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Abstract
Extracellular matrix (ECM) proteins play a crucial role in culture muscle stem cells

(MuSCs). However, there is a lack of extensive research on how each of these proteins
influences proliferation and differentiation of MuSCs from livestock animals. Therefore, we
investigated the effects of various ECM coatings—collagen, fibronectin, gelatin, and laminin—
on the proliferation, differentiation, and maturation of porcine MuSCs. Porcine MuSCs, isolated
from 14-day-old Berkshire piglets, were cultured on ECM-coated plates, undergoing three days
of proliferation followed by three days of differentiation. MuSCs on laminin showed higher
proliferation rate than others (p < 0.05). There was no significant difference in the mRNA
expression levels of PAX7, MYF5, and MYOD among MuSCs on laminin, collagen, and
fibronectin (p > 0.05). During the differentiation period, MuSCs cultured on laminin exhibited a
significantly higher differentiation rate, resulting in thicker myotubes compared to those on other
ECMs (p < 0.05). Also, MuSCs on laminin showed higher expression of mMRNA related with
maturated muscle fiber such as MYH1 and MYH4 corresponding to muscle fiber type I1x and
muscle fiber type Ilb, respectively, compared with MuSCs on other ECM coatings (p < 0.05). In
summary, our comparison of ECMs revealed that laminin significantly enhances MuSC
proliferation and differentiation, outperforming other ECMs. Specifically, muscle fibers cultured
on laminin exhibited a more mature phenotype. These findings underscore laminin's potential to
advance in vitro muscle research and cultured meat production, highlighting its role in
supporting rapid cell proliferation, higher differentiation rates, and the development of mature
muscle fibers.

Key words: extracellular matrix, porcine muscle stem cells, laminin, proliferation,

differentiation



1. Introduction

Cultured meat represents a promising alternative protein source, with the potential to
closely mimic the texture and nutritional value of conventional meat. This is achieved through in
vitro cultivation of muscle and other types of animal cells, which are fundamental components of
muscle tissue. The successful culture of muscle stem cells (MuSCs) hinges on four critical
factors: the selection of appropriate cell types, the formulation of cell culture media, the design
and composition of scaffolds, and the scalability of mass production processes (Lee et al., 2023).
These elements are deeply interconnected, each influencing the outcomes of cultured meat
production.

Among various cell types, muscle stem cells (MuSCs) have been predominantly used for
cultured meat research because the skeletal muscle constitutes the main parts of meat, despite the
potential of fibroblasts, pre-adipocytes, and smooth muscle cells in cultured meat applications
(Pasitka et al., 2023; Yuen Jr et al., 2023; Zheng et al., 2022). The choice of culture media is
pivotal, with a significant focus on reducing or completely eliminating fetal bovine serum (FBS)
to improve sustainability and ethical considerations in bovine MuSC cultures (Kolkmann et al.,
2022; Stout et al., 2022; Stout et al., 2023). Furthermore, differentiation media that do not rely on
FBS or serum have been developed, highlighting advancements in cell culture techniques
(Messmer et al., 2022). Mass cultivation is a process that is not easily achieved in academic or
general research institutions; it is a focus more prevalent within the industrial sector due to its
complexity and the resources required. Then, the remaining factor is the scaffold for cultured
meat.

The development and optimization of scaffolds, which provide the necessary structural
support for cell attachment and growth are crucial. In the cultured meat industry, hydrogels,
microcarriers, and porous scaffolds are widely used, necessitating careful adjustment of

properties such as hydrophilicity/hydrophobicity, charge, and physical characteristics (e.g.,



stiffness, elasticity, size, shape, topography) to mimic the extracellular matrix (ECM) effectively
(Bodiou et al., 2020; Lee et al., 2023). While gelatin, collagen, or RGD-peptide are commonly
employed due to their cost-effectiveness and edibility, they may not be the most suitable ECM
components for cultivating porcine MuSCs, as suggested by prior studies (Samandari et al.,
2023). The tissue microenvironment, or 'niche," which includes the ECM comprising collagens,
fibronectins, and laminins plays a vital role in cellular behavior, affecting cell adhesion,
migration, proliferation, differentiation, and apoptosis (Chowdhury et al., 2015; Thomas et al.,
2015).

Laminin, in particular, stands out due to its significant role in supporting cell adhesion
and differentiation, offering unique advantages for muscle tissue engineering (Penton et al.,
2016). Its ability to closely mimic the natural muscle tissue environment makes it a potentially
superior choice for the cultivation of porcine MuSCs. This study aims to compare the effects of
different ECM proteins, including collagen, fibronectin, gelatin, and laminin, on the culture of
porcine MuSCs. Despite previous comparisons of these ECM components (Dodson et al., 1990;
Wilschut et al., 2010), the direct impact of laminin on the proliferation and differentiation rates
crucial for enhancing cultured meat productivity warrants thorough investigation.

