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ABSTRACT

Context. In times where human kind is facing serious challenges due to global warming, scarcity of natural resources and inequality,
to continue producing food, especially meat, as it is now done, does not seem sustainable. For people that want to continue enjoying
their delicious piece of steak, the manner in which meat is sourced will need to be redesigned. One of the disruptive initiatives in this
field is in vitro cultured meat. For the cultivation of muscle tissue, one needs cells, chemical factors and the appropriate biomaterials
that function as a scaffold. Meatable B.V. is a food-technology startup that is a pioneer in the cultivation of steak-like meat using
induced pluripotent stem cells.

Aims. The aim of the study is to optimise the extracellular matrix (i.e. scaffold) mimicry of natural biomaterials to serve as a scaffold
for 3D skeletal muscle tissue engineering, using iPSCs. The supplementary aim of this study is to determine the feasibility of the
optimised scaffold as a proof of concept for cultured meat.

Methods. The proof of concept model (Model A) was created in collaboration with researchers from the Loughborough University
who demonstrated a scalable model for 3D human skeletal muscle tissue engineering. Their strategy was to use a hard plastic mould
to confine and provide initial support for the viscoelastic hydrogel (matrigel and rat tail collagen) encapsulated with cells (C2C12
myoblasts). For the optimisation of the extracellular matrix for iPSCs for the production of cultured meat, this model was copied and
repeated with different edible scaffold alternatives. The best alternative biomaterial (Model B) was further optimised in large scale
tissue moulds and compared to the proof of concept model and meat. Lastly, Model C was created by seeding iPSCs in Model B. The
qualitative and quantitative comparisons were based on different analytical parameters.

Results. The hydrogel scaffolds of both models A and B were highly comparable in terms of permeability, scaffold compaction by
cell activity and cell alignment. The improved model (B) resulted in a higher cell proliferation as seen by cell development and cell
density. The stiffness of model A was half the stiffness of Model B, and the stiffness of Model B was more comparable with the higher
stiffness of beef steak (factor 5 difference). Nevertheless, when the improved model was seeded with pre-differentiated iPSCs (Model
C) instead of C2C12 myoblasts, the results were clearly less successful than the first models and were not comparable with beef steak.
Conclusions. This research describes the successful improvements of an existing 3D in-vitro skeletal tissue engineering method, as
prototype model for cultured meat, that was for the first time seeded with iPSCs. Model B should be set as the basis model to optimise
for the culture of iPSCs. The bovine collagen model with C2C12s was not comparable to steak, but a longer culture period could result
in more comparable tissue. The main reason for the limitations of Model C was the maturation of iPSCs, which could be improved
in different ways. In addition, there remain certain requirements to be met for the hydrogel scaffold, mainly connected with current
developments for recombinant animal-free materials. It can still be concluded that the less successful Model C was a step in the right
direction to becoming a feasible model for the culture of in vitro meat.

Key words. Cultured meat — extracellular matrix — skeletal muscle tissue engineering — scaffold biomaterials — bovine collagen
scaffold — C2C12 myoblasts — induced pluripotent stem cells (iPSC) — skeletal muscle physiology — bioengineering
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1. Introduction
1.1. Cultured meat

Meat is a success story. Over the past decades, worldwide pro-
duction and consumption has grown 4 to 5 fold. Where a stagna-
tion in consumption can be seen in countries such as the United
States of America, there is an almost exponential growth ob-
served in China [21]. This growth is only expected to continue,
in line with the growth in human population. That people find
meat delicious and healthy contributes to its deep embedding in
various cultures. However, the agriculture and meat industry is
facing some enormous challenges.

One third of arable land is used to feed and raise livestock
[33]. One kilogram of beef requires 15.000 litres of water [28].
And on top of that 15% of the total greenhouse gas emission is
caused by livestock farming [35]. Usable arable land is shrinking
due to the effects of global warming and the increasing growth
of cities, and a sacrifice of valuable natural habitats is following
[53]. Human kind depends on planet earth’s resilience, but un-
dermine this in the manner in which natural resources and biodi-
versity are managed.

The industrialisation of livestock produces an enormous out-
put of food for the world. However, the manner in which animals
are bred, kept and fed, has serious downsides for these animals,
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as well as for humankind. More than 70% of all antibiotics are
used for livestock, which impacts on human health by increas-
ing the risk of human antibiotic resistance [23]. Scandals in the
intensive animal farming industry enforce the debate on moral
and ethical issues of intensive animal farming, which is gaining
a higher priority on different political agendas.

In times where humankind is facing serious challenges due
to global warming, scarcity of natural resources and inequality,
to continue producing food, especially meat, as it is now done,
does not seem sustainable. Switching to a plant or insect based
diet can be regarded as one solution. It does however seem that
people want to continue enjoying their delicious piece of lamb
rack or steak [58]. To still the world’s growing appetite for meat
will be a challenge. It follows that there is a need to redesign
the way in which meat is sourced. The steak is the end goal,
but the process that currently takes place to provide this does
not necessarily need to be the starting point. A disruption in the
conventional food sector is needed. New technology can provide
this.

In 2013, the first lab-grown burger was presented in Lon-
don by the Dutch professor Mark Post [29]. Satellite cells were
isolated from a cow and turned into strips of muscle tissue to
form a burger through skeletal muscle tissue engineering. This
type of engineering aims to replicate the structure and func-
tion of muscles in vitro and in vivo, to create models and func-
tional constructs. These techniques are being used in regenera-
tive medicine for the treatment of, for instance, Volumetric Mus-
cle Loss or cardiac repair. In addition, the techniques are used
as a model for 3D drug testing, and the modelling of muscle
tissue to replace malfunctioning animal models for the under-
standing of phenotype and therapeutic screening of muscle re-
lated diseases (e.g. Duchenne muscular dystrophy, Type II Di-
abetes, Pompe disease, and Dysferlinopathy) [65]. The reason
that similar techniques are being explored by different food-tech
startups is that in vitro cultured meat may offer a more animal
friendly and sustainable alternative to the conventional meat in-
dustry. Regenerative medicine study groups have presented dif-
ferent techniques of engineering three-dimensional muscle tis-
sue, but many hurdles still remain. For the cultivation of muscle
tissue, one needs cells, chemical factors in a medium and the
appropriate biomaterials that function as a scaffold [6].

1.2. Native skeletal muscle tissue

The first stage of mammalian cell development starts with the
fusion of a sperm and an oocyte, called a zygote. From this mo-
ment on, the fused cell will proliferate (multiply) and differenti-
ate (change) in numerous ways to eventually form an organism
(e.g. muscle tissue).

The stages that a cell goes through can be divided in terms
of potency, meaning the potential for differentiation into differ-
ent cell types. Since this potential diminishes along the way, it
has an impact on the usefulness for cell strategies. The different
stages, from zygote to muscle cell, are; totipotent, pluripotent,
multipotent, oligopotent, and unipotent.

Totipotent stem cells, zygotes, are stem cells that can dif-
ferentiate into embryonic and extraembryonic cell types. These
cells are the fundaments and origins of a total organism. The
zygote will first divide through mitosis into a morula. Once the
morula forms a cavity inside, it is called a blastocyst. Blastocysts
are pluripotent, they are highly potent and can thus differentiate
into nearly all cells, and have almost unlimited proliferation and
self-renewal capacity. They have a high level of self-renewal.
The blastocysts’ inner cell mass consists of a primitive endo-
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derm which forms the cavity in which the embryo will grow, and
the epiblast will develop into the three germ layers; endoderm,
mesoderm and ectoderm, forming the embryo itself.

The three germ layers are multipotent stem cells. They can
thus differentiate into a number of cell types that are part of the
cell family, and have limited self-renewal capacities. For the
mesoderm, this can be the progenitors for cardiac muscle cells,
kidney cells, red blood cells, smooth muscle cells, and skeletal
muscle cells. The mesoderm differentiates for example into mul-
tipotent Mesenchymal Stem Cells, and multipotent Myosatellite
(or satellite) cells. Multipotent stem cells differentiate into
oligopotent cells which can only differentiate into a few cell
types. And these will eventually differentiate into unipotent
cells. Unipotent stem cells can only differentiate into one cell
type and have limited proliferation capacity. For myocytes, the
unipotent stem cell (or progenitor cells) are myoblasts, as can
be seen in Figure 1. These myoblasts proliferate and start fusing
to form myocytes (primary fusion). These myocytes become, as
a result of secondary fusion, myotubes. And eventually, these
will fuse into mature muscle fibre bundles. [59, 8]

Cells express sets of muscle-specific proteins at the different
stages of muscle development, as can be seen in Figure 1. At
the early stage of the muscle cell development, Desmin and
MyoD are expressed. Desmin integrates the sarcolemma and
nuclear membrane. MyoD, or myoblast determination protein
1, marks myoblast commitment. Whereas myogenin (MYOG)
is expressed in later stages, and Myosin Heavy Chain only
appears in the end phase when muscle fibres are formed. During
early development, muscle cells are single nucleated. When
myoblasts start fusing they form multi-nucleated skeletal muscle
fibres. [17]

Mature skeletal muscle tissue consists of skeletal muscle fi-
bres, blood vessels, nerve fibres, fat, and connective tissue (i.e.
extracellular matrix). Human skeletal muscle fibres have a diam-
eter up to 100um and a length up to 30 cm (musculus sartorius),
and myoblasts have an average diameter size ranging from 15
um to 45 um, mostly from 20 um to 30 um [63, 67]. Not all
skeletal muscle tissue is prevascularized, but the maximum dis-
tance that tissue should be from nutrient sources is 150-200 um
[37]. Nerves provide electrical pulses for muscle fibre contrac-
tion, which enhances muscle hypertrophy. When muscle tissue is
decellularized, the anisotropic tubular structure of the extracel-
lular matrix becomes visible. This structure is extremely impor-
tant for muscle functioning, mechanical support, dynamic sig-
nalling for muscle development, homeostasis, and regeneration.
According to Freed et al. the average pore porosity of the skeletal
muscle ECM is 90% [26]. Pore architecture concerns the form
and interconnectivity of the pores [25, 26]. The size of ECM
pores is between 50 — 200 um [40].

The native skeletal muscle ECM, deposited by fibroblasts,
consists of different macromolecules that play key roles in
the structure and function. The three main groups are fibrous
ECM proteins (collagen, elastin, fibronectin, and laminin),
proteoglycans (PGs), and glycosaminoglycans (GAGs) [27].
Collagen is one of the most abundant (30%) ECM proteins in
muscle skeletal tissue. It provides strength and resiliency, it
regulates cell adhesion, chemotaxis, and migration, and it guides
tissue development. Collagen fibres are often a mix of different
types, where type I is often the most abundant. [24, 57]

The maintenance and regeneration process of skeletal muscle
tissue mainly involves three types of cells; stem cells, muscular
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Fig. 1: Mammalian skeletal Myogenesis - For the formation of muscle tissue, the population of precursor cells (satellite cells) start proliferating,
and differentiate into myoblasts. These myoblasts proliferate and start fusing to form myocytes (primary fusion). These myocytes become, as a
result of secondary fusion, myotubes. And eventually, these will fuse into mature muscle fibre bundles. Cells express different defined sets of
muscle-specific proteins (e.g. Desmin, MyoD, MyoGenin) at the different stages of muscle development. (Adjusted and compiled from Musaro et al. Figure 6

[44], Dominov et al. Figure 5 [17], and Enwere et al. Figure 1 [20].)

tissue pericytes, and fibro/adipogenic progenitors. The combina-
tion of these cells is fundamental for a continuous renewal of
daily damaged skeletal muscle tissue. The repair and regenera-
tion of skeletal muscle tissue occurs in a pattern of three main
phases, regardless of the severity or kind of injury. Due to the
complexity of multiple interactions between different cell types,
the entire process is not yet fully understood, but is normally
divided into the destruction, repair and remodelling phases [14].

1.3. Cell strategies for cultured meat

Cultured meat strategies harness the use of progenitor cells in
combination with ECM like materials. Different strategies exist
with regard to the cells used for 3D skeletal muscle tissue engi-
neering. This is due to the different phases of native cell devel-
opment before forming muscle tissue, as previously described.

For skeletal muscle tissue engineering, the selection of the
appropriate cellular source is of high importance for the genera-
tion of muscle tissue in vitro. There are, according to a literature
data research by Beldjilali et al., four types of cells predomi-
nantly used in muscle tissue engineering; myoblasts (C2C12, an
immortalised mouse myoblast cell line that easily differentiates
and proliferates), primary satellite cells, primary myoblasts, and
mesenchymal stem cells [6]. C2C12 myoblasts Satellite cells are
easy to isolate and are the direct precursors of myoblasts, but
have shown difficulties in proliferation capacity in vitro [37].
They seem to lose their potential for self-renewal and differenti-
ation when transferred to in vitro settings.

In 2006, a milestone in biomedical research was reached due
to the discovery of induced pluripotent stem cells (iPSCs). iPSCs
are pluripotent cells that can be directly generated from adult
cells using the right transcription factors [48]. The enormous
benefit of using iPSC is that they can almost unlimitedly self-
renew and differentiate into practically all types of cells [38]. In
other words, with one correctly induced batch of iPSCs obtained
by a biopsy, it is theoretically possible to cultivate skeletal mus-
cle tissue in vitro unlimitedly.

1.4. Biomaterial strategies as scaffold for cultured meat

Cells will only form tissue when they are in the appropriate scaf-
fold [46]. A scaffold is defined as three-dimensional solid bioma-
terial that mimics the native extracellular matrix, therefore play-
ing a crucial role in tissue regeneration.

There are five important properties one should be aware
of when engineering a scaffold; architecture, biocompatibility,
biodegradability, bioactivity, and mechanical properties.

Architecture: A porous structure is needed for proper nu-
trient and waste transport since a majority of the tissue is not
pre-vascularized. The main factors that affect these transports are
porosity, pore architecture, and tissue thickness. Hence, high per-
meability facilitates the inflow of nutrients and outflow of waste
particles. Porosity is a measure of the construct’s total empty’
volume, that is normally occupied by cells or liquid, and allows
the flow and migration of both. Pore architecture concerns the
form and interconnectivity of the pores, where the ideal size of
pores should be between 50 — 200 um with a porosity of 90%
[25, 26, 40]. When scaffolds are filled with cells, cells have a
low viability when distanced more than 150-200 ym from the
nutrient source [37].

The architecture of the ECM not only influences the nutri-
ent diffusion and waste removal, but also plays an important role
in cell migration [37]. The ECM of functional skeletal muscle
tissue is highly orientated. In 1997, Curtis Wilkinson presented
the “Cell guidance theory” in which they demonstrated that mi-
crogrooved matrices with a parallel micropattern provoke paral-
lel aligned cell growth along the pattern of the scaffold [15]. This
parallel alignment of the skeletal muscle tissue is necessary for
effective muscle contraction and force-generation along a lon-
gitudinal axis. Collagen forms triple helical structures, where
elastin is a 1000 times more flexible than collagen and is highly
cross-linked to form insoluble complex structures [70, 39]. Cells
will adhere to the collagen fibres, and will deform the network,
which results in compaction of the hydrogel [9]. If this com-
paction is controlled by a static constraint in a certain direc-
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tion, the gel will deform differently in the constrained and in
the unconstrained axis. The result of a certain constraint is an
anisotropic tissue with cells and collagen fibres aligned in the
constrained axis [9]. Recent studies have shown different strate-
gies to mimic the native muscle myotube alignment structure
[71]. Parallel linear microchannels can be constructed, as well
as nano and micro-patterning of the scaffold [64].

Biocompatibility: The scaffold has to be non-cytotoxic to
the cells, and should not induce an inflammatory response [46].
Biocompatibility has an additional meaning in cultured meat de-
velopment which is edibility. The engineered scaffold can be re-
placed by the right cells with native ECM, but residues may re-
main. [56]

Biodegradability: Ideally, the scaffold should provide phys-
ical support for the cells to attach and organize themselves dur-
ing the first stages of tissue formation. Once this is done, certain
cells will extrude a new extracellular matrix. This process can
gradually replace the engineered scaffold by a newly formed tis-
sue, but this is dependent on the cells (fibroblasts) and the scaf-
fold that is used. Consequently the material should ideally re-
main during the first stages, but dissolve when the cells take over.
The scaffold by-products should also be biocompatible [56]. If
needed, scaffolds can be modified to control these degradation
rates, using techniques such as irradiation or oxidation of the
material.

Bioactivity: The scaffold needs to facilitate interactions with
cellular components and cell adhesion for proper cell prolifera-
tion, migration, differentiation, and tissue organization. The sur-
face characteristics of the proteins inside the scaffold play an
important role in this interaction. Cell-adhesive ligands, for in-
stance, enhance attachment of cells by giving the right cues.
Many different strategies can be used to enhance the bioactiv-
ity of a scaffold. [56]

Mechanical properties: The scaffold should be stiff enough
to allow cell exposure to relevant mechanical forces and
withstand cell contraction. It should also stay elastic enough to
accommodate contractile functionality of the cells. The stiffness
of scaffolds plays an important role in cell type expression,
development, migration and orientation [16, 11]. The average
stiffness of relaxed skeletal muscle tissue is around 10 kPa.
Mechanosensitivity has been demonstrated by adjusting the
stiffness of agarose gel and seeding it with mesenchymal stem
cells, resulting in different differentiation tendencies [19]. As
previously mentioned, static constraints on the scaffold can
influence the alignment and orientation of the cells [66, 9]. For
cultured meat, this alignment is of significant importance for the
texture and thus taste experience [4].

