi.org/10.1007/s10439-013-0966-4
http://www.ncbi.nlm.nih.gov/pubmed/24366526
http://www.ncbi.nlm.nih.gov/pubmed/12441128
http://www.ncbi.nlm.nih.gov/pubmed/7530717
https://doi.org/10.1242/dev.057463
https://doi.org/10.1242/dev.057463
http://www.ncbi.nlm.nih.gov/pubmed/21177349
https://doi.org/10.1242/dev.064162
http://www.ncbi.nlm.nih.gov/pubmed/21828091
https://doi.org/10.1371/journal.pone.0202574