Therefore, this study focused on evaluating the effectiveness of various ECM coatings to
facilitate the in vitro culture of porcine MuSCs, with a particular emphasis on optimizing culture
conditions for improved cell proliferation and differentiation. The insights gained from this study
are expected to significantly contribute to optimizing MuSC culture on two-dimensional plates
and guiding future scaffold-based research in cultured meat production, particularly highlighting

the potential of laminin in advancing muscle tissue engineering.



2. Materials & Methods
2.1. Animal care

This study was conducted with the approval of the Institutional Animal Care and Use
Committee (IACUC) of Seoul National University, bearing the approval code SNU-180612-2.
The experimental procedures strictly complied with the guidelines set by the Institute of
Laboratory Animal Resources at Seoul National University. The MuSCs donor for this study
were four female Berkshire piglets, 14 days old, procured from DaSan Jongdon Co. Ltd, located

in Namwon, Republic of Korea.

2.2. Preparation of cell culture plate coating

Tissue culture plates were coated with commercial ECM proteins diluted in their
respective solvents: 0.1% porcine gelatin (w/v) (G1890, Sigma-Aldrich, St. Louis, MO, USA),
0.1% fibronectin (w/v) (10838039001, Sigma-Aldrich), and 0.05% laminin (w/v) (11243217001,
Sigma-Aldrich, USA) were diluted in Dulbecco's Phosphate-Buffered Saline (DPBS; Welgene,
Gyeongsan, Republic of Korea), while 0.1% collagen (w/v) (11179179001, Sigma-Aldrich,
USA) was diluted in 0.2% acetic acid solution (v/v) (Duksan Pure Chemical, Ansan, Republic of
Korea). The coatings were applied for 1 hour in a 37°C incubator. Subsequently, the residual

solutions were carefully removed before cell seeding.

2.3. Isolation and culture of porcine MuSCs

Porcine MuSCs were obtained from four 14-day-old female piglets, following the method
outlined by (Choi et al., 2020a). The biceps femoris muscles of the piglets were harvested post-
euthanasia using COz inhalation followed by exsanguination. These muscles were initially
cleansed using DPBS with a 2x concentration of antibiotic-antimycotic solution from Gibco

(AA; Gaithersburg, MD, USA), after which any connective, vascular, and fat tissues were



removed. The tissues were then minced, enzymatically digested with 0.8 mg/ml Pronase (Sigma-
Aldrich) for 40 min at 37°C, with vortexing every 10 min. After digestion, the tissues were spun
down at 1200xg for 15 min. The resulting suspension was then mixed in Dulbecco's Modified
Eagle's Medium (DMEM; Welgene, Korea) with 10% FBS (Gibco), to separate undigested
material, and this suspension was centrifuged at 300xg for 5 min, filtered through a 100 um cell
strainer, followed by another centrifugation at 1200xg for 15 min to collect cell pellets. Before
purification using magnetic-activated cell sorting (MACS), cells were cryopreserved in a
solution comprising 90% DMEM (supplemented with 10% FBS and 1x AA) and 10% dimethy!l
sulfoxide (DMSO; Mylan Inc., Canonsburg, PA, USA) and then stored in liquid nitrogen.

For the purification of MuSCs, we employed magnetic-activated cell sorting (MACS)
using a Cluster of Differentiation 29 (CD29) antibody, as detailed in a prior study (Choi et al.,
2020a). In brief, the thawed cells were cultured on gelatin-coated dishes in GM (SKGM-2
medium (Lonza, Basel, Switzerland), supplemented with 20 uM SB203580 (Cayman Chemical,
Ann Arbor, MI, USA) and 1x AA). Once the cells reached around 90% confluence, they were
dissociated using 0.04% Trypsin-EDTA (Gibco). The cells were then mixed with CD29 antibody
(MAB17783, R&D Systems, Minneapolis, MN, USA) at a 1:100 ratio and anti-mouse 1gG
microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) at a 1:5 ratio. Magnetic labeling and
separation were performed using an MS column (Mitenyi Biotec) following the manufacturer's
protocol.