In order to control the architecture, biocompatibility,
biodegradability, bioactivity and mechanical properties, there are
many different possibilities for materials to use for skeletal mus-
cle tissue engineering. With different materials come different
manufacturing techniques. The three main techniques are hy-
drogelation, electrospinning, and micropatterning [55]. Of these,
hydrogelation is the most common. Hydrogels are networks of
hydrophilic polymer chains that form 3D solid materials when
crosslinked, see Figure 2. The gels can contain high levels of
water, which provides the porosity, and can be made of natu-
ral or synthetic polymers [30]. Hydrogels can be cast into many
shapes, cells can be seeded homogeneously within the gel, and
the gels can obtain high mechanical compliance resembling na-
tive tissue. Moreover, the gels can be designed and altered to be,
for instance, electroconductive, to have certain swelling rates,
different degradation rates, et cetera. Nevertheless, fibre align-
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Fig. 2: Hydrogel formation - Hydrogels are formed by crosslinking
hydrophilic polymers into a scaffold that absorbs water.

ment of myoblasts still remains a challenge in the use of hydro-
gels for skeletal muscle tissue engineering [60].

Many studies have analysed the different material possibili-
ties for skeletal muscle tissue engineering to eventually imitate
the key properties of the extracellular matrix, as described in the
work of Fuoco et al. [27]. To date, the types of scaffolds can be
divided into biological materials, synthetic materials and hybrid
materials (See Appendix A for detailed overview of different
scaffolds). Natural materials are popular due to their biocompat-
ibility and close resemblance to the real extracellular matrix. On
the other hand, synthetic materials show greater stability, are less
expensive and easier to work with [5]. Hybrid materials are com-
binations of synthetic and natural polymers. Combining the best
of both worlds, these composites have many advantages. Syn-
thetical polymers help mimicking the biomechanical properties,
whereas the natural polymers enhance cell adhesion and prolif-
eration, but are only recently being studied [6]. In conclusion,
the ideal scaffold for cultured meat should be designed accord-
ing to the right architecture, biocompatibility (and thus edible),
biodegradability, bioactivity and mechanical properties.

1.5. Meatable B.V. challenge

Meatable B.V. is a Dutch startup that wants to satisfy the world’s
appetite for meat without harming people, animals or the planet.
They are pioneering the culture of in vitro meat by using a
patented iPSC technology in collaboration with the University
of Cambridge [50]. Pawlowski et al. have systematically opti-
mized inducible gene expression in human PSCs using a dual
genomic safe harbor gene-targeting strategy. This approach pro-
vides a powerful platform for the generation of human cell types
by forward programming. They reported robust and determinis-
tic reprogramming of human PSCs into neurons and functional
skeletal myocytes. The same techniques have been applied to
other adult mammalian (e.g. bovine) cells.

The use of iPSCs that have differentiated into myocytes
(i.e. muscle cells) in a 3D scaffold for cultured meat has, to
the writer’s best knowledge, never been done before. These
cells are extremely interesting for cultured meat since they have
the potential of unlimited proliferation before differentiating
into muscle cells. Theoretically, one biopsy from an animal
with adult cells that has been reprogrammed into iPSCs could
deliver a batch of cells which can subsequently be proliferated
for unlimited mass production and be easily differentiated into
muscle cells for the production of meat.
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In this study, the first experiments of cultivating in vitro mus-
cle tissue using iPSCs in a 3D scaffold is presented. The aim
of the study was to optimise the extracellular matrix (i.e. scaf-
fold) mimicry of natural biomaterials to serve as a scaffold for
3D skeletal muscle tissue engineering, using iPSCs as cell type.
Since iPSCs have never been used for the mass production of
muscle tissue for meat, a proof of concept had to be created. The
proof of concept was created at Meatable B.V. in collaboration
with researchers from the Loughborough University (See Ap-
pendix B for the other 3D culture setups that were tried). Capel et
al. demonstrated a scalable model for 3D human skeletal muscle
tissue engineering [13]. Their strategy was to use a hard plastic
mould to confine and provide initial support for the viscoelastic
hydrogel (matrigel and rat tail collagen) encapsulated with cells
(C2C12 myoblasts). The combination of mould, hydrogel and
cells will be referred to as a 'model’. Collagen is, as stated be-
fore, one of the biggest representators in skeletal muscle tissue
ECM. Beldjilali et al. already showed that collagen has success-
fully been used in skeletal muscle tissue engineering [6]. Colla-
gen provides the right mechanical and architectural properties,
but has low adherence properties [52]. Therefore, Matrigel, a
mixture of reduced growth factor basement membrane products
secreted by the ECM proteins from murine Engelbreth-Holm-
Swarm tumor cells, is used in the model of Capel et al. [3]. This
material enhances cellular functions such as proliferation, ad-
hesion, migration, differentiation, and maintenance by the cell
itself. Matrigel can be replaced by Geltrex when working with
iPSCs (See Appendix J, Figure 26). The model of Capel et al.
(Model A) served as a stepping stone towards a new model with
an optimised ECM for iPSCs.

For the optimisation of the ECM for iPSCs for the production
of cultured meat, the methods of Capel et al. using 50uL. moulds
have been copied and repeated with different edible scaffold
alternatives. The hydrogels tested were alginate, agarose, and
Noviogel (See Appendix C and D). The requirements for the al-
ternative scaffold were animal free (preferably), cheap, scalable,
edible, and it should lead to a piece of muscle tissue competitive
to conventional meat. The best alternative biomaterial (Model
B) was further optimised in large scale tissue moulds of 500 uL.
and compared to the proof of concept model (by Capel et al.).
The qualitative and quantitative comparisons were based on var-
ious analytical parameters. Tissue construct thickness was anal-
ysed through microscopy. Cell development, morphology and
arrangement was analysed through immunofluorescence stain-
ing and histology. Mechanical properties were obtained through
rheometry and unconfined compression tests. Subsequently, the
alternative optimised scaffold was, for the first time, seeded with
predifferentiated iPSCs in order to culture meat (Model C). To
examine the best model for the production of cultured meat,
there was examined whether the optimised models (Model B and
C) worked as well as, or even better than the existing model from
Capel et al. (Model A).

2. Materials and Methods
2.1. The Proof of Concept model (Model A)

The proof of concept model, Model A, was created according to
the work of Capel et al. [13]. In their set-up, moulds of different
sizes with poles are 3D-printed. These moulds are filled with a
mixture of a hydrogel scaffold and cells (C2C12 myoblasts). The
scaffolds are statically cultured according to a specific protocol
for several days. A description of the selected parts that were
used and adapted, is given in this subsection.

Fig. 3: 3D printed moulds for tissue engineering Model A - A is
clicked in B and forms a 50uL. mould with one pole on each side of the
mould. C is a 500uL mould with two poles on each side. [13]

2.1.1. Design and fabrication of 3D printed moulds

3D printing was performed by Fused Deposition Modeling
with a commercially available Ultimaker 2+ system (Ultimaker,
Netherlands). The designed moulds had a single (50 uL) or twin
(500uL) post fixed at the end of a rectangular mould, and were
uploaded from the links provided in the article. The SOuL sized
mould was assembled in 2-parts with a removable barrier (see
Figure 3). The FDM parts were printed using polylactic acid and
were extruded onto the standard glass build plate, at previously
published settings [54]. All samples were sterilized via ultravi-
olet light for > 1h, prior to being adhered to culture well plates
using an in-house bio-adhesive which has been found to be com-
pletely compatible [54]. Once adhered, samples were rinsed with
70% IMS and left for the remaining solvent to evaporate prior to
use.

2.1.2. C2C12 2D cell culture

C2C12 skeletal muscle myoblast cells (ECACC, all below
passage 10) were grown using standard growth medium
(GM); composed of Dulbecco’s Modified Eagle’s Medium
(DMEM, Fisher-Scientific, UK), 20% fetal bovine serum (FBS,
Pan Biotech, UK), and, 1% Penicillin/Steptomyocin (P/S,
Fisher-Scientific, UK). Cells were cultured in T80 flasks
(NuncTM, Fisher-Scientific, UK) and incubated in a 5% CO,
humidified atmosphere at 37°C until 80% confluence was at-
tained. GM was changed every 24 h during the culture period
for expansion of cells.

2.1.3. Tissue engineered constructs

Collagen/Matrigel constructs were generated using C2C12 my-
oblasts, with the method based on previous work from Mudera
et al. [42]. Hydrogels were formed, as can be read in Table 1, by
the addition of 76.5% v/v type I rat tail collagen (First Link, UK
dissolved in 0.1M acetic acid, protein at 2.22mg per mL), with
8.5% v/v of 10X Minimal Essential Medium (MEM) (Gibco,
UK). This solution was subsequently neutralized by the addition
of 5M and 1M sodium hydroxide (NaOH) dropwise, until a color
change to cirrus pink was observed. This was followed by the
addition of 10% v/v Matrigel Matrix (Corning, Germany). The
cells were added at a seeding density of 4 x 10° cells per mL
in a 5% v/v GM solution, before being transferred to the pre-
sterilized moulds to set for 10-15min at 37 °C. GM was added
for 4 days and changed daily, before being changed to differen-
tiation media (DM, DMEM, 2% Horse Serum (HS), 1% P/S) for
a further 10 days in culture, as can be seen in Figure 4.
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Fig. 4: 3D skeletal tissue culture model by Capel et al. - An overview
of the different steps and time span of 3D tissue culture, where cells are
first proliferated in 2D, then placed in a scaffold within a mould, and
then further proliferated in 3D and differentiated within the mould. [13]

Table 1: Model A: hydrogel scaffold - Overview of different sub-
stances that have been used to form a hydrogel scaffold to culture skele-
tal muscle tissue, based on rat tail collagen.

[ Model A - Rat tail collagen (1.7mg/mL)

Rat tail collagen (2.22mg/mL, 0.1M Acetic Acid) | 76.5%
Minimum Essential Medium (10x) 8.5%
Matrigel 10%
Cells in medium 5%
Sodium Hydroxide (NaOH) drops

2.2. The Optimised Meatable B.V. model (Model B & C)

The Proof of Concept model (Model A) was altered and op-
timised into a more compatible system for meat production
at Meatable B.V.. The optimised model was first seeded with
C2C12 cells (Model B), and lastly seeded with iPSCs (Model
O).

Fig. 5: 3D printed moulds for tissue engineering Model B & C - (A)
single-piece 50uL. mould with one pole on each side of the mould. (B)
500uL mould with two poles on each side. [13]
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2.2.1. Design and fabrication of 3D printed moulds

3D printing was performed by FDM with a commercially avail-
able Ultimaker 2+ system (Ultimaker, Netherlands). The moulds
were redesigned to have a single (50 uL) or twin (500uL) post
fixed at the end of a rectangular mould. In addition, this design
was a single-print mould without assembling parts, where the
support platform was redesigned to use less material and to fit
in 6 or 12 well plates, as can be seen in Figure 5. The printable
file consists of multiply moulds to increase efficiency of print-
ing. The 3D modeling was performed using computer aided de-
sign (CAD) SolidWorks software. The moulds were printed us-
ing PLA and were extruded onto the standard glass build plate,
using the settings provided by the CAD file.

All samples were sterilized via UV for > 1h, prior to be-
ing adhered to culture well plates. To adhere the moulds to the
culture well plates, a thin layer of PDMS was used under ster-
ile conditions (See Appendix E for detailed information). The
PDMS was cured for at least 6 hours at 37°C, where after the
plates were sprayed with 70% isopropyl alcohol and set to dry
in a flow chamber. Before seeding with the hydrogel, the moulds
and plates were treated with UV light for >1hr.

2.2.2. C2C12 2D cell culture

As described under section 2.1.2., with C2C12 myoblasts from
ATCC (CRL-1772, ATCC, UK).

2.2.3. iPSC 2D cell culture

Induced pluripotent stem cell vials (Bit Bio, UK) were thawed
and diluted in Essential 8 Medium (E8, Thermofisher, USA)
supplemented with Rock Inhibitor (10 uM, HelloBio, UK). The
iPSC suspension was added to pre-warmed 6-well plates that
were coated with Vitronectin (Stem Cell Technologies, Canada)
and contained pre-warmed E8 Rock Inhibitor medium. After
24h, when cells had adhered to the bottom of the well, the super-
natant was gently aspirated and refreshed with Complete Essen-
tial § Medium (Essential 8 Medium + E8 Supplement 50x, Ther-
mofisher, USA) without Rock Inhibitor. This refreshing proce-
dure was daily repeated untill an 80% confluency was obtained.

Once this confluency was attained, the cells were passaged.
The detachement was done by incubating the cells for approx-
imately 5 min at 37°C in Gentle Cell Dissociation Reagent
(GCDR, Stem Cell Technologies, Canada). The cells were
gently pipetted up and down and dissolved in equal amounts
of E8+Rock Inhibitor. Further breaking down of the colonies
was performed by gently pipetting the solution up and down
using a P1000. The cells were seeded in prewarmed plates with
Vitronectine coated wells containing E8+Rock Inhibitor. The
supernatant was after 24h daily refreshed with Complete Essen-
tial 8 Medium during the culture period for expansion of cells
(See Appendix F for detailed information on the maintenance of
iPSCs in adherence).

When cells were needed for experiments, the differentiation
procedure was started (See Appendix G for detailed informa-
tion on iPSC differentiation protocol). For this, 80% confluent
cells were detached using Stem Pro Accutase (Thermofisher,
USA). The cells in solution were centrifuged at 200G for 5
min (Hermle Z446), and the supernatant was refreshed with E8
Complete + Rock Inhibitor. Cell concentration was obtained us-
ing Trypan Blue and Countess Automated Cell Counter (Ver-
sion II, Thermofisher, USA). Cells were plated at a cell density
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Table 2: Model B & C Bovine collagen (3mg/mL) - Overview of
different substances that have been used to form a hydrogel scaffold to
culture skeletal muscle tissue, based on bovine type 1 collagen.

| Model B & C - Bovine collagen (3mg/mL) |

Bovine type 1 collagen (5mg/mL) 60%
Distilled water 13.5%
Minimum Essential Medium (10x) | 10%
Matrigel 10%
Cells in medium 5%
Sodium Hydroxide (1M NaOH) 1.5%

of 5000 cells/cm? in Geltrex (hESC-Qualified Reduced Growth
Factor Basement Membrane Matrix, Thermofisher, USA) coated
wells containing E§ Complete + Rock Inhibitor Medium. Af-
ter 24h, the supernatant was refreshed with Differentiation
Medium (MyoD Medium; DMEM, Glutamax (100X), Insulin,
2-mercaptoethanol) with a daily fresh addition of Differentia-
tion Supplement (1 pg/mL Doxycycline, 1uM Retinoic Acid,
and 40ng/mL FGF2). The medium was for 5 days refreshed with
the MyoD + Differentiation Supplement Medium. From day 6
onward, the medium was daily refreshed with MyoD + Matu-
ration Supplement (3uM CHIR99021, 1M Retinoic Acid, 10%
KOSR).

2.2.4. Optimised tissue engineered constructs

Hydrogel constructs were generated using C2C12 myoblasts or
4 days predifferentiated iPSCs. The optimised tissue engineered
constructs were formed, as can be read in Table 2, by the addition
of 60% v/v GibCo Type 1 Bovine Collagen (Thermofisher, USA;
dissolved in dH,O, protein at 5 mg per mL), with 13.5% dH,O,
10% 10X Minimum Essential Medium (MEM, Sigmaaldrich,
USA), and 1.5% 1M NaOH. The pH was, if needed, adjusted
with drops of 5SM and 1M NaOH until a colour change to cirrus
pink was observed (= pH 7). This was followed by the addition
of a mixture of 5% v/v cells in Growth Medium at a seeding
density of 4 x 10° cells per mL and 10% Matrigel. The prepared
cell-laden hydrogel was transferred to the sterilized moulds to
set for 30-40 min at 37°C.

Once solidified, medium was added. For C2C12 myoblasts,
the medium was changed daily for 4 days with Growth Medium
(DMEM, VWR, USA; 20% FBS, Thermofisher, USA; and
1% PenStep, Fisher—Scientific, UK), and subsequently changed
daily for a further 10 days with differentiation media (DMEM,
VWR, USA; 2% FBS, Thermofisher, USA; 1% PenStep, Ther-
mofisher, USA).

For the iPSCs, the medium was changed for 4 days with
Differentiation Medium (MyoD Medium; DMEM, Glutamax
(100X), Insulin, 2-mercaptoethanol) with a daily fresh addi-
tion of Differentiation Supplement (1 ug/mL Doxycycline, 1uM
Retinoic Acid, and 40ng/mL FGF2). From day 5 onward, the
medium was daily refreshed with MyoD + Maturation Supple-
ment (3uM CHIR99021, 1uM Retinoic Acid, 10% KOSR). Tis-
sue constructs were cultivaded up untill 11 days, depending on
the experiment.

2.3. Analyses

Different techniques have been used for analysing the cultivated
tissue parts and comparing the different tested models. Tissue
samples were tested on thickness, cells in different tissue sam-

ples were tested on development, morphology and arrangement.
Scaffolds were tested on stiffness, damping, elastic behaviour
and porosity.

2.3.1. Macro-Microscopic analyses

The tissue constructs were daily observed using a brightfield mi-
croscope (Euromex, The Netherlands). Pictures were taken for
the recording of tissue development, and sizes were measured
using the ImageFocusAlpha software. Thereby, were pictures
taken of the samples without well plate lid in the fume hood un-
der sterile conditions using an endoscope (MS100 USB Micro-
scope, Teslong, China). Size determination was performed using
the ImagelJ software with the measure-tool and the given value of
pole-diameter (1mm). The thickness of the cultured tissue sam-
ples (n=8) was measured at the middle of the tissue, looking at
it from top view.

2.3.2. Immunofluorescence staining for Desmin, MyoGenin,
and MHC

Tissue constructs in toto were fixed in the mould using 4% PFA
(Formaldehyde 4% stabilised, VWR, USA) for 30 min (50uL
moulds) or lhr (500uL moulds), washed with PBS, and per-
meabilized with 0.1% TRITON X-100 (Sigma-Aldirch, UK) in
PBS for 8 min at room temperature (RT) (See Appendix H
for detailed information on SOP for immunostaining). Subse-
quently, the tissue constructs were washed with PBS and block-
ing solution (1% BSA in 0.05%Tween-PBS) was added for
1 hour at RT. After being washed with PBS, the tissue con-
structs were incubated in mouse anti-Desmin (M076029-2, Agi-
lent Technologies, USA), mouse anti-MyoGenin (AB2146602,
DSHB Biology, USA), or mouse anti-MHC (AB2147781,
DSHB Biology, USA) antibody diluted 1:200 in blocking so-
lution for 24 hrs (50uL constructs) in the dark at RT.

After being washed with 0.05% Tween-PBS, the tissue sam-
ples were incubated for 3hrs at RT in the dark in the 2" antibody
diluted in blocking solution; 1:500 Donkey anti-mouse AF488
(AB150105 , Abcam, UK) and 1:500 Phalloidin-TRiTC (R415,
Thermo Fisher, USA). Subsequently, the tissue constructs were
washed with 0.05% Tween-PBS and PBS, before being incu-
bated for lhr at RT in 1:1000 DAPI:Demiwater. The tissues were
washed with PBS, mounted on glass slides with EverBrite Hard-
set Mounting Media (23003, VWR, USA), and viewed and pho-
tographed by fluorescence microscopy. Confocal images were
made on a Leica inverted confocal microscope (TCS SP5, Le-
ica, Mannheim) operating under the Leica Application Suite Ad-
vanced Fluorescence software (Leica, Mannheim). Brightness
and contrast adjustments consistent with image manipulation
policies were performed either with LAS AF or ImageJ (version
1.8.0_112, http://imagej.nih.gov/ij) software.

2.3.3. Histological analyses

Tissue samples (500uL. moulds) were in toto fixed using 4%
PFA (Formaldehyde 4% stabilised, VWR, USA) for 1h and
washed with PBS. The samples were stored in PBS and send
to the Veterinary Pathological Diagnostic Centre (University of
Utrecht) for further histological analyses. Tissue morphology
and structure were assessed using H&E staining. The samples
were stained with hematoxylin for blue nuclei, and with eosin
for pink extracellular matrices and cytoplasm. Cryosections were
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made in the transverse and longitudinal plane. Pictures were
taken using a brightfield microscope.

2.3.4. Mechanical analyses

Rheometry for dynamical mechanical analyses

Tissue cultured samples of different scaffold materials (Rat tail
collagen 1.7mg/mL; Bovine collagen 3mg/mL; 500uL moulds)
of different culture days, with C2C12 myoblasts, were in toto
fixed using 4% PFA (Formaldehyde 4% stabilised, VWR, USA)
for 1h and washed with PBS. Same sized samples, roughly 2.5
x 2.5 x 20 mm, of raw beef (3% fat) and raw minced beef meat
(16% fat) were tested as well. Before performing the dynami-
cal tests, the samples were weighted. The density of water, steak
and minced meat is around 1 mg/mm3, therefore the scaffold
density was assumed to be equal and was used to correct the
measurements to true sample volume [49, 1]. A Modular Com-
pact Rheometer (MCR 302, Anton Paar, Austria) with flat disk
probe (PP25/P3, SN18674) and profiled plate (P2) was used to
study the different cultured tissue samples. The flat disk probe
had a diameter of 25mm and the plate had a profile of 0.25mm
blocks. The plate was preheated to 25°C, and a tissue placement
zone was drawn on it (See Appendix L). The probe was lowered
on the sample, and when initial contact was made, the excessive
parts of the tissue sample bigger than the probe were cut off. An
Amplitude Sweep program was run using RheoCompass pro-
gram. The sweep increased from 0.01-1% at a frequency of 1Hz,
with six measure points on logarithmic scale. Storage and loss
moduli, and other rheological parameters, were derived from the
data using manufacturer supplied software (RheoCompass, An-
ton Paar, Austria). The shear storage modulus was obtained us-
ing equation 1, where ¢ is the phase lag between stress and strain.
Shear loss moduli were obtained using equation 2. Both moduli
were used for obtaining the Complex Shear Modulus, as noted
in equation 3.

G’ = Lcos(s) (1)
€

G = Zsin(s) )
€

G" =G +iG” 3)

G?’
tan(8) = — 4
an(0) IeZ “4)

G’ is a measurement of the deformation energy stored during
shear process of a sample, and is thus a measurement of stiff-
ness. Whereas G" represents the energy that has been dissipated
during the shear process of a sample, and is thus a measurement
of flow (i.e. liquid-like) response of the sample. The complex
shear modulus G* describes the entire viscoelastic behaviour
of the material. The Loss Factor (tan ¢) provides a measure of
damping in the material, since it is the ratio of energy lost to
energy stored during deformation, and can be obtained through
equation 4 [43]. If G" > G’ (i.e. tan § > 1), the sample behaves
more like a viscous liquid [69]. Whilst more elastic-like samples
will show G’ > G" (i.e. tan § < 1).

Unconfined Compression test for static mechanical analyses
Hydrogel samples (3mL) of Rat tail collagen (1.7mg/mL) and
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Bovine collagen (3mg/mL) without cells were cast into wells
of a 24-well plate, so that cylinders with a diameter of 15mm
and an height of approximately 9mm were solidified. Subse-
quently, the cylinders were fixed using 4% PFA (Formaldehyde
4% stabilised, VWR, USA) for 1h and washed with PBS. Sam-
ples of raw beef (3% fat, square, 18x18x8mm) and raw minced
beef meat (16% fat, cylinder, diameter 15mm, height 9mm)
were tested as well. The unconfined compression tests (stress-
relaxation) were performed using a TA.XT compression ma-
chine (TA.XT C plus, Stable Micro Systems, UK). A cylindric
perspex probe (P/25P, 25mm diameter, Stable Micro Systems,
UK) was used. In the software (TA.XT, Stable Micro Systems,
UK) supplied by the manufacturer, a testing protocol was in-
stalled. To stay within the elastic region (see Appendix I for
proof of elastic region), a strain compression of 10% was per-
formed with a loading speed of 2mm/s. The 10% strain was
held for 120s, and then released. Measurements started when the
probe-sample interaction reached 0.009N to ensure proper seat-
ing, and were compressed in longitudinal direction. The output
of the measuring device (Force in grams, strain in mm, time in
seconds) was converted to Nominal Stress (o, N/mm?). Stress
and strain (€) curves, equilibrium moduli (E.4, an indicator for
stiffness), and maximum peak values (07, an indicator for
porosity and flow) were obtained by exporting the measuring de-
vice output data to Microsoft Excel. Graphs were obtained using
GraphPad Prism (version 8.3.1.) and smoothed with an interval
rate of 15.

2.3.5. Porosity analyses

Hydrogel samples (3mL) of Rat tail collagen (1.7mg/mL) and
Bovine collagen (3mg/mL) without cells were cast into wells of
a 24-well plate, so that cylinders with a diameter of 15mm and
an height of approximately 9mm were solidified. The hydrogels
were prepared as described in section 2.1.3 and 2.2.4, except
that the volume of cells was replaced by the same volume of
PBS. Half of the cylinders were fixed overnight in 4% PFA. All
cylinders were immersed in PBS for 24hrs. The sample (n=3)
porosity measurement and calculations were based on work of
Ho et al. [34]. The scaffold samples were weighted and measured
after 24hrs submersion in PBS and placed on absorption paper
for 30 min in open air to dry. The initial weight of the sample
(y1) was measured, the weight of the sample after 30 min drying
on absorption paper in open air was measured as well (y,). The
porosity, P, defined as the ratio of volume of open pores in the
scaffold to the entire volume, is stated in equation 5.

P=1-2.100% (5)
71

After weighing the dried samples, the scaffolds were submerged

in PBS for 24hrs to re-swell. The weight of the re-swelled sam-

ples was measured (y3). With this value, the percentage of re-

covery, R, of the scaffold was calculated according to equation

6.

R=2 4100% (6)
Y1

Averages and standard deviations were obtained using Microsoft
Excel. Graphs were obtained using GraphPad Prism (version
8.3.1.).

2.3.6. Statistical analysis

The standard deviation of different results was obtained through
Microsoft Excell standard programmed formula; =STDEV.S.
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3. Results

The standard model (Model A) was utilized to establish these
protocols in-house. Further optimization was conducted in order
to transition to bovine collagen tested with C2C12 myoblasts.
With the optimal bovine concentration (Model B), iPSCs were
then used instead of C2C12 myoblasts (Model C).

3.1. Macro-Microscopic analyses

In all models, a certain degree of cell-mediated gel compaction
was observed. The tissue thickness at the middle of the 11 days
cultured tissues with rat tail collagen or bovine collagen (at dif-
ferent concentrations) scaffolds was measured. Figure 6 shows
the different cultured tissues at top view, where the red line de-
picts the measure point. The averages (n=8) of the different tis-
sues is showed in table 3. The average center thickness of the
rat tail collagen scaffold (1.7mg/mL, Model A) and the bovine
collagen scaffold (3mg/mL, Model B) did not differ. Whereas
the thickness of the bovine collagen scaffold at a concentra-
tion of 1.7mg/mL was significantly lower than that of Model A.
Thereby, the tissue samples at a concentration of 1.7mg/mL de-
tached sometimes from the poles due to rupture of the scaffold
around the poles. The average center thickness of the Bovine
collagen at 4 mg/mL was significantly higher than that of Model
A. But when seeding Model B with iPSCs instead of C2C12
(Model C), the average thickness did not change much compared
to the initial thickness when casting the hydrogel. Figure 7 de-
picts Model C, the hydrogel scaffold seeded with iPSCs, in a
50/mul. mould after 7 days of culture. No compaction of the gel
was observed at this moment.

3.2. Immunofluorescence staining

Eleven days cultured tissue samples of Model A (Rat tail colla-
gen, 1.7mg/mL, C2C12), Model B (Bovine collagen, 3mg/mL,
C2C12) and Model C (Bovine collagen, 3mg/mL, iPSC) were
stained with different antibodies and assessed with confocal mi-
croscopy to evaluate cell morphology and maturation (see Figure
8). As can be seen in Appendix J (Figure 24), the cells at day 6
are more randomly oriented than at culture day 11. Thereby, is
the expression of Desmin, MyoG, and MHC (green) lower than
at day 11. When comparing different concentrations of bovine
collagen at day 6, the cells are more aligned and stretched in
3mg/mL collagen than in 1.7mg/mL. The expression of Desmin
(which comes earlier in cell development) is higher than the ex-
pression of MyoG and MHC for both Models A & B at day 11.

There is no big difference in cell alignment and presence of
maturation markers observed between Model A and Model B.
However, Model C has a significant lower presence of matura-
tion markers, way less actin (red), and randomly oriented iPSCs.
There are a few green nuclei, which indicate MyoG expression.
The cell density seems to be lower than is the case in Model A &
B. Nevertheless, there are still quite some nuclei (blue) observed
in model C.

3.3. Histology

As revealed by H&E staining in Figure 9, the tissue samples of
Model A & B do not differ much in cell alignment. In Model
B, more nuclei are displayed in the longitudinal and transverse
cross section. Both model A and B have several multi-nucleated
C2C12s, as pointed by arrows in sub-figure C and F. Cell density

seems to be highest at the border of the tissue in both Models A
& B.

When assessing Model C, the iPSCs in the bovine collagen
show differences in cell orientation, cell density, and cell stretch-
ing compared to the C2C12s. The iPSCs in Model C seem to be
less evenly distributed, stretch less, and do not migrate to the
tissue borders. As can be seen in Figure 7, stretching myoblasts
are observed in the scaffold in a 50uLL. mould. Nevertheless, the
differentiated myocytes are not stretching in aligned orientation.

3.4. Mechanical analyses
3.4.1. Rheometry

Quantitative data on the rheological and viscoelastic properties
of the different materials (scaffolds with C2C12 cells and pos-
itive controls: beef steak, minced beef) were provided by dy-
namic mechanical analysis. The mechanical response of the sam-
ples was measured as they were deformed under periodic strain.
The shear storage (i.e. real or elastic) modulus G’, shear loss (i.e.
imaginary or viscous) modulus G", the Complex Shear Modulus
G*, and Loss Factor tan ¢ are presented in Table 4 and were ob-
tained by manufacturer supplied software and equations stated
in subsection 2.3.4. Plots of the different moduli can be found
in Figure 10 and were obtained using GraphPad Prism (version
8.3.1.). All storage moduli were higher than the loss moduli,
which is an indication for materials that behave more like elas-
tic materials instead of viscous materials. The stiffness (G’) and
flow-like behaviour (G") of both rat tail and bovine tissue sam-
ples decreased when comparing samples at day 7 and day 11.
The tissue engineered muscle tissue (Rat tail and bovine) had a
significant lower stiffness than minced meat and steak, but the
Model B came closer to the stiffness of steak (factor 5). Scaf-
folds (Day 11) made of rat tail collagen showed a lower (factor
2) Complex Shear Modulus than scaffolds made of bovine colla-
gen; 0.82 + 0.05 Pa versus 1.80 + 0.05 Pa. The damping factor
(tan ¢) did not differ when comparing rat tail collagen to bovine
collagen, but when comparing these to minced meat and steak, a
twofold difference is evident.

3.4.2. Unconfined compression test

Results of the average Maximum stress values and average equi-
librium moduli of the different samples (n=3) can be found in
Table 5, where the scaffolds were without cells. The plots of the
different samples are displayed in Figure 11. The peak observed
in the stress over time graph due to the loading of the probe on
the sample, was distilled from the output data and noted as "Max-
imum stress value’. This value is an indicator for the permeabil-
ity of the material. There was no significant difference in max.
stress value observed when comparing rat tail collagen scaffold,
bovine collagen scaffold, and steak. A difference in max. stress
value was observed when comparing these three to minced meat;
A 1.5 kPa lower (-50%).

The equilibirum modulus, the value of stagnation of the
stress over time graph, of the rat tail (Model A) and bovine
(Model B) collagen scaffolds differed with A0.027 kPa, where
bovine collagen showed a factor 2 higher equilibrium modulus
(Rat: 0.034 + 0.01 kPa; Bovine: 0.061 + 0.01 kPa). When com-
paring the collagen scaffolds to minced meat and steak (resp.
0.303 + 0.07 kPa and 0.623 + 0.04 kPa), the differences in equi-
librium moduli were much higher (factor 10-20).
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Fig. 6: Different tissue cultured skeletal muscle samples - Different 11 days tissue cultured samples in a 500uL mould, looking from top view.
(A) Rat tail collagen [1.7mg/mL] scaffold with C2C12s, Model A. (B) Bovine collagen [3mg/mL] scaffold with C2C12s, Model B. (C) Bovine
collagen [3mg/mL] scaffold with iPSCs, Model C. (D) Bovine collagen [1.7mg/mL] scaffold with C2C12s. (E) Bovine collagen [4mg/mL] scaffold
with C2C12s. The red line in sub-picture A depicts the measuring area that was used to obtain the Average Center Thickness.

Table 3: Size measurements - Results of the size measurements performed at top view of the cultured tissues at the middle of the tissue sample.
Scaffolds of different bovine collagen concentrations were cultured with C2C12 myoblasts, as a comparison to the "Model A’ Rat tail collagen
with C2C12 myoblasts as well. Bovine collagen (3mg/mL) scaffold was also seeded with iPSCs. All tissues were cultured for 11 days in the 500uL
moulds.

| Type of scaffold ' Average center thickness (mm) =+ SD |
?{Igr(:legl/rﬁL-, EgtCTleglrrf)(l)(}ll;lasts) 2.37 0.11
ol b |
?;Ilgg/‘flf {Plsgz)me coll 4.90 0.10
g?;r;r,;?rrcﬂcfl'CZCIZ myoblasts) 1.55 0.08
El(r)lrgl/lllslio(lllicn myoblasts) 3.47 0.19

Table 4: Rheology measurements - Results of the rheology measurements on different cultured tissue samples in either rat tail collagen (Model
A) or bovine collagen (Model B) based scaffold hydrogels with C2C12 myoblasts at day 7 and day 11 culture. Collagen samples were cultured in a
500uL mould and fixed in 4% PFA for one hour. Same sized samples of minced bovine meat and bovine steak were tested as comparison. All results
were corrected according to the true sample volume. An Amplitude Sweep program was run using RheoCompass program. The sweep increased
from 0.01-1% at a frequency of 1Hz, with six measure points on logarithmic scale. Storage and loss moduli, and other rheological parameters,
were derived from the data using manufacturer supplied software (RheoCompass, Anton Paar, Austria) and equations stated in subsection 2.3.4.
For graphs, see Figure 10.