2.4. Proliferation rate analysis of porcine MuSCs

The sorted porcine MuSCs were seeded onto above mentioned ECM-coated dishes at the
density of 5 x 10*cells/well of 12-well plate and cultured with GM. The cultured cells were
collected from the next day to third day after subculture and fixed with 4% paraformaldehyde.
The number of cells were counted using a cell counter (Scepter™ 2.0 Cell Counter; Merck

Millipore, Darmstadt, Germany).



2.5. MuSCs differentiation

On the third day of proliferation, MuSCs at 90% confluency were used for myogenic
differentiation. The cells were cultured in a differentiation media consisting of DMEM
containing 2% (v/v) horse serum (Biowest, Nuaillé, France), 1x GlutaMAX (Gibco, USA), 1x
AA, and 1x B-mercaptoethanol (Gibco) for 2 days without media changes. After myofiber
formation from the MuSCs was evident, the cells were fixed with 4% paraformaldehyde or
treated with TRIzol reagent (Invitrogen, Carlsbad, USA) for further analysis.
2.6. Immunocytochemistry

Cultured cells were pre-incubated for 10 min at 4°C and fixed in 4% (w/v)
paraformaldehyde for 30 min. After washing twice with DPBS, the samples were permeabilized
with 0.2% (v/v) Triton X-100 (Sigma-Aldrich) for 15 min and blocked with 10% (v/v) goat
serum in DPBS for 1 hour. Then, the cells were incubated with primary antibody recognizing
myosin heavy chain (MHC; 1:1000; R&D Systems, MAB4470) overnight at 4°C. After washing
three times with 0.1% TWEEN® 20 (Sigma-Aldrich) in DPBS, the cells were incubated with the
appropriate Alexa Fluor-conjugated secondary antibody (Invitrogen) overnight at 4°C. The
nuclei were stained with Hoechst 33342 (Molecular Probes, Eugene, OR, USA). Images of
stained cells were captured using an inverted fluorescence microscope (Eclipse TE2000-U,
Nikon, Konan, Japan). The differentiation ratio was calculated by the proportion of the MHC-
positive cells with the total number of cells.

2.7. Quantitative real-time PCR (gPCR)

Total RNA from cultured cells was extracted using TRIzol reagent (Invitrogen), and
cDNA synthesis was performed using the High-Capacity RNA-to-cDNA Kit (Applied
Biosystems, Foster City, CA, USA). The cDNA amplification was carried out with a DyNAmMo
HS SYBR Green qPCR Kit (Thermo Fisher Scientific) containing 1-2 pmol of each primer set

(Table 1) in a 10 pL reaction volume. Amplification and detection were performed using the ABI



7300 Real-Time PCR System (Applied Biosystems) following the conditions one cycle at 50°C
for 2 min and 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 15 s and
annealing/extension for 1 min (60°C for GAPDH, MYF5, MYOD1, MYOG, MYH1, MYHZ2,
MYH4, MYH7, PAX7). The dissociation curves were analyzed. Relative expression levels were
calculated by normalizing the threshold cycle (Ct) values of each gene to the reference gene,

GAPDH, using the delta-delta Ct method.

2.8. Statistical analysis

An analysis using the general linear model was conducted by SAS software (version 9.4,
SAS Institute Inc., Cary, NC, USA) with four biological replicates unless otherwise specified. To
identify notable distinctions among the groups, Tukey's multiple range test was utilized, setting

the statistical significance at a p-value less than 0.05.

3. Results and Discussion
3.1. Effect of ECM coating on porcine MuSCs proliferation

To evaluate the effect of various ECM coatings on the proliferation of porcine MuSCs,
the number of cells was counted over three days (Fig. 1). Initially, on day one, there were no
significant differences in the number of MuSCs, their morphology, or confluence across the
groups (Fig. 1A, p > 0.05). All groups exhibited the elongated morphology typical of
proliferative myoblasts (Fu et al., 2015). By day two although cell counts did not differ
significantly (p > 0.05), cells on laminin-coated surfaces began to show distinct cell alignment,
indicating that MuSCs on laminin had already started initial differentiation to myotubes (Fig.
1A). On day three, cell counts in laminin-coated dishes were significantly higher than those in
other groups (Fig 1B, p < 0.05), indicating a preferential boost in MuSC proliferation on laminin

through enhanced cell alignment. Meanwhile, MuSCs on other coatings started to show cell



alignment to a lesser extent compared to laminin. This finding is crucial for cultured meat
production, as it links laminin coatings directly to increased productivity through higher
proliferation rate and more pronounced initial differentiation than other coatings. Laminin
emerges as a prime candidate for MuSC proliferation coatings, echoing the findings of O calan et
al. (1988) with murine myoblasts who also noted faster proliferation on laminin compared to
collagen and fibronectin coatings. Chowdhury et al. (2015) observed that human myoblasts on
laminin proliferated faster than on plain dishes, and also noted that fibroblasts proliferated more
slowly than myoblasts on laminin.