Type sample Sto,rage Modulus Lo's's Modulus | Complex Shear Modulus | Loss Factor
(G’, Pa) (G", Pa) (G*,Pa) (tan 6 )
S ;ﬂ&%ﬁ%‘?ﬁﬂd A | 1432019 020003 | 1.44+0.19 0.14 = 0.005
e Model A) | 080 %005 0.13+0.02 | 0.82+005 0.15 +0.02
Ei‘gj:ﬁ%‘)’gg?ﬁ;?; B | 278+022 030+001 | 2.81+022 0.11 + 0.005
g‘snvg/‘:ﬁf"éi%e‘;&; B | 1:59+0.06 024+006 | 1.80+0.05 0.14 + 0.03
(blzlvll‘rllzecll 612/06?;0 4.86 +0.75 1.34 £0.12 5.35 +0.76 0.27 £ 0.02
(bitvelile‘ 3% fat) 8.12£2.10 1.89 +0.48 833 £2.15 0.23 £0.003
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Table 5: Unconfined compression test results - As described at Figure 11, have different samples been tested with an unconfined compression
test. The average peak values and the average equilibrium moduli of the graphs in Figure 11 are stated.

[ Type sample Max. stress value (kPa) + SD | Equilibrium modulus (kPa) + SD |
Rat tail collagen (1.7mg/mL, fixed, Model A) | 3.225 0.22 | 0.034 0.01
Bovine collagen (3mg/mL, fixed, Model B) 3.616 0.42 | 0.061 0.01
Minced meat (bovine, 16% fat) 1.500 0.21 | 0.303 0.07
Steak (bovine, 3% fat) 3.128 0.26 | 0.623 0.04

i 10 pm
————————

Fig. 7: Model C cultured skeletal muscle tissue - Microscopical pic-
tures of Model C (Bovine collagen 3mg/mL) scaffold seeded with iPSCs
in a 50uL sized mould after 7 days of culture. Above assembled picture
depicts the top-view of the SOuL mould with scaffold and cells. Below
a detailed (20x) microscopical view of the multi-nucleated stretching
myotubes in the scaffold.

3.5. Scaffold porosity and recovery

Results of the porosity test and recovery test are displayed in
Table 6, the detailed test values can be found in Appendix K.
Appendix K Figure 28 shows that the scaffolds lost a significant
amount of liquid content. The average porosity with standard
deviation was plotted in figure 12. Measurements show that the
porosity of the fixed rat tail collagen (Model A) and the Bovine
collagen (Model B) were almost equal (A 1.42%); respectively
97.3% =+ 0.22%, and 95.9% =+ 0.14%. There was no significant
difference in porosity observed between fixed and non-fixed hy-
drogel scaffolds of Bovine collagen. There was a difference of
6.75% observed between fixed and non-fixed rat tail collagen hy-
drogel scaffolds. The difference in porosity of non-fixed rat tail
collagen and bovine collagen scaffolds was 5.27%, which was a
bigger difference (A3.85%) than the fixed collagen scaffolds.

The average recovery modulus for fixed rat tail colla-
gen scaffold and bovine collagen scaffold differed significantly
(A77.28%) and were respectively 16.51% = 1.08% and 93.79%
+ 0.83%. A reversed recovery difference was observed be-
tween non-fixed rat tail collagen and bovine collagen scaffolds
(A39.27%). Interesting was that the recovery percentage of rat
tail collagen scaffolds decreased (-A40.87%) when being fixed,
whereas the recovery percentage of bovine collagen scaffolds in-
creased (+A75.68%) when being fixed.

4. Discussion

Planet earth is warming up, natural resources are becoming more
scarce, and global inequality is increasing. To continue produc-
ing food, especially meat, the way it is now done does not seem
to be sustainable. For people to be able to enjoy their delicious
piece of steak in the future, the way meat is grown needs to be re-
designed. One such disruptive initiative is in vitro cultured meat.
Meatable B.V. is a food-technology startup that is a pioneer in
this field, using iPSCs. For the production of in vitro cultured
meat using iPSCs, a published model using C2C12 myoblasts
(Model A, Capel et al.) was reproduced. Hereafter, a for cultured
meat optimised Model B was tested and compared to Model A.
This optimised model was for the first time seeded with iPSCs
(Model C) and compared to Model B and conventional meat.

4.1. Are Model B and C as good as Model A?

To answer the question whether Model B and C were as good
as, or even better than Model A, different parameters and as-
pects were compared. Scaffold mechanics, scaffold porosity, tis-
sue thickness, cell development, cell morphology, and cell ar-
rangement were analysed.

Characterization of the scaffold without cells was performed
to understand material characteristics such as porosity, stiffness,
et cetera. These parameters are the physical environment that
encapsulate the cells. The scaffold permeability of Model A and
B were the same, according to the Maximum Stress Values of
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Fig. 8: Immunofluorescence staining - Structure of 11 Days bioengineered skeletal muscle bundles and gene expression, visualized through
immunofluorescence staining. Where nuclei are blue, actin filaments are red, and the targeted protein (Desmin/ MyoG/ MHC) is green. Scale of
sub-images A - F are the same. Confocal images of Day 11 cultured samples in 50uL. moulds, in different hydrogel scaffolds with different cells.
Sub-images A - C represent the samples of Model A. Sub-images D - F represent the samples of Model B, and sub-image G represents Model C.
Sub-images A - F are longitudinal, non-stacked shots. G is a longitudinal stacked image of a MyoG staining. Samples were stained for Desmin,

MyoG, or MHC.

the unconfined compression test, and the porosity test. The mea-
sured porosities were in line with the average pore porosity of
skeletal muscle ECM [26]. Model B was twice as stiff as Model
A, according to the Equilibrium Modulus of the unconfined com-
pression test. This could be explained by the almost double con-
centration of collagen. The reason that a double concentration
was needed for the same cellular effects could be due to the ob-
taining process of the different types of collagen and the different
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solvents that were used by two different manufacturers. Thereby,
Angele et al. state that collagen from different animal species
show different physico-chemical properties [2].

When focusing on the scaffolds with cells, there can be seen
that Model A and B were the same in terms of tissue thickness,
and thus tissue compaction, after several days of culture. The
C2C12s seemed to remodel the scaffolds in the same rates. Com-
paction of the scaffold is a sign for proper cell adherence and cell
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Longitudinal section

Model A — Rat collagen
(1.7mg/mL, C2C12)

Model B — Bovine collagen
(3mg/mL, C2C12)

Model C - Bovine collagen
(3mg/mL, iPSC)
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Fig. 9: Histological H&E staining - Representative H&E stainings of 11 days cultured samples of the three different models; Model A with Rat
tail collagen as a hydrogel seeded with C2C12s; Model B with Bovine type 1 as a hydrogel seeded with C2C12s; Model C with Bovine type 1
as a hydrogel seeded with iPSCs. A, D and G are pictures of longitudinal cut slices. Whereas B, E and H are pictures of transversal cut slices. C
and F are detailed pictures of the longitudinal cut slices where multinucleated cells are pointed by the black arrows. All samples were stained with
hematoxylin for blue nuclei, and with eosin for pink extracellular matrices and cytoplasm.

Table 6: Porosity and recovery test results - Porosity and recovery capacity of different fixed (4% PFA) and non-fixed hydrogel scaffolds without
cells prepared according to subsection 2.1.3 and 2.2.4. The Porosity was measured as the percentage of weight change when samples (n=3) were
dried for 30 minutes in open air after being submerged in PBS for 24hrs. The Recovery was measured as the percentage of weight change from
samples that were re-submerged in PBS after drying for 24hrs and initial weight before drying.

| Type hydrogel Porosity (%) +SD | Recovery (%) +SD |
Rat tail collagen (1.7mg/mL, fixed, Model A) 97.30 0.14 | 16.51 1.08
Rat tail collagen (1.7mg/mL, non-fixed, Model A) | 90.55 0.65 | 57.38 5.77
Bovine collagen (3mg/mL, fixed, Model B) 95.88 0.14 | 93.79 0.83
Bovine collagen (3mg/mL, non-fixed, Model B) 95.82 0.23 | 18.11 0.58

stretching [9]. The iPSCs in model C did not seem to remodel or
compact the scaffold as C2C12s did. This could be explained by
the low maturation and low adherence of iPSCs to the scaffold.
Cells need to adhere and pull to cause compaction.

There was no remarkable difference observed in cell devel-
opment and cell alignment between Model A and Model B.
The cells form myotubes and show longitudinal alignment in
the scaffold as is expected according to the static constraint by
the poles on the collagen scaffold [9]. This cell alignment is
of importance for the texture and taste experience of the future
piece of meat [4]. Although, the histological research showed

that more nuclei were observed in Model B compared to A. This
could be explained by the difference in scaffold stiffness, which
influences the cell development and migration [16, 11].

The iPSCs in Model C showed some maturation into multi-
nucleated myotubes on the immunofluorescence stainings and
microscopy images. Nevertheless, the expression of MyoG, my-
otubes and actin filaments was significanlty lower than in Model
A and B, which indicates a less mature cell stage. The orientation
of elongated iPSCs seemed randomly organised. When observ-
ing the histological research, iPSCs in Model C did not migrate
to the edges of the scaffold and were less evenly distributed, un-
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Fig. 10: Different moduli from rheology measurements - Rheology measurements on different cultured tissue samples in either rat tail collagen
(Model A, 1.7 mg/mL) or bovine collagen (Model B, 3 mg/mL) based scaffold hydrogels with C2C12 myoblasts at day 7 and day 11 culture.
Collagen samples were cultured in a 500uL. mould and fixed in 4% PFA for one hour. Same sized samples of minced bovine meat and bovine steak
were tested as comparison. An Amplitude Sweep ( 0.01-1%, 1Hz) program was run using RheoCompass program.

Stress-relaxation curves of different hydrogel scaffolds and meat
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Fig. 11: Unconfined compression test graphs - Graphs of different hydrogel scaffolds (Model A Rat tail 1.7mg/mL and Model B bovine 3mg/mL
type 1 collagen) without cells and fixed, minced meat, and steak samples that have been tested with an unconfined compression test. The same
sized samples were compressed with a strain compression of 10% under a speed of 2mmy/s and was held for 120s, before being released again.

Quantitative data is stated in Table 5.

like the C2C12s in Model A and B. It seems that differentiated
iPSCs find it more difficult to adhere to and migrate through the
scaffold in 3D, which is also observed in the low amount of scaf-
fold compaction. IPSCs and C2C12s however show the same
rate of adherence to scaffold coatings when cultured in 2D, as
can be seen in Appendix D (Figure 18 day 5 and Figure 20 day
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5). An explanation could be that iPSCs are less well differenti-
ated inside the scaffold than in a 2D setup. Future work should
indicate the level of MyoD expression of both C2C12s and iP-
SCs at day O just before incorporating these in scaffolds. The
expression of MyoD indicates the early differentiation of pro-
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Fig. 12: Porosity of different hydrogel scaffolds - The average (n=3)
porosity of two different hydrogel scaffolds (Model B Bovine 3mg/mL
and Model A Rat tail 1.7mg/mL type 1 collagen), fixed in 4%PFA and
non-fixed, all without cells are stated.

genitors into myoblasts and should be tried to be the same for
C2C12s and iPSCs [19, 20].

The stiffness of Model A with C2C12s was, again, half of the
stiffness of Model B with C2C12s which could indicate that the
cells have an equal impact on the scaffolds in both models. The
Loss Modulus, which is an indicator for flow inside the scaffold,
of Model B was higher than that of Model A, which is surpris-
ing since the C2C12s in Model B seemed more packed on the
histological images and the collagen concentration was higher.
Thereby, the bare scaffolds had the same porosity. This small
difference could be explained by the difference of both tests, or
a difference in cross-linking capacity of the network of collagen
between bovine and rat. Both models behave more as an elastic-
like material (tan 6<1).

The stiffness (storage modulus) and the flow-like behaviour
(loss modulus) of the tissue samples seemed to decrease after
several days of tissue culture (day 7 versus day 11). When ob-
serving the immunofluorescence pictures of the samples at day 6
(Appendix J) and day 11, it can be seen that cells are less aligned
and have less densely packed actin filaments at day 6. This is in
line with the decreasing flow-parameter, since there is less empty
space left in the scaffold for liquid to flow at day 11. At day 11,
the cells are more densely packed, better aligned, and have com-
pacted the scaffold even more. The change in stiffness could be
caused by the change of scaffold, liquid and cell ratio, or the
influence of cell death on the tissue. Future work should show
what the differences in stiffness are of the cells and the scaffold
without cells through rheology, and give more insight in the per-
centage of cell death.

According to the above, Model B seems to be very compa-
rable to Model A and perhaps slightly better in terms of cell de-
velopment and cell density. The setups show the start of cultured
skeletal muscle tissue.

Nevertheless, conclusions on immunofluorescence images
and histological images were drawn on the basis of visual ob-
servations. Due to limited sample size of image analysis for both
immunofluorescence microscopy and histology, it was not possi-
ble to underpin these findings with exact quantification of, for in-
stance, nuclei or the percentage of cell alignment, using ImageJ
software. Further, more precise porosity measurements should
be performed through SEM micrographs, as done by Giusti et al.,

to obtain information about pore size and scaffold microstruc-
ture in order to further understand nutrient and waste transport,
and cell migration. [30]. Lastly, due to time constraints, it was
not possible to perform rheology measurements and compres-
sion tests on scaffolds with and without cells.

Unfortunately, the scaffold parameters optimized with
C2C12s are not translatable to iPSCs (Model C).The limitations
of Model C are probably caused by less mature iPSCs when
being incorporated in the hydrogel, the lower ability of iPSCs
to differentiate within 3D scaffolds and the cell seeding density.
Future work should confirm that this could be improved by
allowing the iPSCs to pre-differentiate for a longer period of
time (>4 days) in 2D setting and checking the level of MyoD
expression, before incorporating them in a 3D scaffold. Further,
when observing the immunofluorescence images of Model B
and C, more or less the same number of nuclei is observed,
whilst the image of Model C is a stacked image and Model
B is not. This indicates that the cell density of iPSCs was too
low. Future research should also focus on different amounts of
iPSC seeding densities which could have an influence on tissue
development.

Altogether, Model A and B are very comparable models, and
Model B even seems to be slightly better for cell development
and density than Model A. Therefore, Model B should be set as
the basis model to optimise for the culture of iPSCs. The limita-
tions of Model C are evident when considering the results. These
limitations are mainly caused by the maturation of iPSCs, which
could be improved in different ways.

4.2. Are Model B and C feasible starting models for cultured
meat?

To answer the question whether Model B and C were feasible
starting models for the production of cultured meat, and thus
competitive with conventional meat, the models were assessed
on different aspects. The scaffold of Model B (and thus C) had
to be compared to several requirements. Subsequently were
model B and C compared to conventional meat.

The future requirements of the alternative scaffold are; an-
imal free, cheap, scalable, and edible. The current models do
not meet all these requirements. All used materials are theoreti-
cally edible, but might not be very appetizing. Bovine collagen
and Matrigel are both retrieved from animal sources. The av-
erage world wide price of beef meat is 4.34 USD/kg, whereas
the price of Bovine Collagen used in this paper is more than 14
USD/mL [51]. According to Bach et al., Matrigel is a success-
ful product to use for in vitro cell culture in combination with
structural scaffolds, but the product contains various ECM pro-
teins in undefined varying concentrations which might limit it to
experimental setups only [3].

The proof of concept is however still in development, which
makes the above requirements less critical. Research groups
are already focusing on making recombinant (bovine) collagen.
Olsen et al. mention the promising possibility of producing
human collagen through yeasts and tobacco plants [47]. In
addition, bovine collagen is already a more preferable option in
terms of edibility than rat tail collagen. Furthermore, laminin
is the main component of Matrigel [3], which is commercially
available in recombinant animal free form (e.g. MAPTRix"™).
Finally, due to the economy of scale, prices of research models
should not yet be taken as a direct price indicator for the end
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product.

When comparing Model B and C to steak and minced meat,
the cultured tissue pieces were not quite the same. Compari-
son between steak and the most adult cultured sample (Day 11)
should be taken as the most significant measures, since the inten-
tion was to culture skeletal muscle. Model C was not included in
the mechanical testing since the histological and immunofluo-
rescence images showed that this model was not yet success-
ful, and there was a time constraint for using measuring devices.
For minced meat, both the measure of flow and the stiffness
were lower than that of steak, which is explainable by the loose
structure and less interconnected ECM to transfer liquid flow of
minced meat. The measure of flow (Max. stress value) of steak
and Model B without cells was almost the same, according to the
unconfined compression test. When cells were cultured in Model
B, the measure of flow (loss modulus) measured through a differ-
ent technique was 8 times lower than that of steak. The stiffness
of Model B with cells was a factor 5 lower, and without cells
a factor 10 lower than that of steak. According to the loss fac-
tors, the cultured piece of Model B should be more viscous than
elastic, when compared to steak. Therefore the cultured piece of
tissue with C2C12s seems to be less porous, less viscous, and
less stiff than beef steak.

Nevertheless, these differences between Model B and steak
are explainable. Model B was only cultured for 11 days and
was far from being mature skeletal muscle tissue. This was
confirmed by the low expression of MHC (i.e. the absence
of many multi-nucleated myotubes), the amount of nuclei
in multi-nucleated cells (which was <5), and the thickness
of multi-nucleated myocytes seen on the histological images
(which should be 15 - 45um in adult tissue, but does not
appear thicker than 1um in Model B [67]). Further, the cultured
tissue samples were fixed in 4% PFA, but the pieces of natural
meat were not fixed. This might also influence the accuracy
of the comparisons since it influences tissue behaviour as was
observed in the porosity and recovery test. Future work could
focus on the rheological measurements of fixed and non-fixed
cultured tissue and natural tissue, as well as scaffolds without
cells.

In summary, the scaffold of the current Model B and C did
not meet all the set requirements, and did not result in a compet-
itive piece of tissue with beef steak. Nevertheless, it can still be
considered as an improved model compared to Model A, with
realistically solvable challenges and drawbacks.

4.3. Future prospects

The results delivered by this research project were positive
in many aspects. Successfully reproducing Model A was a
valuable step in the developments of the tissue engineering
department at Meatable B.V., since no piece of cultured skeletal
had been produced previously. The various tests performed on
candidate and final scaffolds (Agarose, Alginate, Noviogel, and
Bovine collagen) give insight in not only the scaffold itself,
but also the different analysis parameters that can be used for
comparison between scaffolds. This work is a stepping stone
for up-scaled models currently used in the tissue engineering
laboratory. Finally, the seeding of Model B with iPSCs (thus
Model C) for the first time is a valuable contribution to future
developments in the cell section of the laboratory.
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Nevertheless, there are elements that should be further
investigated and improved. The current testing methods could
be improved by using more quantitative data for the comparison
of images. Visualizing the scaffold through SEM would also
contribute to the understanding of the architecture. It would also
be interesting to visualize the rate of newly built scaffold by the
cells during the remodelling. There should be more research on
the development and adherence of iPSCs in 3D scaffolds. This
can be done by varying the days of 2D pre-differentiation, and
varying the cell seeding concentrations in scaffolds. It would
also be recommended to perform mechanical analyses on fixed
and non-fixed culture samples, native tissue, and bare scaffolds
for a better comparison, since texture is an important factor
in taste experience. Also, there should be experimented with
Model B made from recombinant collagen and Matrigel, or
recombinant collagen and laminin to meet certain requirements.
Wang et al. mention the successful usage of fibrin as a scaffold,
from which the recombinant animal free version could be tested
as well [65]. Other directions that could be explored include
using fibroblasts in the scaffold to quickly (re)build an ECM [10,
68]. Lastly, the tissues should be cultured over a longer period of
time, in order to hopefully see more adult skeletal muscle tissue.
This will also give insight in the change of stiffness, measure
of flow, and change in viscous behaviour of the samples. All
the above could contribute to a more successful Model C that is
comparable to steak.

There are other stimulating factors besides the biochemical
ones that play an important role in the desired cell behaviour
once the cells are embedded in the scaffold. Many studies under-
line the advantages of also using physical factors for an increased
growth and development of skeletal muscle tissue in vitro setups
[7]. Beldjilali et al. found that mechanical and electrical stimula-
tions have the best results for skeletal muscle tissue engineering.

Electrical stimulation plays an important role in native tissue,
since the central nervous system provides electrical cues in the
development, function, and repair of skeletal muscle tissue [12].
Hashimoto et al. optimized the parameters by suggesting pulses
of <8V for three days for better adherence and proliferation, and
pulses of 0.1V for better differentiation results [32]. Electrical
stimulation stimulates the assembly of sarcomeres which pro-
motes cell proliferation, differentiation, and alignment [7]. Elec-
trical stimulation has several beneficial effects, but also requires
biomaterials that transduce the electrical currents.

Mechanical stimulation (i.e. exercise) enhances cell align-
ment, proliferation, differentiation, and fusion, as well as func-
tioning, myogenesis and muscle remodelling, such as the growth
and thickening of muscle fibres [7]. There are many stretch
regimes tested, which vary in cycles, stretching elongation, and
duration. Zhang et al. found that stretching cells induced acti-
vation of FAK via integrin, which led to increased gene expres-
sion [72]. It may also influence the inflow of calcium in the cell
through the ion channels and activate P13K and p38 signalling
pathways, all positively influencing the cultivation of muscle tis-
sue by up-regulating the expression of certain genes responsi-
ble for skeletal muscle progenitor development [7]. Mechanical
stimulation has a wide range of positive effects on myogenesis
and is therefore interesting for skeletal muscle tissue engineer-
ing.

When observing the native situation, a contraction of a
muscle tissue starts with an electrical stimulation by the nerves,
not by an external load that stimulates muscle hypertrophy. For
this reason it is possible that electrical stimulation has a priority
in in-vitro tissue development, though no article has been found
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that clearly states that electrical stimulation should have priority References

compared to mechanical stimulation. This is probably due to the
novelty of the engineering techniques and developments.

When thicker and more mature muscle tissue is cultured,
other problems may arise. According to literature, cells should
not be further than 150-200 ym from nutrition sources. In this
research, the scaffolds with cells are still very porous, due to the
less packed density of cells in the early stage of tissue devel-
opment, and that diffusion is sufficient. Research should focus
on creating channels within the scaffold once the tissue shows
necrotic cores, by for instance creating micro-channels using sol-
uble sugar scaffolds [45].

Once thicker pieces of tissue are being produced with chan-
nels, the focus could be on the flavour. The flavour of meat is
influenced by its texture, juiciness, taste and aroma [18]. The
flavour forms mainly during the preparation as a result of the
Maillard reaction and lipid oxidation. These volatile compounds
could be identified using olfactometry and mass spectometry
methodologies as is done by Flores et al. [62]. Cultured meat will
probably not have the same colour as beef meat since it does not
contain blood. According to Pat Brown, the protein hemoglobin
could play a key role in colour and taste experience, since it
catalyses the Maillard reaction and lipid oxidation [22, 36]. Re-
combinant hemoglobin from soybeans, which is very similar to
hemoglobin found in blood, is already being produced by yeasts
[31]. Future research could focus on the effects of adding recom-
binant hemoglobin on the colour and flavour of cultured meat.

Certain articles doubt the effectiveness of cultured meat in
terms of sustainability, which evokes interesting debates due to
the many estimations of the unknown production process [41,
61]. Cultured meat is undoubtedly a better option with regard
to animal welfare. Progress in the research of cultured meat will
also contribute to the understanding of native skeletal tissue, cer-
tain diseases, etc., and the development of treating volumetric
muscle loss or cardiac muscle damage.

5. Conclusion

In conclusion, this research describes the successful improve-
ments made to an existing 3D in-vitro skeletal tissue engineer-
ing method, seeded for the first time with iPSCs, as prototype
model for cultured meat. Model B should be set as the basis
model to optimise for the culture of iPSCs. The hydrogel scaf-
folds of both models were very comparable in terms of perme-
ability, scaffold compaction by cell activity, and cell alignment.
The replacement of rat tail with bovine collagen even seems to be
better for cell development and cell density, probably due to the
increased stiffness. The bovine collagen model with C2C12s was
not comparable to steak, but a longer culture period could result
in more similar tissue. When the improved model was seeded
with pre-differentiated iPSCs instead of C2C12 myoblasts, the
results demonstrated different cellular responses within the same
scaffolding material. Notwithstanding the limitations of the last
model, it can still be concluded that iPSCs will be a significant
element in the future of cultured meat, given their endless ca-
pacities of self-renewal and broad variety of cell types, and this
research has been a baby step towards the end goal of animal-
free meat.
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Appendix A.

Overview of different possible scaffolds for tissue engineering based on a
literature review

Natural materials

Natural Material Advantages for Skeletal Muscle Tissue Disadvantages for Skeletal Muscle | Remarkable Ref.
Engineering Tissue Engineering
Collagen - Native ECM - Limited cell migration Most research seems to be done with | &7°
- Biocompatible/ Biodegradable collagen
- Used as hydrogel or electrospun
- Promotes cell differentiation
Fibrin - RGD present; enhances cell adhesion - Not optimal mechanical Highest potential long-term use in 63,64,80
- Biocompatible/ Biodegradable properties; skeletal muscle tissue engineering®?
- Composition adaptable (thrombin)
- Enhances cell migration, proliferation
- Stores growth factors
- Degrades symmetrically with formation of new
cell-produced ECM
Alginate - Biocompatible/ Biodegradable - Quick degradation Made of seaweed; useful when 22,63,65-
- Cheap - No optimal connected pores combined with adhesion molecules 69,71
- Biodegradable - Hard to gelate in specific form
- Adjustable stiffness - Poor cell attachment
Gelatin - Biocompatible/ Biodegradable - Only been used successfully in Hydrolysed collagen 12,65
- Cheap electrospun form
Hyaluronic acid - Present in native ECM 12,65
- Promotes cell proliferation & migration
- Mediates repair process
- Biocompatible/ Biodegradable
Chitosan - Antibacterial properties Produced using fungi or exoskeleton 73,81,82
- Biocompatible/ Biodegradable of arthropods; resembles cellulose
- High mechanical strength
- Cheap
Agarose - Enhances molecular transport - Inhibits cell adhesion Made of seaweed 63,74,83
- Biocompatible/ Biodegradable - Cannot be used with cold
- Enhances cell metabolism & migration preparation conditions
- Porous - Brittle material
- Stable degradability
- Cheap
Matrigel & Geltrex | - Enhances cell proliferation, adhesion, migration, - Must be used in combination Secreted by murine Engelbreth-Hold- 168
differentiation with other materials for 3D Swarm tumor cells
scaffolding structure
Soy protein - Biodegradable/ Biocompatible - Little studied yet Used as gels and films 7
- Adjustable bioactive properties
- Cheap
Decellularized - Is the native ECM - Contrasting results in literature 32,84-86
scaffolds - Donor needed
- Manufacturing procedure
requires toxic chemicals that can
remain in end product
Fibroblasts - Synthesise and deposit the native ECM - Only used in 2D Non-scaffold approach 8,87-90

- Substratum required for myotube
alignment

- Hard to control

- More success in in-vivo setup
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Synthetic Materials

Synthetic Advantages for Skeletal Muscle Tissue Disadvantages for Skeletal Muscle Tissue Remarkable Ref.
materials Engineering Engineering
PGA - Biodegradable (non-enzymatic - Binding site required A lot studied 93,94
hydrolysis)
- Biocompatible
- Myoblasts survive, organise and
regenerate
- Adjustable mechanical and structural
properties
PLA - Biodegradable / biocompatible - More research required on more precise Made of corn starch or sugarcane 95,9
- Cells adhere in 2D and detailed printing nozzle for enhanced
- Adjustable mechanical and structural scaffold designs
properties
PLGA - Biocompatible / biodegradable - Low hydrophobicity Often used to prepare fibrous scaffolds 7
- Adjustable degradability - Poor cell affinity for tissue engineering
- Adjustable mechanical and structural - Needs to be altered with different
properties biological factors
PEG - Hydrophilic - Still no ideal mechanical properties Used as a hydrogel with C2C12 %8
- Minimal inflammatory response - No physical biological cues
- Promotes myotube development and
alignment
- Adjustable mechanical and structural
properties
PDMS - Biocompatible - Hydrophobic Used by solvent casting and particulate 99,100
- Oxygen highly soluble in PDMS - No cell adherence (coating needed) leaching techniques, in combination with
- Adjustable mechanical and structural human mesenchymal stem cells
properties
PCL - Flexible - Slow biodegradable Used by electrospinning. Using in 101
- Cheap - Hydrophobic combination with PLGA improved
- Cells adhere, but not optimal myoblast proliferation.
- Adjustable mechanical and structural
properties
PANi - Semi-flexible - Only recently being used in science Used by electrospinning; positive effects 102
- Biocompatible of conductivity, mechanical strength and
- Conducting surface requirements showed
- Adjustable mechanical and structural
properties
Hybrid materials
Hybrid materials Advantages for Skeletal Muscle Tissue Disadvantages for Remarkable Ref.

Engineering

Skeletal Muscle Tissue
Engineering

PEG-fibrinogen - Accurate control of material properties - Only recently studied Used in-vivo for a functional artificial muscle 22,105,106
- Inherent bioactive cues tissue in mice
- Well controllable liquid-solid transition
- Adjustable mechanical and structural properties

PDMS-Fibrin - Successfully used with myoblasts - Only recently studied Used as micropatterned scaffold with 103

- Adjustable mechanical and structural properties

myoblasts, formed myotubes

PLGA-Collagen

- Enhances attachment myoblasts

- Enhances proliferation myoblasts

- Increasable hydrophilicity

- Adjustable mechanical and structural properties

- Only recently studied

Several times successfully used
(electrospinning) with myoblasts, but adding
Graphene Oxide even made it better

51,107

PCL-Collagen

- Stimulates myoblast alignment

- Stimulates myotube formation

- Adjustable mechanical and structural properties
- Biocompatible

- Biodegradable

- Easily fabricated

- Only recently studied

Used by electrospinning

104

PCL-Silk fibroin

- Biocompatible

- Enhances cellular alignment & elongation

- Enhances myotube formation

- Easily fabricated

- Adjustable mechanical and structural properties

- Only recently studied

Used by electrospinning, seeded with C2C12
in PEGS-M polymer as a hydrogel

16
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Appendix B.

Different tested ways of casting and cultivating 3D hydrogel scaffolds

Before implementing the 3D printed moulds with poles for 3D skeletal muscle tissue engineering,
designed by Capel et al. at the Loughborough University, different other ways of cultivating cells in
hydrogels were tried. This appendix gives an overview in chronological order of the different ideas
that were used by the author. The iPSCs were cultured according to the proliferation and
differentiation protocols. The hydrogels were prepared according to appendix D.

1. Drops in 24-well plates

At the beginning of the research project, different hydrogels were selected as a possible scaffold for
the cultivation of skeletal muscle tissue from iPSCs. There was no existing set-up for 3D cultivation of
muscle tissue. Therefore, the initial experiments of testing the gelation of different hydrogels, and
testing the survival and proliferation of cells were done in a simple set-up.

1.1.Materials and Methods

The hydrogels were prepared according to the hydrogel-related protocol. At the start of the
research project, there were no C2C12 myoblasts at the laboratory. This is why the experiments
were performed with pre-differentiated iPSCs. iPSCs were seeded at a density of 200.000 cells per
50ul hydrogel. Drops of 50ulL hydrogel scaffold plus cells were placed at the bottom of a 24 well
plate. The drop was solidified in the incubator, where after warm growth medium was added.

Figure 1. 24 well plate with hydrogel drops in each well
1.2.Results & Conclusion

The microscopical pictures of the edge and center of the hydrogel scaffold drops are pictured in
Figure 2. Cell survival was assessed with Tripan Blue staining. As can be seen in figure 2, do the cells
proliferate, but not stretch or align.

There was concluded that the cells might need better adherence molecules, and a kind of
mechanical stimulus. Many articles that culture in-vitro skeletal tissue, use something like poles for
static mechanical tension. The Noviogel should be altered with binding peptides.
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Type hydrogel
Rat tail
collagen
(1.7mg/mL)

Noviogel P1K

Noviogel P5K1

Noviogel
P5K2.5

Control (iPSCs
in Geltrex
coated well,
no hydrogel
scaffold)

Figure 2. Overview of microscopical pictures from center and edge of a hydrogel drop seeded with iPSCs after 12 days of
culture. The drops were 50ul and placed in wells of a 24 well plate.
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2. Carbon poles

To initiate a static mechanical stimulus within the hydrogel for the cells to align and stretch, inserts
for in the wells of a 24 well plate were made. The gel was cast between and around the poles within
the 24 well plate well. The poles were first made of carbon steel, but these started to rust after
several days in medium. Therefore, the poles were changed by poles made from stainless steel. The
hydrogels were seeded with iPSCs, but experiments were stopped after 5 days since there was no
change in cell stretching or alignment observed, even though the cells survived well.

Figure 4. Left: Designed insert for in a well of a 24 well plate, poles made of stainless steel. Right: Bottom view of stainless
steel inserts with cast hydrogel around the poles in medium
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Figure 5. Left: microscopical picture of ipsc seeded rat tail collagen hydrogel with in the right top corner a part of the
stainless steel pole. Middle and right: detailed view of the iPSCs in the hydrogel that form agglomerates instead of stretch.

3. Chamber #1 and Ospin Bioreactor

To optimise the culture set-up, there was a need of controlled pH, temperature and oxygen of the
medium. Therefore, an Ospin Bioreactor was installed. The bioreactor monitors the flow,
temperature, pH and Oxigen of the medium that is added to the tissue culture chamber. A closed
chamber for the hydrogel was designed, including poles, and Euler locks to connect it to the Ospin
Bioreactor circuit.

3.1.Materials & Methods

Hydrogels were made according to the different protocols, and seeded with 2.000.000 cells (iPSC)
per 500uL hydrogel. The chamber was under sterile conditions filled with 500ulL hydrogel+cells, and
the lid was added. After solidification, the medium was added and the chamber was attached to the
Ospin bioreactor circuit (figure 7).

Figure 6. Designed closed chamber for skeletal muscle tissue cultivation, with removable transparent lid. On the left, the
chamber is filled with 500ul hydrogel (rat tail collagen) and cells without medium. On the right, the hydrogel was set and
medium was added to it.
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Figure 7. Picture of the Ospin Bioreactor, with on the left a perplex hood where under the tissue culture chamber is settled
(pink). The inflow and outflow tubes can be seen as well.

3.2. Results & Conclusion

Rat tail collagen was used as scaffold for the hydrogel in the closed chamber. Microscopical analyses
showed that the cells survived, but the survival rate was not very high. There was no stretching or
alignment of the cells observed.

The set-up was still not ideal. Maybe, the distance between the poles was too big for a
proper static mechanical tension.

Figure 8. Left; microscopical analysis of iPSC laden hydrogel made of rat tail collagen. Right; Tripan Blue staining to visualize
cell death within scaffold.