Other studies have reported that fibronectin and laminin effectively support the
attachment of porcine MuSCs compared with collagen, gelatin, and Matrigel (Wilschut et al.,
2010), and fibronectin was the best attachment materials for ovine MuSCs, while gelatin was the
best inducer for ovine MuSCs proliferation among ECM coating materials including Cell-Tak® ,
fetuin, fibronectin, gelatin, laminin, poly-L-lysine, poly-D-lysine, and type | and IV collagens
(Dodson et al., 1990). However, in our study, no differences in attachment were observed among
ECM coating materials, as inferred by the lack of difference in cell numbers on day 1. Cultured
meat research often utilizes animal-derived proteins for coatings or scaffolds to provide
attachment sites for cells, typically employing collagens or gelatins from bovine, porcine, and
fish sources (Samandari et al., 2023). However, the results may indicate that these collagens and
gelatins are not the best options for the proliferation of porcine MuSCs. This study highlights the
potential of laminin as a preferred ECM coating for future applications, aiming to induce
proliferation of MuSCs. Consequently, given that porcine MuSCs demonstrated enhanced
proliferation on laminin-coated dishes compared to others, further investigation was conducted
for ECM’s impact on early myogenic gene expression through mRNA analysis.

The effect of ECM coatings on MuSC gene expression revealed differential expression

levels of PAX7, MYF5, and MYOD. In their dormant state, satellite cells are characterized by the



expression of PAX7 while lacking the expression of MYF5 and MYOD in vivo (Choi et al.,
2020b). Upon muscle damage, these satellite cells commit to a myogenic pathway, evidenced by
the simultaneous upregulation of MYF5 and MYOD and a concurrent decrease in PAX7
expression, triggering the cells' progression from quiescence to active proliferation (Choi et al.,
2020b; Kim et al., 2023). The in vitro culture of MuSCs mirrors the muscle repair process, which
is why these specific markers are instrumental for the analysis of MuSCs. As myoblasts continue
to develop, PAX7 expression ceases, which signals the onset of terminal differentiation to muscle
fiber (Jin et al., 2016). PAX7, a crucial regulator of MuSCs (Ding et al., 2017), is nearly
universally expressed by dormant satellite cells and is found alongside MYOD in proliferating
myoblast progeny (Collins et al., 2009). However, our study showed that MuSCs cultured on
gelatin-coated dishes exhibited higher gene expression on the third day of proliferation compared
to other ECM coatings (Fig. 2A) despite a lower proliferation rate (Fig. 1B). This may indicate
that cells on gelatin are less activated, possibly because cells on other coatings had reached
confluency, initiating early differentiation before serum starvation. The lack of correspondence
with cell numbers suggests another factor, such as fibroblast contamination, which is known to
adhere more readily to collagen-coated and plain dishes than myoblasts (Chowdhury et al.,
2015). Although the cells were isolated using MACS, yielding a purity of 91.5+2.40% as verified
in our previous study (Choi et al., 2020a), the possibility remains that fibroblast remnants could
proliferate more rapidly on gelatin. This could explain the observed cell proliferation results,
which showed similar confluency to cells on other ECM coatings. Additionally, our results
suggest that interactions between ECM coatings and MuSCs may differ from those reported in
previous literature. Wilschut et al. (2010) showed that porcine MuSCs from newborn piglets had
higher expression levels of PAX7 and MYF5 when cultured on laminin and fibronectin coatings
than collagen, gelatin, and Matrigel, and MuSCs on laminin-coated dish formed clusters.

Conversely, our study showed that MuSCs on laminin proliferated faster than those on collagen,



fibronectin, and gelatin without clustering and expressed lower PAX7 compared to those on
gelatin, with similar expression levels to those on collagen and fibronectin. Therefore, predicting
myogenic potential based solely on mRNA expression from MuSCs in proliferation proves
challenging. Consequently, we analyzed the myogenic potential of myoblasts on different ECM-

coated dishes by inducing differentiation.