4. Chamber #2 and Ospin Bioreactor

The height between inflow point in the chamber for medium and the bottom of the chamber are
the limiting factor of the thickness of the hydrogel. For more pole contact, and thus a thicker
hydrogel scaffold, the chamber was redesigned and made deeper. This allowed the casting of a
thicker layer of hydrogel. For the first experiments with this chamber, the gels (250uL, P5K2.5
Noviogel and Rat tail collagen 1.7mg/mL) were only cast between two poles on one side of the
chamber (see figure 9).
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Figure 9. Redisgned chamber with hydrogel cast between two poles on one side of the chamber. Left; chamber without lid
and with hydrogel. Middle; chamber filled with hydrogel and lid with poles added. Right; chamber filled with medium.

4.1.Results & Conclusion

After 10 days of culture, the samples of Rat tail collagen (1.7mg/mL), as can be seen in Figure 10,
showed a certain stripes. Future research should provide more information on what these stripes
were. They could be stretching cells, which could be proved by immunofluorescence staining, or
could be folds in the scaffold material. Thereby, did the staining with Tripan Blue show that there
was not a lot of cell death. Cells seemed to proliferate, but did not stretch.

The hydrogel samples made from Noviogel P5K2.5 did not show any stripes, but showed that
the cells started to form agglomerates, which is an indicator for cell proliferation. Staining the gel
with Tripan Blue showed that there was not a lot of cell death.

The set-up was still not optimal, but the thickness, distance to the poles, and flow of medium
seemed to have some improving effect on the cells.

Figure 10. Left: Microscopical analysis of Rat tail collagen in Chamber #2, where stripes were observed. Right; Tripan Blue
staining of rat tail hydrogel with iPSCs after 10 days of culture.
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Figure 11. Left: microscopical analysis of Noviogel P5K2.5 hydrogel with iPSCs after 10 days of culture. Right; Tripan Blue
staining of Noviogel P5K2.5 hydrogel with iPSCs after 10 days of culture.
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Appendix C.
Different tested hydrogel scaffolds 3D

This appendix describes the different experiments that were performed to test different possible
alternatives for the rat tail collagen in the Model A set-up. Through literature review, the most
attractive scaffolds for 3D tissue engineering were selected. The requirements for the alternative
scaffold were (preferably) animal free, cheap, scalable, and edible. Therefore, bovine collagen
(animal-based), agarose (plant-based), alginate (plant-based), and Noviogel (synthetical-based) were
tested. The experiments in 3D performed on agarose, alginate, and Noviogel will be reported in the
following part. These were a follow up after the 2D tests which can be found in ‘Appendix D;
Different tested hydrogel scaffolds 2D’.

1. Agarose

Agarose is extracted from certain types of red seaweeds. The material can be fractionated into two
types; agaropectin (which has a high content of sulfate and carboxyl groups), and agarose (nearly
neutral fraction). It is often used to separate large molecules, such as DNA, during electrophoresis.
The powder dissolves in hot water and gelates when cooling down. Agarose hydrogels have been
proven to positively influence molecular transport and cell metabolism.! The gel is interconnective
porous and stable, which improves cell migration, and has shown to be promising for muscle tissue
engineering.! Nevertheless, agarose hydrogels have not been proven to enhance cell proliferation
due to the inhibition of cell attachment.?

Pollot et al. demonstrated that agarose has a high elastic modulus and big interconnected
pores compared to collagen, alginate, and fibrin.®® Even though the material has a higher stiffness
and is more resistant to deformation, the material was the most brittle. The material seems
promising for 3D skeletal tissue engineering.!

1.1. SOP for preparation of agarose hydrogel scaffold
Based on work of Varoni et al.?

- Pre-warm plates to 37°C for a couple of hours or from the previous day onwards
- Pre-warm medium to 37°C
- Prepare cell solution:
o Detach the cells from the well plate and suspend in solution
o Count the cells with cell viability marker and adjust to desired concentration
- Prepare agarose hydrogel stock solution:
o Dissolve low-gelling agarose in PBS (without Ca & Mg) to a final concentration of
1.3% wt
o Heat the mixture in a microwave at 800W for around 2 min; stir every 15 seconds
until everything is dissolved.
o Let mixture cool to 42 °C.
- Prepare mixture:
o Mix the cells, MEM and Matrigel
o Mix the above mixture with Agarose working solution

1Pollot, B. E., Rathbone, C. R., Wenke, J. C. & Guda, T. Natural polymeric hydrogel evaluation for skeletal muscle tissue
engineering. 0075, 672—-679 (2017).

2Varoni et al. Agarose gel as biomaterial or scaffold for implantation surgery: characterization, histological and
histomorphometric study on soft tissue response, 2012.
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- Transfer hydrogel mixture to desired mould or well

- Gelate the gel at at least 26-30°C

- Gently add warm medium to each well via the side of the well

- Incubate samples for the duration of the experiment at 37 °C. When required; refresh
medium using a micropipette to gently remove the old medium and gently add fresh warm

medium
Agarose hydrogel scaffold (1% w/v)
Agarose working solution (1.3% w/v, in PBS) 76.5%
Minimum Essential Medium (10x) 8.5%
Matrigel 10%
Cells 5%

1.2. Agarose tests and results
1.2.1. Finding the ideal Agarose concentration
Based on literature by Varoni et al. the used concentration of Agarose hydrogel as biomaterial for
scaffolding was 1.5%wt. When comparing this gel to Model A (Rat tail collagen 1.7mg/mL, without
cells), the agarose was much stiffer (manual testing). Therefore, different concentrations (0.25%wt,
0.5%wt, 1%wt, 1.5%wt) of agarose hydrogel without cells were tested without cells to find a
resembling stiffness to rat tail collagen.

An agarose hydrogel with a concentration of 1%wt mostly resembled Model A in terms of
stiffness (Rat tail collagen 1.7%mg/mL).

1.2.2. Agarose 2D coating with cells
See appendix “Different tested hydrogel scaffolds 2D”.

Agarose hydrogel was prepared without Matrigel. A thin layer of hydrogel without cells was applied
in a well of a 24wp. The layer was set to dry in an incubator, where after a layer of medium with
iPSCs was added. Compared to the control (Geltrex coating), the cells adhered less well to the
agarose coating. Thereby, did cells form agglomerates instead of stretched cells.

1.2.3. Agarose 3D hydrogel with cells
Agarose hydrogel scaffolds were prepared according to above instructions, and were seeded with
C2C12 myoblasts. This mixture was cast into 50uL moulds and cultivated in an incubator.

The cells proliferated in the hydrogel, but did not stretch. There was no shrinkage of the
hydrogel observed in the mould, which is the case with Model A Rat tail collagen. Cells died after
several days and experiment was stopped.
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Figure 12. 50uL mould with Agarose 1%wt hydrogel and C2C12 myoblasts — Top view with assembled pictures from
microscope, where the two poles are visible with hydrogel plus cells between and around poles. Experiment was at day 5
culture.

1.3. Conclusion Agarose hydrogel

A hydrogel based on agarose does not seem to be a feasible alternative to the rat tail collagen in
Model A. The material is cheap, plant-based, and edible, which makes it very attractive for clean
meat purposes. But the material is not easy to work with, since the gel cannot be prepared on ice,
and does not seem to provide the needed properties for cell culture ECM. Further research could be
done on a combination of agarose with different other materials, to increase mechanical properties.

2. Alginate

Alginate, or alginic acid, is a hydrophilic polysaccharide that is made of the cell walls of sea weed.
The material is biocompatible, cheap, edible, and biodegradable.® When dissolved in aqueous
solution, it can be turned into a gel when put in contact with metal ions, such as calcium, due to the
negatively charged polysaccharides. The gel is tough, rigid and well-ordered, and properties can be
adjusted by adapting the alginate or calcium-solution concentration.® The binding strength is mainly
caused by the nature of the metal that is used. Alkaline earth cations form ionic bonds, while the
transition metal ions form strong coordination-covalent bonds; Cu > Co?* > Zn* > Mn?* >> Mg?* >
Ca?* > Sr**.3 Where higher concentrations will induce an increased mechanical strength, viscosity,
and degradation time. However, the quick degradation time of the gel still remains hard to control.
And the pores of alginate are not optimal connected.*

Alginate, on its own, has low protein adsorption properties and does not enhance cell
attachment. But different studies report successful experiments where an alginate hydrogel is used
for muscle tissue engineering.® ¢ 7 Key in these experiments, was the combination of adhesion
molecules to improve the scaffold. Rowley et al. found that skeletal myoblast proliferation and
differentiation are dependent on the type of alginate and the density of the adhesion ligands
presented at the surface. The adhesion ligand they used was Arginylglycylaspartic acid (RGD); a
mammalian peptide sequence that is responsible for cell adhesion on the ECM, and can mimic the

3 Ali, A. & Ahmed, S. Recent Advances in Edible Polymer Based Hydrogels as a Sustainable Alternative to Conventional
Polymers. J. Agric. Food Chem. 66, 6940-6967 (2018).

4 Pollot, B. E., Rathbone, C. R., Wenke, J. C. & Guda, T. Natural polymeric hydrogel evaluation for skeletal muscle tissue
engineering. 0075, 672—-679 (2017).

5 Rodriguez, B. L. & Larkin, L. M. Functional three-dimensional scaffolds for skeletal muscle tissue engineering. Univ.
Michigan (2018). doi:10.1016/B978-0-08-100979-6.00012-4

6 Qazi, T. H., Mooney, D. J., Pumberger, M., GeiRler, S. & Duda, G. N. Biomaterials Biomaterials based strategies for skeletal
muscle tissue engineering : Existing technologies and future trends. Biomaterials 53, 502-521 (2015).

7 Fuoco, C., Petrilli, L. L., Cannata, S. & Gargioli, C. Matrix scaffolding for stem cell guidance toward skeletal muscle tissue
engineering. J. Orthop. Surg. Res. 1-8 (2016). d0i:10.1186/s13018-016-0421-y
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cell adhesion functionality of fibronectin.® Ansari et al. also used an RGD-coupled alginate hydrogel
to create an environment for the cultivation of gingival mesenchymal stem cells for muscle tissue
engineering.’ This combination resulted in differentiation of mesenchymal stem cells into muscle like
morphological tissue. It has been found that alginate with a stiffness between 13 and 45 kPa is able
to improve myoblast proliferation and differentiation, and even promote the release of growth
factors.

2.1. SOP for preparation of alginate hydrogel scaffold

Most articles report a concentration of Alginate of 1-2% w/v for scaffolding for skeletal muscle tissue
engineering. The follow procedure was based on work of Rowley et al., and Ansari et al.

- Prepare Alginate stock: dissolve 1.5% w/v in 0.9 NaCl (or PBS)

- Let dissolve overnight in incubator

- Dilute the stock to working solution concentration with 0.9 NaCl or PBS.

- Detach the cells from the well plate and suspend in solution

- Count the cells with cell viability marker and adjust to desired concentration
- Mixon ice the cells in solution in 50mL tube

- Mix on ice Matrigel with cells/medium

- Mix on ice Matrigel/Cells and the Alginate working solution/MEM

- Fill the moulds with the mixture and distribute by tapping the well on the table gently

- Checkif the poles are well surrounded by the gel; if needed use a small pipet and manually
distribute the gel around the pole

- Gently add 2mL 0.05M CaCl2 to each well and incubate for 1 hour

- Aspirate and wash twice with PBS

- Drip gently growth medium on/in the mould of all the wells

Alginate hydrogel scaffold (1% w/v)
Alginate working solution (1.3% w/v, in PBS) 76.5%
Minimum Essential Medium (10x) 8.5%
Matrigel 10%
Cells 5%

2.2. Alginate test results
2.2.1. Finding the ideal Alginate concentration
Based on literature by Rowley and Ansari et al., the used concentration of alginate hydrogel as
biomaterial for scaffolding was 1-2%wt. When comparing 2% wt gel to Model A (Rat tail collagen
1.7mg/mL), the alginate was way stiffer (manual testing). Different concentrations (0.25%wt,
0.5%wt, 1%wt, 1.5%wt, 2%wt) of alginate hydrogel were tested without cells to find the most
resembling stiffness to rat tail collagen.

Alginate hydrogel was difficult to solidify, since the CaCl was added on liquid alginate
hydrogel, which disturbs the solidifying form. But Alginate with a concentration of 1%wt mostly
resembled Model A (Rat tail collagen 1.7 mg/mL) in terms of stiffness.

8 Rowley, J. A., Mooney, D. J., Arbor, A. & Arbor, A. Alginate type and RGD density control myoblast phenotype. (2001).
doi:10.1002/jbm.1287

9 Ansari, S. et al. Muscle tissue engineering using gingival mesenchymal stem cells encapsulated in alginate hydrogels
containing multiple growth factors. 44, 1908-1920 (2017).
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2.2.2. Alginate 2D coating with cells
See appendix “Different tested hydrogel scaffolds 2D”.

Alginate hydrogel was prepared without Matrigel. A thin layer of hydrogel without cells was applied
in a well of a 24wp. The layer was set to solidify with 0.05M CaCl2, where after the supernatant was
replaced by a layer of medium with iPSCs. Compared to the control (Geltrex coating), the cells
adhered less well to the Alginate coating and formed agglomerates instead of stretched cells.

2.2.3. Alginate 3D hydrogel with cells
Alginate hydrogel scaffolds were prepared according to above instructions, and were seeded with
C2C12 myoblasts. This mixture was cast into 50uL moulds and cultivated in an incubator.

The cells proliferated in the hydrogel, but did not stretch. There was after a few days a quick
shrinkage of the hydrogel observed in the mould, which could be related to the degradation capacity
of the material. The experiment was stopped when the hydrogel scaffold detached from the poles.

" ==

Figure 13. 50ul mould with Alginate 1%wt hydrogel and C2C12 myoblasts — Top view with assembled pictures from
microscope, where the two poles are visible with a detached hydrogel plus cells. Gel is still surrounding the left pole.
Experiment was stopped at day 4 culture.

2.3. Conclusion Alginate hydrogel

A hydrogel based on alginate does not seem to be a feasible alternative to the rat tail collagen in
Model A. The material is cheap, plant-based, and edible, which makes it very attractive for clean
meat purposes. But the material is not easy to work with, since the gel needs to be solidified by the
addition of another liquid solvent, and does not seem to provide the needed properties for cell
culture ECM. The material degrades too quick. Future work could focus on the usage of different
solidification liquids instead of CaCl, which can change the material properties. Several studies
report the use of alginate as capsulate material for drops of cells.!® These techniques could be
further investigated to be translated to the usage for clean meat. For example, to be used for the
growth of iPSCs before seeding these in a final scaffold.

3. Noviogel

Noviogel is a commercially available improved synthetic hydrogel platform for cell studies, produced
by the company Noviocell. Noviogel mechanically mimics collagen, while possessing the
reproducibility and tunability of synthetic hydrogels. The porous fibrous polymer network has a
stiffness that increases under applied force similar to collagen or fibrin. Noviogel is fully reversible
thermo-sensitive which allows for ease of cell/tissue recovery and downstream processing after
culturing. By adding peptide sequences or growth factors, the hydrogels can be readily
functionalized for different cell types. The unique combination of tunable biofunctionality and
biomechanics of the Noviogels makes them excellent matrices for 3D stem cell culture or

10 Ansari, S. et al. Muscle tissue engineering using gingival mesenchymal stem cells encapsulated in alginate hydrogels
containing multiple growth factors. 44, 1908-1920 (2017).
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regenerative medicine.!!

Noviogel is a new class of advanced polymers. The complex chemistry of the polymer allows
the organization into a helix-like structure that is similar to the conformation of collagen, abundantly
present in the extracellular matrix (structure around cells). Noviogel is an improved platform for cell
studies, because it combines the unique benefits of natural and synthetic biomaterials. Noviogels
uniquely perform like collagen, while possessing the same characteristics as other commercial
hydrogels. Furthermore, it is fully reversible thermo sensitive, cells can be easy recovered and
downstream processing after culturing is straightforward. The unique combination of tunable
biofunctionality and biomechanics of the Noviogels makes them excellent matrices for 3D stem cell
culture or regenerative medicine. In addition, Noviogel has a strain stiffness that increases under
applied force, thereby enabling hydrogel strain stiffness modulation according to the needs of each
cell type. Hereby, Noviogel creates a cellular microenvironment with the right mechanical cues to
control cell expansion and differentiation.

3.1. SOP for preparation of Noviogel hydrogel scaffold
The preparation methods was according to manufacturer’s inscriptions.

Prepare Stock solutions of 5mg/mL
o before opening vial, let slowly reach room temperature
add desired volume of COLD SOLVENT (0-4°C), shake manually
incubate 3 hours at 4°C, manual shaking/swirling once every hour
After 3 hours, place vial on ice and pipet gently up and down
(if air bubbles; centrifuge)
o Prepare aliquots and store at -20°C (4 months ok).
- Prepare cell solution
o Detach the cells from the well plate and suspend in solution
o Count the cells with cell viability marker and adjust to desired concentration
- Prewarm plates and cell culture medium at 37°C
- Defreeze the gels
- Put onice your cells, noviogel polymers and empty epps or tubes
- Mix the cells, noviogel and medium together for each of the four conditions by gently
pipetting up and down on ice
- Add the hydrogel mixture to the desired mould
- Start the gelation by placing the plate for 10 minutes at 37°C
- The hydrogels with encapsulated cells have now been formed. Add gently cell culture
medium
- Culture the cells at 37°C according to cultivation protocol

O O O O

Noviogel P1K RGD1K | P5K P5K
concentration (mg/mL) 1 1 1 2.5
MEM (10x) 70% 58% 58% 34%
Noviogel stock (5mg/mL) 20% 17% 17% 42%
Cells in medium 10% 25% 25% 25%

Figure 14. Overview of different Noviocell gels, where RGD1K was the only one with RGD binding peptide.