3.2. Myogenic differentiation of porcine MuSCs by ECM coating

The differentiation potential of MuSCs is pivotal for accurately emulating real muscle
tissue. Typically, serum starvation is employed to induce differentiation in MuSCs (Messmer et
al., 2022), with the choice of coating materials also playing a role in the differentiation efficiency
(Takahashi et al., 2022). In this study, we initiated the differentiation of MuSCs cultured on four
different coating materials by implementing serum starvation on the third day of proliferation, at
which cells had reached approximately 80-100% confluency (Fig. 1A). Among the treatments,
cells on laminin-coated dishes exhibited a higher differentiation ratio (Fig. 3A and 3B, p < 0.05),
and the differentiated muscle fibers on laminin were thicker and larger than those on collagen,
gelatin, and fibronectin. In studies of C2C12 cells, cultures on fibronectin displayed more
directional migration, alignment, and subsequent differentiation compared to collagen | or
gelatin coatings (Chaturvedi et al., 2015; Vaz et al., 2012). However, our findings indicated that
porcine MuSCs on fibronectin did not exhibit enhanced migration or differentiation compared to
other coatings, contrasting with the results for laminin, which not only aligned by day three of
proliferation (Fig. 1A) but also demonstrated superior differentiation. Furthermore, the observed
decrease in MYF5 and MYOD in early muscle fibers (Bentzinger et al., 2013) partially supports
our findings. We noted that MuSCs on laminin initiated differentiation more rapidly than those
on other coatings, displaying cell alignment and lower expression of MYF5 and MYOD

compared to those on gelatin by the third day of proliferation. Conversely, such differences in



expression were not observed for MuSCs on collagen and fibronectin (Fig. 1B). Other studies
indicated that human and mouse MuSCs cultured on Laminin 521 exhibited greater
differentiation than those on gelatin or other laminin types (Penton et al., 2016), and bovine
MuSCs on iMatrix-511(laminin) showed higher differentiation than those cultured on gelatin or
non-coated dish (Takahashi et al., 2022). This suggests the need for future research into how
different types of laminin affect the differentiation of porcine MuSCs.

To further elucidate the differentiation into specific muscle fiber types based on mRNA
expression levels, gPCR analysis was performed. The analysis focused on MYOG and muscle
fiber isotype genes MYH1, MYH2, MYH4, and MYH7, which correspond to type 11x, type lla,
type Ilb, and type | fibers, respectively (Eggers et al., 2021) (Fig. 4). MuSCs cultured on
laminin-coated dishes exhibited higher expression levels of genes associated with type I1x
(MYH1) and type b (MYH4) fibers and showed lower MYOG expression compared to cells in
other conditions (Fig. 4, p < 0.05). MYOG, a crucial transcription factor in the myogenic
regulatory pathway, is essential for differentiating myoblasts into mature muscle fibers. Its role is
critical for both embryonic muscle development and the regeneration of adult skeletal muscle,
facilitating the transition of MuSCs from proliferation to differentiation (Zammit, 2017). Studies
on human and mouse myoblasts have shown that during the initial stages of differentiation,
MuSCs express MYOG, which then decreases after myotube formation (Brown et al., 2012;
Stern-Straeter et al., 2011). This suggests that MuSCs on laminin are differentiated much better
than MuSCs on collagen, fibronectin, and gelatin, with increased myotube formation, consistent
with Fig. 3A.

Force generation in skeletal muscles is achieved through the interaction between myosin
and actin (Zammit, 2017). Muscle fibers are classified into slow oxidative type | or fast-twitch
types lla, 1Ix, or llb using MYH isoforms (Zammit, 2017). All analyzed MY H isotypes in this

study are adult MHCs, and an increase in the expression of these adult isotypes could indicate



muscle fiber maturation (Chaturvedi et al., 2015). In the developmental studies, the primary and
secondary myogenesis is distinguished (Chal and Pourquié, 2017), where MYH7-expressing
fibers form during primary myogenesis, and MYH1, MYH2, and MYH4-expressing myofibers
form during secondary myogenesis. Thus, muscle fibers on laminin-coated dishes may be more
mature than others, aligning with a progression in muscle fiber expression from type | to type Ilb
during regenerative and developmental stages in fetal tissue. Moreover, the uniform expression
of type | (MYH7) across all groups underlines the observation that all MuSCs underwent initial
differentiation into early-stage muscle fibers, whereas those on laminin advanced to more mature
fiber types. Numerous studies have demonstrated a close relationship between the type of muscle
fiber and the quality of meat (Lee et al., 2023). Therefore, using a proper ECM coating like
laminin could be a clue for the more maturated muscle fiber production in vitro, reflecting a
closer similarity to real meat and better quality in cultured meat.

The enhanced differentiation observed might be related to myostatin inhibition, a known
negative regulator of muscle growth and differentiation. Yasaka et al. (2013) and Miura et al.
(2010) reported that laminin can bind to myostatin, attenuating its signaling. However, it is
interesting to note that Miura et al. (2010) also found that fibronectin, which was not an effective
coating material for porcine MuSCs in our study, can also bind to myostatin. This suggests that
the relationship between myostatin binding and the efficacy of coating materials in promoting
muscle differentiation is not straightforward. Further studies are essential to elucidate the
specific interactions between laminin and porcine MuSCs and to analyze muscle maturation
processes comprehensively.

This research highlights the limitations in 2D culture methods and short differentiation
periods, pointing towards the necessity of employing 3D experimental setups for future work.

Such endeavors could include comparing the effects of different ECM coatings on microcarriers



or investigating the impact of various coatings on scaffolds designed for differentiation, offering
a better understanding of muscle tissue engineering.

This study underscores laminin's superiority over other ECM coating materials like
collagen, fibronectin, and gelatin in promoting porcine MuSCs proliferation and differentiation,
and even maturation, establishing it as a key coating material for muscle tissue engineering.
Despite challenges related to its cost and sourcing, laminin's effectiveness in mimicking mature
muscle tissue presents a compelling case for its potential in cultured meat production and
beyond. These challenges could be addressed through the use of recombinant protein
technologies and microbial production, allowing for mass cultivation and potentially overcoming
the economic barriers associated with laminin's commercial application. Looking forward, the
integration of laminin or its derivatives into 3D scaffolds emerges as a critical area for research,
promising to enhance muscle cell differentiation further. This approach not only aligns with the
goals of cultured meat production but also opens new avenues for in vitro muscle cultivation,
setting a strategic direction for the field and highlighting laminin's central role in advancing
muscle tissue engineering.

Conflict of interest

The authors declare no potential conflicts of interest.
Acknowledgments

This research received financial support from the Korea Evaluation Institute of Industrial
Technology (KEIT, Project No. 20012411) and a research grant provided by the National
Research Foundation of Korea, funded by the Korean government (Grant No.
2022R1A2C1005235 and No. RS-2023-00246558).

Author Contributions
Conceptualization: Kim M, Jo C.

Formal analysis: Kim M, Jung HY, Kim B.



Investigation: Kim M, Jung HY, Kim B.
Methodology: Kim M, Jung HY, Kim B, Jo C.
Visualization: Kim M, Jung HY, Kim B, Jo C.
Project administration: Jo C.
Resources: Jo C.
Supervision: Jo C.
Funding acquisition: Kim M, Jo C.
Writing — original draft: Kim M.
Writing — review & editing: Jung HY, Kim B, Jo C.
Ethics approval
This research received authorization from Seoul National University's Institutional
Animal Care and Use Committee (IACUC), under the approval number SNU-180612-2. All
procedures performed in this study adhered rigorously to the standards established by the Seoul
National University Institute of Laboratory Animal Resources.

References
Bentzinger CF, Lin S, Romanino K, Castets P, Guridi M, Summermatter S, Handschin C, Tintignac

LA, Hall MN, Riiegg MA. 2013. Differential response of skeletal muscles to mtorcl
signaling during atrophy and hypertrophy. Skeletal muscle 3:1-16.

Bodiou V, Moutsatsou P, Post MJ. 2020. Microcarriers for upscaling cultured meat production.
Frontiers in nutrition 7:10.

Brown DM, Parr T, Brameld JM. 2012. Myosin heavy chain mrna isoforms are expressed in two
distinct cohorts during c2c12 myogenesis. Journal of muscle research and cell motility
32:383-390.

Chal J, Pourqui¢ O. 2017. Making muscle: Skeletal myogenesis in vivo and in vitro. Development

144:2104-2122.



Chaturvedi V, Dye DE, Kinnear BF, Van Kuppevelt TH, Grounds MD, Coombe DR. 2015.
Interactions between skeletal muscle myoblasts and their extracellular matrix revealed by
a serum free culture system. PloS one 10:e0127675.

Choi K-H, Kim M, Yoon JW, Jeong J, Ryu M, Jo C, Lee C-K. 2020a. Purification of pig muscle
stem cells using magnetic-activated cell sorting (macs) based on the expression of cluster
of differentiation 29 (cd29). Food Science of Animal Resources 40:852.

Choi K-H, Yoon JW, Kim M, Jeong J, Ryu M, Park S, Jo C, Lee C-K. 2020b. Optimization of
culture conditions for maintaining pig muscle stem cells in vitro. Food Science of Animal
Resources 40:659.