11 https://www.noviocell.com/products/noviogel-p/
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3.2. Noviogel test results

3.2.1. Finding the ideal Noviogel concentration

Different Noviogels and noviogel concentrations were delivered by the manufacturer. The different
gels and concentrations were tested in 2D and in 3D as described below.

3.2.2. Noviogel 2D coating with cells
See appendix “Different tested hydrogel scaffolds 2D”.

Best results were obtained with RGD5K (5mg/mL, where RGD1K was 1mg/mL). The coating
with RGD5K had the best adherence of cells, which could be explained by the addition and increasing
concentration of binding peptide. Coatings with P1K and P5K had a visible lower adherence of cells.

3.2.3. Noviogel 3D hydrogel with cells

Noviogel hydrogel scaffolds were prepared according to above instructions, and were seeded with
iPSCs. These mixtures were cast as a drop in a 24 well plate and set to solidify in the incubator.
Where after the differentiation protocol was used. Results of the different concentrations and types
(P1K, P5K1, P5K2.5, and RGD1K) can be seen in Figure 15. The cells proliferated and differentiated
best in the RGD1K scaffold (based on the amount of cells and agglomerates observed), which is a
scaffold with RGD binding protein incorporated. But the cells did not stretch or align. The cells
formed bigger agglomerates in the RGD1K hydrogel.

Hereafter, the RGD5K hydrogel was used and seeded with C2C12 myoblasts and cast in the 50ulL
mould inserts for 3D tissue engineering. Results can be seen in Figure 16. The cells proliferated in the
hydrogel, but did merely stretch. There was no change in scaffold size after several culture days,
which is expected when comparing to Model A (rat tail collagen 1.7mg/mL).

Figure 15. Upper Left: P1K hydrogel with iPSCs after 14 days culture; Upper right: P5K1; down left: P5K2.5 hydrogel with
iPSCs after 14 days culture; down right: RGD1K hydrogel with iPSCs after 14 days of culture. All pictures were from 3D tissue
samples.
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Figure 16. Top: 50ul mould with Noviogel RGD5K hydrogel and C2C12 myoblasts, top view after 4 days of culture. Below
left: detailed microscopical view of cells in hydrogel, where not much cell alignment is observed. Below right: detailed top
view of the right pole from the tissue culture mould from the top picture.

3.3. Conclusion Noviogel hydrogel

Noviogel could be an interesting alternative for Model A since the gel is mostly synthetically
produced, which means that the gel properties can be tweaked to desire. The manufacturer even
claims that the gel is edible. But several adjustments should be done for better skeletal muscle tissue
development. The cells seem to survive, but do not stretch much in the gel. Adding a natural binding
peptide such as RGD enhances the stretching of the cells. Future research could focus on the
addition of more RGD binding peptide, and the exact mechanical properties of the gel.
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Appendix D.
Different tested hydrogel scaffolds in 2D

This appendix describes the different experiments that were performed to test different possible
alternatives for the rat tail collagen in the Model A set-up. Through literature review, the most
attractive scaffolds for 3D tissue engineering were selected. The requirements for the alternative
scaffold were (preferably) animal free, cheap, scalable, and edible. Therefore, bovine collagen
(animal-based), agarose (plant-based), alginate (plant-based), and Noviogel (natural and synthetical
based) were tested. The experiments in 2D performed on agarose, alginate, and Noviogel will be
reported in the following part.

1. Introduction

Initially, the reaction of iPSCs on a thin layer (400uL in a 24well plate well) of different hydrogels was
tested. For this, Matrigel, which enhances cell attachment, was not mixed with the gels, so that the
cell behaviour and attachment on pure hydrogels could be observed. This was compared to a thin
layer of Rat tail collagen (Model A) without Matrigel and a thin layer of Geltrex (which is similar to
Matrigel, and served as a positive control of cell adherence). On all thin layers, pre-differentiated
iPSCs were seeded (95.000 per well) in medium suspension. The SOP for further differentiation was
used. Each day, the supernatant was gently removed and replaced by fresh medium. Cells that did
not adhere, were mostly removed with the medium refreshment.

2. Materials and methods

Briefly: a thin layer of 400uL hydrogel (n=3) in a 24 well plate was solidified, where after growth
medium with iPSCs (95.000 per well) were added to the thin layer of hydrogel. The differentiation
SOP was used and medium was thus daily refreshed.

2.1.Alginate

Make 1600pL of hydrogel:

- Prepare stock: dissolve 1.5% w/v in 0.9 NaCl (or PBS)

- Take 1512 pL alginate-NaCl-solution

- 168l of E8 Complete Rock (without cells) mixed with 1512l of alginate solution
- Transfer 400uL of above mixture to 3 wells of 24 well plate

- Form hydrogel by adding 1 mL 20mM BaCl2 (or 0.1M CaCl2) for 1 hour in incubator
- Remove the CaCl2 and wash hydrogel twice with PBS

- Add growth medium with iPSCs

1400 pL
hydrogel
Alginate 1.5% w/v
Alginate 1512 pL
solution
E8 Complete | 168 pL
Rock
0.1MCaCl2 |3mL
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- Prewarm 24w plate at 37°C. And E8 complete Rock

- Make 1600uL of 1.7mg/mL hydrogel:

- Dilute the rat tail collagen on ice:
o Dilute on ice the collagen (5.05mg/mL) to 2mg/mL: 1020 pL collagen + 1530 pL AcAc

- Prepare the hydrogel mixture on ice:
o Mix 1530 pL of type | rat tail collagen (2mg/mL) with 180 uL MEM
o Neutralize this solution by the addition of 5 M (and when getting close, 1M) NaOH

until a pink colour occurs; mix every time gently with 1mL pipette dropwise in 50mL

tube

o Add 90 uL E8 Rock and Mix by stirring the tube

o Fill 3 wells of 24w warm chambers by pipetting 400 uL of the gel mixture in each

well

o Start the gelation by placing the plates for 10 minutes at 37°C
- Add warm medium with iPSCs and put back in incubator

concentration | 1.7 MEM | Collagen | E8
(mg/mL) (L) | (uL) Complete
Rock (uL)

A 180 1530 90

2.3.Noviogel

- Prewarm plates and cell culture medium at 37°C

- Prepare 1600 pL of each hydrogel
- Defreeze the gels stock solutions

- Put onice your noviogel polymers and empty 2mL cups

- Mix the noviogel and medium together for each of the four conditions by gently pipetting up

and down on ice

- Add the hydrogel mixture to the 24 well plates

- Start the gelation by placing the plate for 10 minutes at 37°C

- Add gently cell culture medium with iPSCs

- Culture the cells at 37°C according to cultivation protocol

Noviogel P1K RGD1K | P5K1 P5K2.5
concentration (mg/mL) 1 1 1 2.5
MEM (10x) 70% 58% 58% 34%
Noviogel stock (5mg/mL) 20% 17% 17% 42%
E8 Complete Rock medium 10% 25% 25% 25%

2.4.Agarose

- Pre-warm plates to 37°C for a couple of hours or from the previous day onwards

- Pre-warm medium to 37°C
- Prepare 1600 pL of agarose hydrogel:
- agarose hydrogel stock solution:

o Dissolve low-gelling agarose in PBS (without Ca & Mg) to a final concentration of

1.3% wt
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o Heat the mixture in a microwave at 800W for around 2 min; stir every 15 seconds
until everything is dissolved.
o Let mixture cool to 42°C.
- Prepare mixture:
o Mix the MEM and Agarose working solution
- Transfer hydrogel mixture to 24 well plates
- Gelate the gel at at least 26-30°C
- Gently add warm medium with iPSCs to each well via the side of the well
- Incubate samples for the duration of the experiment at 37°C.

Agarose hydrogel thin layer (1% w/v)
Agarose working solution (1.3% w/v, in PBS) 76.5%
Minimum Essential Medium (10x) 8.5%
E8 Complete Rock 15%
2.5.Geltrex

- Coat 3 wells with GelTrex
- Dilute the Geltrex 1:100 in chilled DMEM/F12 (e.g. 100uL in 10mL)
- Coat the surface area of your culture vessel with the Geltrex:DMEM coating solution. We
recommend the follow coating volumes (circa 100uL per cm?):
o 24w plate =1.9cm2 = 190 plL GelTrex per well (3x)
- After incubating at 37°C for 1 hour, the plate is ready to use.
- Add growth medium with iPSCs and put back in incubator.

3.1.Results and Conclusion iPSC on coatings

The experiment ran for 5 days. Due to the refreshment of supernatant medium each day, the cells
that did not adhere were removed from the well. Due to this, the Noviogels P1K, P5K1, and P5K2.5
have no picture, since all cells were removed and nothing adhered.

As can be seen in Figure 17, is there on all the different remaining hydrogels some cell
adherence observed and have cells proliferated. But not similar to the positive control Geltrex. Cells
mainly form agglomerates that attach to the hydrogel surface. Whereas it would be more desirable
to see the cells stretching.

Figure 19 shows that iPSCs have partially differentiated into myocytes (green dots with MHC
staining) on the rat tail collagen coating. Especially at the borders of the cell sheets. There is no clear
difference observed when comparing GelTrex or Matrigel coatings. But there are less cells adhered
and less cells differentiated on the collagen coating compared to Matrigel/GelTrex.

The above indicates that the adherence properties of the different gels is not sufficient for
differentiating iPSCs to myocytes. Adding Geltrex or Matrigel to the hydrogel scaffolds could
enhance this property. Further research could focus on testing the hydrogels with C2C12 myoblasts,
which weren’t available in the laboratory at that time. These are easier to culture and have less
complicated differentiation pathways.
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Figure 17. Microscopical pictures of adhered iPSCs to different hydrogel thin layers after 5 days of culture.

Rat tail collagen

coating

Geltrex coating
(+ control)

ol 4 ARy I

Figure 18. Microscopical pictures of iPSCs on a rat tail collagen and Geltrex (positive control) coating. The cells adhére well
on the Geltrex coating, and seem to adhere to collagen after 24hrs of cell culture. After 5 days of culture, less adherence is
observed at the collagen coating compared to the geltrex coating.
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Desmin

Rat tail collagen coating
Non-pre differentiated iPSCs

Geltrex coating
Non-pre differentiated iPSCs

Matrigel coating
Non-pre differentiated iPSCs

Figure 19. Immunofluorescent microscopical pictures of differentiated iPSCs on different coatings after 10 days of culture.
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3.2.Results and conclusion C2C12 myoblasts on coating

Day 5

Rat tail collagen coating | Matrigel coating

Alginate (1%) coating

Noviogel RGD5K coating |[Noviogel RGD1K coating |Noviogel P5K2.5 coating
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Figure 20. Microscopical pictures of C2C12 myoblasts on different coatings after 7 days of culture.
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24 well plates were coated according to above procedures, but this time seeded with C2C12
myoblasts instead of iPSCs. Thereby was the concentration of RGD in the Noviogel increased (5x).
The density of cells was increased to 150.000 cells per well, since these cells undergo less
proliferation cycles with the culture protocol. After 7 days of culture according to the standard
protocols, cells attached to all different coatings, but in different amounts, as can be seen in Figure
20.

No coating was as densely covered by attached cells as the Matrigel coating. The Noviogel
P5K1 had the least amount of attached cells. Best results were obtained with rat tail collagen
coating, and the Noviogel with increased RGD concentration (Noviogel RGD5K).

Above results suggest that C2C12s adhere best to a Matrigel coating, but are also well
adhering to rat tail collagen and Noviogel with enhanced RGD peptides. Thereby, when comparing
the results of Figure 20 to the results of Figure 17 and Figure 18, there could be concluded that
C2C12s adhere more easily to different coatings than iPSCs. Future research should be focussed on
incorporating Matrigel in Rat tail collagen, and comparing this to Noviogel RGD5K. And on the
improvement of adherence of iPSCs. Maybe, the iPSCs need to be pre-differentiated for longer time
before seeding on the coating/scaffold.
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Appendix E.
SOP for assembling and preparing 3D printed moulds

Following SOP is based on work of Capel et al.*

hood.

, steps 2 —6 and 9 — 11 are performed in a fume

Materials

- Ultimaker 3D printer, PLA
- PDMS

- 12 well plates

- IPA

Before starting (preparing the moulds)

1. 3D Print with PLA the desired amount of 50uL or 500uL moulds and inserts, using the CAD files
from the paper by Capel et al.

2. Mix the PDMS (1:10, curing:monomer) and poor it in a 50mL tube, prepare the amount of 12w
plates needed

3. Transfer a part of the PDMS into a 15mL tube (~1-2 mL PDMS / well of a 12wp), and poor very
gently a small drop of PDMS into the wells, without stopping the flowing PDMS (so work quick; 2
plates at a time)

a. Too much and the chamber of the mould will be filled by PDMS, too little and the
collagen will leak out of the chamber

4. Insert a fingertip and move the PDMS all around the bottom of the plate for an equal coating

5. Insert the moulds (check which side goes up), press on them, and turn 45degrees around (+ and
— direction) several times so that the PDMS is well distributed under the moulds

6. Check if the PDMS is properly sealing the moulds by turning the plate around (moulds should
stick to bottom)

7. Place the plates+moulds for 1-2 hours in a 50°C oven (or incubator for > 24hrs)

8. When PDMS is cured; plates can be stored

Prepare moulds for experiment:

9. Spray inside wells with IPA and dry in fume hood under UV light

10. When dried well; pipet 50uL DMEM in the mould (the material is hydrophobic; so it needs to get
a bit more hydrophile before inserting the gel)

11. Tap plate gently on worktable so that the DMEM is well divided inside the mould between and

around poles

12 Andrew J Capel et al. “Scalable 3D printed moulds for human tissue engineered skeletal muscle”. In:
Frontiers in bioengineering and biotechnology 7 (2019), p. 20.
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Appendix F.

SOP for maintenance of iPSCs in adherence (2D)

1. MATERIALS AND EQUIPMENT

1.1 Equipment

Product

Catalogue number/Product
ID Meatable

Biosafety cabinet

M-027; M-028; M-029

Big centrifuge

M-032

Aspirator

M-045; M-046; M-047

Inverted microscope

M-051

Countess cell counter

M-034

1.2 Reagents, chemicals and solutions

Product Manufacturer / Supplier Catalogue number/Product
ID Meatable/SOP#

Essential 8™ Medium, E8 Thermofischer A1517001

Gentle cell dissociation Stem cell technologies 07174

reagent GDCR

Cell adhere buffer CAD Stem cell technologies 07183

Vitronectin Stem cell technologies 07180

ROCK inhibitor Y-27632 helloBio HB2297

DMSO VWR A3672.0050

FBS VWR $1300-500

1.3 Consumables

Product Manufacturer / Supplier | Catalogue number/Product
ID

6-well plates VWR 657160

T75 flasks VWR 658175

15ml Falcon tubes greiner 188271

50mL falcon tubes greiner 227261

2. SAFETY AND WORKING PRECAUTIONS

It is essential that universal precautions be taken while working with biological specimens.

Appropriate personal protective equipment, including protective eyewear, gloves and a lab

coat/gown, should be worn at all times, to ensure safe handling of samples.
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Appendix F : SOP for maintenance of iPSCs in adherence (2D)

Procedures should be conducted under strict sterile techniques, surfaces and consumables wiped
with Klercide before putting them in the flow hood; hand gloves should be disinfected frequently

with Klercide while working. Flow hood should be wiped with Klercide before and after work.

3. MANUALS AND REFERENCES

https://cdn.stemcell.com/media/files/manual/MADX20809-

Maintenance _of Human_Pluripotent Stem_Cells_in_ TeSR-E8.pdf? ga=2.106221063.568342.1565002195-
883818275.1558337161& gac=1.170666388.1561445665.EAlalQobChMI_Ziu7K6C4wIVbb7tCh0 Iw1LEAAYAS
AAEgQJsT D BwE

4. PROCEDURES
4.1. Extracellular matrix preparation: Vitronectin
Below the volumes necessary to coat a well of a 6-well plate are given. Adjust volumes as

appropriate for experimental condition.

Aliquoting of vitronectin
1. Upon receipt, thaw the vial of vitronectin (VN) at room temperature and prepare 80, 160
and 240-uL aliquots of vitronectin in polypropylene tubes. Freeze the aliquots at -20°C to -
80°C or use immediately.
Coating procedure
1. For one well of a 6-well plate: dilute 40uL of VN in 960uL of Cell Adhere dilution buffer
(CAD), add 1mL into the well. Incubate at RT, for 1h. Plates can be stored at 2—8°C wrapped
in parafilm for up to 2 weeks.
2. After incubation, aspirate the coating solution, wash 1x with 1mL of CAD and add medium.

Don’t let the coating dry.

4.2. Cell culture media preparation: Essential 8 Medium

1. When required, remove the E8 supplement (50x) from the freezer and thaw overnight at 2-
8°C prior to use. Do not thaw at 37°C (shortens the life of the growth factors).

2. Aseptically remove 10 mL of E8 basal medium to leave 490 mL.

3. Mix the thawed supplement by gently inverting the vial a couple of times. Add 10 mL of E8
supplement (50x) to the 490 mL of E8 basal cold (2-8°C) medium. Swirl the bottle to mix and
obtain 500mL of homogeneous complete medium.