Chowdhury SR, Ismail AB, Chee SC, Laupa MSB, Jaffri FB, Mohmad Saberi SE, Hj Idrus RB.
2015. One-step purification of human skeletal muscle myoblasts and subsequent expansion
using laminin-coated surface. Tissue Engineering Part C: Methods 21:1135-1142.

Collins CA, Gnocchi VF, White RB, Boldrin L, Perez-Ruiz A, Relaix F, Morgan JE, Zammit PS.
2009. Integrated functions of pax3 and pax7 in the regulation of proliferation, cell size and
myogenic differentiation. PloS one 4:e4475.

Ding S, Wang F, Liu Y, Li S, Zhou G, Hu P. 2017. Characterization and isolation of highly purified
porcine satellite cells. Cell death discovery 3:1-11.

Dodson M, Mathison B, Mathison B. 1990. Effects of medium and substratum on ovine satellite
cell attachment, proliferation and differentiation in vitro. Cell differentiation and
development 29:59-66.

Eggers B, Schork K, Turewicz M, Barkovits K, Eisenacher M, Schroder R, Clemen CS, Marcus
K. 2021. Advanced fiber type-specific protein profiles derived from adult murine skeletal
muscle. Proteomes 9:28.

Fu X, Wang H, Hu P. 2015. Stem cell activation in skeletal muscle regeneration. Cellular and

molecular life sciences 72:1663-1677.



Jin W, Peng J, Jiang S. 2016. The epigenetic regulation of embryonic myogenesis and adult muscle
regeneration by histone methylation modification. Biochemistry and biophysics reports
6:209-219.

Kim CH, Lee HJ, Jung DY, Kim M, Jung HY, Hong H, Choi Y-S, Yong HI, Jo C. 2023. Evaluation
of fermented soybean meal and edible insect hydrolysates as potential serum replacement
in pig muscle stem cell culture. Food Bioscience 54:102923.

Kolkmann AM, Van Essen A, Post MJ, Moutsatsou P. 2022. Development of a chemically defined
medium for in vitro expansion of primary bovine satellite cells. Frontiers in bioengineering
and biotechnology 10:8952809.

Lee D-K, Kim M, Jeong J, Lee Y-S, Yoon JW, An M-J, Jung HY, Kim CH, Ahn Y, Choi K-H. 2023.
Unlocking the potential of stem cells: Their crucial role in the production of cultivated meat.
Current Research in Food Science:100551.

Messmer T, Klevernic I, Furquim C, Ovchinnikova E, Dogan A, Cruz H, Post MJ, Flack JE. 2022.
A serum-free media formulation for cultured meat production supports bovine satellite cell
differentiation in the absence of serum starvation. Nature Food 3:74-85.

Miura T, Kishioka Y, Wakamatsu JI, Hattori A, Nishimura T. 2010. Interaction between myostatin
and extracellular matrix components. Animal science journal 81:102-107.

Ocalan M, Goodman SL, Kiihl U, Hauschka SD, Von Der Mark K. 1988. Laminin alters cell shape
and stimulates motility and proliferation of murine skeletal myoblasts. Developmental
biology 125:158-167.

Pasitka L, Cohen M, Ehrlich A, Gildor B, Reuveni E, Ayyash M, Wissotsky G, Herscovici A,
Kaminker R, Niv A. 2023. Spontaneous immortalization of chicken fibroblasts generates
stable, high-yield cell lines for serum-free production of cultured meat. Nature Food 4:35-
50.

Penton CM, Badarinarayana V, Prisco J, Powers E, Pincus M, Allen RE, August PR. 2016. Laminin



521 maintains differentiation potential of mouse and human satellite cell-derived
myoblasts during long-term culture expansion. Skeletal muscle 6:1-16.

Samandari M, Saeedinejad F, Quint J, Chuah SXY, Farzad R, Tamayol A. 2023. Repurposing
biomedical muscle tissue engineering for cellular agriculture: Challenges and opportunities.
Trends in Biotechnology.

Stern-Straeter J, Bonaterra GA, Kassner SS, Faber A, Sauter A, Schulz JD, Hormann K, Kinscherf
R, Goessler UR. 2011. Impact of static magnetic fields on human myoblast cell cultures.
International journal of molecular medicine 28:907-917.

Stout AJ, Mirliani AB, Rittenberg ML, Shub M, White EC, Yuen JS, Kaplan DL. 2022. Simple
and effective serum-free medium for sustained expansion of bovine satellite cells for cell
cultured meat. Communications Biology 5:1-13.

Stout AJ, Rittenberg ML, Shub M, Saad MK, Mirliani AB, Dolgin J, Kaplan DL. 2023. A beefy-r
culture medium: Replacing albumin with rapeseed protein isolates. Biomaterials
296:122092.

Takahashi H, Yoshida A, Gao B, Yamanaka K, Shimizu T. 2022. Harvest of quality-controlled
bovine myogenic cells and biomimetic bovine muscle tissue engineering for sustainable
meat production. Biomaterials 287:121649.

Thomas K, Engler AJ, Meyer GA. 2015. Extracellular matrix regulation in the muscle satellite cell
niche. Connective tissue research 56:1-8.

Vaz R, Martins GG, Thorsteinsdottir S, Rodrigues G. 2012. Fibronectin promotes migration,
alignment and fusion in an in vitro myoblast cell model. Cell and tissue research 348:569-
578.

Wilschut KJ, Haagsman HP, Roelen BA. 2010. Extracellular matrix components direct porcine
muscle stem cell behavior. Experimental cell research 316:341-352.

Yasaka N, Suzuki K, Kishioka Y, Wakamatsu JI, Nishimura T. 2013. Laminin binds to myostatin



and attenuates its signaling. Animal Science Journal 84:663-668.

Yuen Jr JSK, Saad MK, Xiang N, Barrick BM, Dicindio H, Li C, Zhang SW, Rittenberg M, Lew
ET, Zhang KL. 2023. Aggregating in vitro-grown adipocytes to produce macroscale cell-
cultured fat tissue with tunable lipid compositions for food applications. Elife 12:e82120.

Zammit PS. Function of the myogenic regulatory factors myf5, myod, myogenin and mrf4 in
skeletal muscle, satellite cells and regenerative myogenesis. Seminars in cell &
developmental biology. p”pp 19-32.

Zheng Y-Y, Chen Y, Zhu H-Z, Li C-B, Song W-J, Ding S-J, Zhou G-H. 2022. Production of
cultured meat by culturing porcine smooth muscle cells in vitro with food grade peanut

wire-drawing protein scaffold. Food Research International 159:111561.



Figure legends

Figure 1. Proliferation of muscle stem cells according to different extracellular matrix coatings.
(A) Morphology of cultured cells from day 1 to 3. (B) The number of cells during culture period.
Data presented as mean + SEM (n = 4). 2Different letters indicate significant differences (p <
0.05). Scale bar=250 pum.

Figure 2. Comparison of the myogenesis-related genes (PAX7, MYF5, MYOD) in muscle stem
cells by different extracellular matrix coatings. Data presented as mean + SEM (n = 4).
abDifferent letters indicate significant differences (p < 0.05).

Figure 3. The myogenic potential of porcine muscle stem cells (MuSCs) with different
extracellular matrix (ECM) coatings. (A) Cell morphology and immunofluorescence staining of
myosin heavy chain (MHC, red) in MuSCs according to ECM coating materials. Nuclei were
stained with Hoechst (blue). (B) Percentage of MHC positive cells according to ECM coating
materials. Data presented as mean = SEM (n = 4). ®PDifferent letters indicate significant
differences (p < 0.05). Blue and red fluorescence represent nuclei and MHC, respectively. Scale
bar=100 pm.

Figure 4. Comparison of muscle differentiation-related genes (MYOG, MYH1, MYH2, MYH4,
MYHT7) in muscle stem cells by different extracellular matrix coatings. Data presented as mean +

SEM (n = 3). ®PDifferent letters indicate significant differences (p < 0.05).
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Table 1. Primers used for analysis of relative mRNA expression by qPCR reaction

Gene Primer sequence (5° > 3°)
GAPDH F TGCTCCTCCCCGTTCGAC
R ATGCGGCCAAATCCGTTC
MYF5 F AGTTCGGGGACGAGTTTGAG
R TCAAACGCCTGGTTGACCTT
MYOD1 F CTGCCCAAGGTGGAAATCCT
R GGGGGCCGCTATAATCCATC
MYOG F GAGCTGTATGAGACATCCCCC
R GTGGACGGGCAGGTAGTTTT
MYH1 F TTGACTGGGCTGCCATCAAT
R GCCTCAATGCGCTCCTTTTC
MYH2 F CATTGAGGCCCAGAATAGGC
R TGCTTCCGTCTTCACTGTCAC
MYH4 F GACTCTGGCTTTCCTCTTTGC
R GAGCTGACACGGTCTGGAAA
MYH7 F CGTGGACTACAACATCATAGGC
R CCTTCTCAACAGGTGTGTCG
PAX7 F GTGCCCTCAGTGAGTTCGAT-
R

TCCAGACGGTTCCCTTTGTC-