4. Aliquot medium into 40mL volumes.

5. Complete E8 may be stored at 2-8°C for 1 week or at -20°C for 6 months. Frozen complete E8

may be thawed once. Do not repeatedly freeze thaw medium. Prior to use, warm E8 to room
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Appendix F : SOP for maintenance of iPSCs in adherence (2D)

temperature (not at 37°C). Do not leave medium at room temperature for longer than 2

hours per day and avoid exposure to light to avoid degradation of medium components.

Thaw and recover iPSCs (for 1x10e6 cells)

Pre-warm complete Essential 8™ Medium and Vitronectin-coated 6-well plates to room
temperature.

Add Rock inhibitor to essential 8 medium to a final concentration of 10uM.

Remove the vial of IPSCs from liquid nitrogen storage and quick-thaw cryopreserved IPSCs in
a 37 °C water bath until only a small ice crystal remains. Remove the vial from the water
bath, spray the outside of it with 70% ethanol, and place it in the hood.

Add 1ml of complete E8+RI to the vial and gently collect the cells into a 15mL falcon tube
containing 6mL of medium.

Centrifuge cell suspension at 200 x g for 5 minutes. Aspirate the medium, being careful not
to disturb the cell pellet. Gently resuspend the cells in 1ImL Essential 8 medium
supplemented with Rock inhibitor (10uM final concentration).

Slowly add the IPSC suspension into a pre-warmed, Vitronectin-coated 6-well plate
containing 1 mL of Essential 8 Medium supplemented with Rock inhibitor (RI) per well.

Next day refresh into complete E8 without RI.

Passaging iPSC using GDCR

Volumes below are for a well of a 6-well plate. Adjust volumes as appropriate for experimental

condition.

Prior to starting, have your Vitronectin-coated plate equilibrated to room temperature (1h)
and pre-warm the required volume of Essential 8 medium at room temperature (1h). Add
Rock inhibitor to the Essential 8 medium to a final concentration of 10uM.

Aspirate the medium and add 1mL of gentle cell dissociation reagent (GCDR), incubate for 4
to 8 minutes at RT (incubation times are cell line-dependent). When the cells start to
separate and round up and small holes appear in the colonies aspirate the GCDR and add 1
mL of medium.

Lift the colonies of the plate using a cell scraper.

Transfer into a 15mL falcon using a 5mL serological pipette, very carefully to not break down

the colonies.
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5. With a P1000 pipette up and down until the colonies have the desired size (be carefull to not
make them too small or into single-cells). Transfer the necessary dilution into a new well
(ranging from 1:10 to 1:30)

6. Refresh with 2mL of medium everyday, if for the weekend 6mL.

4.5. Freezing cells

Cells can be routinely frozen in Cryomedium: 80%KSR with 20% DMSO. Keep reagents and freezing

container chilled during the cryopreservation procedure. Cells must be cryopreserved when in their
log phase of growth to enhance survival upon thaw. The optimal time for harvest is normally when

cells are approximately 70-80% confluent

1. Thaw and pre-chill the Cryomedium at 2°C to 8°C. Distribute 500 pl per vial. Keep chill.

2. Harvest IPSCs according to standard cell passaging protocol with GDCR (see above) but keep
colonies bigger than usually.

3. If cryopreservation of more wells is desired, pool cells from different wells together.
Centrifuge harvested cells at 200 x g for 2 minutes.

4. Aspirate the medium, being careful not to disturb the cell pellet.

5. Resuspend in cryomedium (chilled to 2°C to 8 °C) adding dropwise to the cells while gently
rocking the tube back and forth followed by gentle resuspension of cell pellet.

6. Distribute 500 pl per cryovial, again adding gently dropwise.

7. Cryopreserve cells in an automated or manual controlled rate freezing apparatus following
standard procedures (approximately 1°C decrease per minute). Transfer frozen cell vials to
liquid nitrogen (vapor phase) after 24h; Cells can be stored in liquid nitrogen for more than 5
years.

Reconstituting ROCK inhibitor:
a. Rock inhibitor is light sensitive, avoid/minimize exposure to light
b. Centrifuge stock vial for a few seconds to bring down powder to the bottom of the vial, spray
and wipe the vial with 70% ethanol and place it in the safety cabinet.
c. Add the appropriate volume of sterile molecular grade water to the lyophilized ROCK inhibitor to
get a stock concentration of 10mM.
d. Mix thoroughly, incubate for 3min at room temperature and aliquot into xul aliquots.
e. Store aliquots at -20°C and avoid repeated thawing and freezing. (-80°C stable lyear, Beers et
al.)
f.  Once thawed aliquots may be kept at 4°C for a week.
1. Add ROCK inhibitor to appropriate medium at 10uM final concentration. To obtain the

required concentration dilute 10mM of stock 1:1000 in cell culture medium.
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Appendix G.
SOP for the differentiation of iPSCs

1. PROCEDURES

D-1 DO Medium changed to D6 . D14 until D31
Cells platedin| MYOCYTE + DOX +FGF +RA | Medium changed to
E8 complete +CHIR99021 MYODCYTE + KSR +N2

1.1 Extracellular matrix preparation: Geltrex or Matrigel
Make sure that every material (tips, tubes, eppendorfs etc...) you use to work with Geltrex and
Matrigel are chilled (keep in the fridge for minimum 1h before using).

Work on ice.

Aliquoting of Geltrex or Matrigel
1. Upon receipt, thaw the vial of Geltrex or Matrigel at 4°C and prepare 100puL aliquots in
polypropylene tubes. Freeze the aliquots at -20°C to -80°C or use immediately.
Coating procedure
2. Dilute 100 pL of Geltrex or Matrigel in 10mL of chilled DMEM/F12. Incubate 1h at 37°C or 1h

at room temperature (RT), for Geltrex or Matrigel, correspondently.

Coating solution 12well 6well T25 flask 10cm dish
Geltrex:DMEM or Matrigel:DMEM 500pL ImL 3mL 6mL

1.2 Cell counting and plating (D-1)

1. Wash cells with PBS, incubate with accutase/accumax for 5 min at 37°C. Use 0.5 mL for a
well of a 6-well plate.
Add 0.5 mL of E8 complete. Loosen all the cells by pipetting, collect into a 15 mL falcon tube.
Centrifuge at 200g for 5 minutes.

Discard supernatant and resuspend in 1 mL of E8 complete +Ri.

vk N

Take out 50 plL into a 1.5 mL Eppendorf for cell count. Add 50 uL of Trypan blue. Mix well.

Take 10 pL for cell count using the Countess.
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6. Calculate the number of cells needed to have 50000 cells/cm?2. Dilute the total amount of
cells needed in the correspondent amount of media.

7. Aspirate the coating and distribute the media+cells into the well.

1.3 Start differentiation (D0), MYOD1 induction, 24h after plating
Doxycycline and retinoic acid are very light sensitive, keep the aliquots wrapped in foil. Upon
defrosting the aliquots can be used maximum for 2 weeks. Supplemented medium should be kept

wrapped in foil and always warmed at RT. Medium should be prepared daily

1. Prepare Myocyte medium and aliquot into 40mL aliquots. Store at -20°C.

Myocyte media 500mL
DMEM 490 mL
Glutamax (100X) 5mL

ITS 1:100 (5mL)

2. Before use, defrost the medium at RT. It can be kept at 4°C for maximum 3 weeks.

3. Supplement MYOD media fresh with 1ug/mL doxycycline, 3uM of CHIR99021, 1uM Retinoic
acid and 40ng/mL of FGF. Prepare this fresh everyday. Change media every day from day 0
to day 5.

Myocyte media imL
Doxycycline 1l
retinoic acid 1l
CHIR99021 1l
FGF ( stock 100ng/ml) 0.4ul

1.4 Maturation phase (D6)
1. From D6 onward supplement MYOD medium with 10% KOSR (no doxycycline) and 1% N2.
Refresh everyday until D14; if desired until D31.

Myocyte media 44,5 mL
KSR 5mL
N2 supplement 0.5mL
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Appendix H.

SOP for immunofluorescence staining of tissue in toto

1. PROCEDURES

1.1 Fixation

1. Prepare 3.7% formaldehyde by diluting 1:10 a 37% formaldehyde solution. (for Iml= 100uL

37%formaldehyde + 900uL PBS). Work in the fume hood.

2. Remove the media, wash 1x with PBS,

3. Transfer the tissue/sample using tweezers into an Eppendorf or 15ml falcon. Add enough PFA

to cover the tissue. Fix for 1h at RT.

4. Collect the formaldehyde into a dedicated vessel.

5. Wash 3x with PBS. Collect into a dedicated vessel.

6. Samples can be stored in PBS at 4°C for maximum 3 months before staining.

1.2 Immunofluorescence staining

Use enough volume to completely cover the samples. Staining and washes can be performed in a

24/12-well plate and the sample moved into different wells containing different solutions or in the

Eppendorf/falcon tubes, where the solutions are changed.

oW oN e

e N o WU

11.

12.

Permeabilization: incubate with 0.1% Triton in PBS, 10 min at RT

Wash 3x with PBS

Blocking: incubate with blocking solution (1%BSA in 0.05% tween-PBS), 1h at RT

Incubate 1% antibodies diluted in blocking, o/n at RT; for samples bigger than 50 pl, incubate
for 24h.

Wash 3x with 0.05% tween-PBS (PBST) for 15 min.

Incubate 2" antibodies diluted in blocking, 3h at RT.

Wash 3x with 0.05% tween-PBS (PBST) for 15 min.

Wash 2x with PBS

Incubate DAPI diluted in mQ water (1:1000) for 1h at RT.

. Wash 1x with PBS

Transfer the sample into a glass slide and add enough medium to cover it. Add a rectangular
glass coverslip on top and squeeze lightly. Let dry before imaging.

Store samples in the dark, at RT, until ready to image.
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Appendix I.

Unconfined compression test of scaffold samples
1.1.Results of stress-strain test within elastic region

To ensure that the stress-relaxation tests were performed within the elastic region of the scaffolds,
samples were tested under a certain strain, put back in PBS for one hour, and tested again. When
the graphs would be the same, there was no plastic deformation within the scaffold which indicates
that it was tested within the elastic region. 3
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Figure 21. Stress strain curve in elastic and plastic region.

The results of the first and second round of the stress-relaxation tests on bovine and rat tail collagen
samples can be found in Figure 22. The maximum stress value and the equilibrium moduli of the first
and second run for both Rat tail and Bovine collagen do not differ significantly. From this can be
concluded that the test was performed within the elastic region of the materials.

Type sample Max. Stress Value + SD | Equilibrium modulus +SD
(kPa) (kPa)

Rat tail collagen (1.7 1trun | 3.225 0.42 | 0.034 0.01

mg/mL, fixed, Model A) | 2" run | 3.943 0.85 | 0.022 0.01

Bovine collagen (3 1trun | 3.616 0.42 | 0.061 0.01

mg/mL, fixed, Model B) | 2" run | 3.984 0.78 | 0.046 0.01

Figure 22. Overview of 1st and 2nd round values of stress-relaxation test (n=3) of two types of scaffolds without cells. The
strain was set at 10% and held for 1.5 minute.

13 Ochshorn et al. Material properties Stress — Strain, 2010
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1.2.Pictures of experimental set-up

The tests were performed with a TA.XT compression machine (TA.XT C plus, Stable Micro Systems,
UK) using a cylindric Perspex probe (P/25P, 25mm diameter, Stable Micro Systems, UK).

Figure 23. left; experimental set-up. right; detailed picture of hydrogel scaffold under compression.
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Appendix J.

Immunofluorescence staining

1.1. Day 6 tissue samples in toto

MyoG

Model B - Bovine coll. Day 6
(3mg/mL, C2C12)

Bovine coll. Day 6
(1.7mg/mL, C2C12)

Figure 24. Immunofluorescence staining - structure of bioengineered skeletal muscle bundles and gene expression, visualized through
immunofluorescence staining. Where nuclei are blue, actin filaments are red, and the targeted protein (Desmin/ MyoG/ MHC) is green. All
sub-images are of the same scale. Confocal images of Day 6 cultured samples in 50uL moulds, in different hydrogel scaffolds all with C2C12
cells. All pictures are nonOstacked longitudinal shots.

Results & Conclusion

The above Figure 24 shows different immunofluorescence staining pictures of two different cultured
tissue samples. The upper images are from the Model B samples, where Bovine collagen (3mg/mL)
was used and seeded with C2C12s. The lower set of images are from the same model, but with a
lower bovine collagen concentration (1.7mg/mL). Both tissue samples were cultured for 6 days.
When comparing the tissue samples from 3 mg/mL with the 1.7mg/mL samples, a difference in cell
orientation and alignment can be observed. Cells grow more randomly and are less stretched in the
1.7mg/mL bovine collagen. Thereby is the expression of MyoG and MHC lower in the 1.7mg/mL
scaffold. This could be explained by the lower stiffness of the scaffold (1.7 mg/mL) which is less able
to transport the mechanical stiffness of the poles. The cells let the 1.7 mg/mL scaffold compact even
more, which could be explained by the weakness of this scaffold and the same strength of cells.
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Appendix J : Immunofluorescence staining

MYOD1 (nuclear)/Desmin (membranar)

S

MYOGENIN

Figure 25. Immunofluorescence staining - iPSCs were differentiated according to the differentiation protocol in 2D on a
Geltrex coating for 15 days to see if the techniques could be mastered.

Results & Conclusion

After 15 days of differentiation on Geltrex coating, the iPSCs have differentiated into myoblasts. The
cells aligned and stretched, as can be seen from the Phalloidin-Actin (red) staining. The cells express
all the three marked proteins (Desmin/ MyoG/ MHC). But the highest expression is observed when
staining for MHC, which expresses later in the cell development compared to MyoG. The expression
of MHC only comes up when myoblasts start fusing to become myotubes.

The differentiation protocol led to the desired differentiation of iPSCs to myoblasts.
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1.3 2D iPSC on different coatings

Desmin MyoG MHC

Rat tail collagen coating
Non-pre differentiated iPSCs

Geltrex coating
Non-pre differentiated iPSCs

Matrigel coating
Non-pre differentiated iPSCs

Matrigel coating
pre differentiated iPSCs

Figure 26. . Imnmunofluorescence staining - structure of 2D bioengineered skeletal muscle tissue and gene expression,
visualized through immunofluorescence staining. Where nuclei are blue, actin filaments are red, and the targeted protein
(Desmin/ MyoG/ MHC) is green. Confocal images of Day 11 cultured (non)-pre differentiated iPSCs on different coatings.
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Results
After 11 days of culture of iPSCs on Geltrex or Matrigel, there are no big differences observed in cell
density, elongation, alignment and cell maturation. There are differences observed when comparing
a rat tail collagen coating to geltrex and Matrigel. The cells seem to adhere less easily on Rat Tail
Collagen. Thereby, is the maturation of cells (expression of MHC) mostly observed at the borders of
the cell culture. The center of the cell sheets on the rat tail collagen were densely packed with layers
of cells, which could influence the maturation of iPSCs, and thus the expression of MHC.

When comparing pre differentiated to non-pre differentiated cells on Matrigel, a better
alignment, maturation and elongation is observed with pre-differentiated cells.

Conclusion

For the differentiation of iPSCs to myocytes, it is better to work with pre-differentiated cells, since
these show better alignment, elongation and maturation. There is no significant difference in using
Geltrex or Matrigel coatings. Cells do adhere better on Geltrex/Matrigel than on rat tail collagen
coatings.
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Appendix K.

Porosity and recovery test results

1.1.Porosity and recovery test values
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Figure 27. Porosity test and recovery test values of fixed and non-fixed

scaffolds made of Bovine collagen (3mg/mL) and rat tail collagen (1.7mg/mL).
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1.2.Pictures of the porosity test

| Before dehydration | After 30min dehydration

Model A
Rat tail collagen (1.7mg/mL)
Fixed

Rat tail collagen (1.7mg/mL)
Non-fixed

Model B
Bovine collagen (3mg/mL)
Fixed

Bovine collagen (3mg/mL)
Non-fixed

Figure 28. Pictures of different hydrogel scaffolds before and after dehydration test - As described under Materials &
Methods, was the porosity of the scaffolds of Model A (base of rat tail collagen 1.7mg/mL) and Model B (base of bovine
collagen 3mg/mL) measured as a percentage of weight loss after drying. The scaffolds were tested without cells.
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Appendix L.

Rheometry setup and background information

Rheometry describes the strain (deformation) and flow behaviour of certain materials. Internal
friction of the material and liquids can generate frictional heat and thus loss of energy. The storage
modulus G’ states the stored deformation energy, and the loss modulus G” the dissipated
deformation energy. Rheometry tests were performed at the DSM Food Applications and a
rotational oscillation was used.

Figure 29. Rheometry measuring device with on the right a zoomed picture of the marked area where samples were placed
before testing and a piece of steak placed on this area.
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Figure 30. Amplitude sweep - An amplitude sweep describes the deformation behaviour without breaking the material. 14
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DMA - Measurement principle

Figure 31. Measurement principle of Rheology where is visualised that the strain of the material lacks behind on the stress
of the probe due to the viscoelastic behaviour of the material.®
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Figure 32. Dynamic Mechanical Analysis relationships — DMA uses the measured phase angle and amplitude of the signal to
calculate a damping constant D. From these values, the storage and loss moduli are calculated. As the material becomes
elastic, the phase angle becomes smaller, and G* approaches G’. 1

14 Anton Paar GmbH — e-learning course Basics of Rheology, 2010
15 Kevin P Menard - Dynamic Mechanical Analysis, A practical introduction — 1999
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