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Abstract

The increasing global population, together with an increasing middle class, will lead to an
increased demand for meat and meat products in the future. As the production of meat is a
major burden on the climate, new sustainable ways of producing meat must be developed.
After Mark J. Post made the first laboratory-made hamburger in 2013, additional companies
have signed in the pursuit of developing cell-based meat products. In Indonesia, chicken
nuggets made using cell-based technology are now sold, and UPSIDE Foods in the USA has
received approval for their application for GRAS-status on their technology from the FDA.
There is still a lot of research before being able to handle the scale-up from laboratory trials to

mass production, but progress is being made in the right direction.

The main goal of this study was to develop edible scaffolds that are non-animal derived.

We developed 2 types of scaffolds: I) protein-based scaffolds from textured soy and faba
beans, II) bacterial nanocellulose from Kombucha bacteria. Bovine muscle cells were seeded
onto these scaffolds. In addition, we compared whether modification with extracellular
proteins (entactin, laminin, collagen) could improve cell growth on the various scaffolds.
Adhesion, proliferation, and differentiation of the cells on BNC were analyzed by
immunofluorescence microscopy and quantified by RT-qPCR analysis of mRNA expression
in the myogenic factors Pax7, MyoD1, myogenin, the differentiation marker desmin, the cell
adhesion markers ITGB5 and SDC4, and the cytoskeleton/focal adhesion marker VCL. Cells
seeded on BNC that did not proliferate further, were after 30 days incubation trypzinated off
and seeded into ECL-coated wells to examine whether they still had proliferation and
differentiation potential. Cell adhesion on scaffolds of soy and faba bean was analyzed by

immunofluorescence microscopy.

The results showed that the cells were able to adhere to both types of scaffold, and to
proliferate and differentiate on the BNC scaffold without ECL. On the faba bean scaffold the
number of cells increased with ECL, while on the soy scaffold there was no difference. Cells
seeded on ECL-coated BNC showed signs of increased proliferation and differentiation
compared to the scaffold without ECL coating. It was concluded that both scaffolds show
potential to be used in cell-based meat production, but porous scaffolds from textured soy and
faba bean have some challenges with technical abilities and sterility that must be resolved

before further trials can be carried out.
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Sammendrag

Den stadig egkende globale befolkningen vil, sammen med en gkende middelklasse, fore til en
okt ettersporsel av kjott og kjettprodukter i framtiden. Det m4 utvikles nye barekraftige méter
a produsere kjott pa siden dagens kjettproduksjon har en stor, negative belastning pd klima og
miljeet. Etter Mark J. Post lagde den ferste laboratorie-lagde hamburgeren 1 2013, har
ytterlige aktorer meldt seg pa i feltet. I Indonesia selges det i dag kylling nuggets laget ved
bruk av cellebasert teknologi, og UPSIDE Foods 1 USA har fatt godkjenning pé sin seknad
om GRAS-status for sin teknologi fra FDA. Det gjenstér fremdeles en del forskning for &
handtere oppskaleringen fra laboratorieforsek til masseproduksjon, men skritt tas i riktig

retning.

Hovedmaélet med denne studien var & utvikle spiselige scaffolds som ikke er laget av
materialer fra dyr. Vi produserte 2 typer scaffolds: I) proteinbaserte scaffolds fra ekstrudert
soya og faba benner, II) bakteriell nanocellulose fra Kombucha bakterier. Bovine
muskelceller ble sddd ut pa disse scaffoldene. I tillegg sammenlignet vi om modifisering med
ekstracellulaere proteiner (entactin, laminin, collagen) kunne forbedre celleveksten pa de ulike
scaffoldene. Adhesjon, proliferasjon og differensiering av cellene pd BNC ble analysert ved
immunfluoriserende mikroskopi og kvantifisert ved RT-qPCR analyse av mRNA fra
myogenfaktorene Pax7, MyoD1, myogenin, differensieringsmarkeren desmin,
celleadhesjonsmarkerene ITGBS og SDC4, og cytoskjelett/ fokal adhesjonsmerkeren VCL.
Celler sadd ut pd BNC som ikke prolifererte videre, ble etter 30 dager inkubasjon ble
trypsinert av og sadd ut 1 ECL-belagte brenner for 4 underseke om de fortsatt hadde
proliferasjon- og differensieringspotensiale. Celle adhesjon pa scaffolds av soya og dkerbenne

ble analysert ved immunfluoriserende mikroskopi.

Resultatene viste at cellene klarte & feste seg til begge typer scaffold, og proliferere og
differensiere pd BNC scaffold uten ECL. P4 scaffold av dkerbenne gkte antallet celler med
ECL, mens pé scaffold av soya var det ingen forskjell. Celler sadd ut pd ECL-belagt BNC
viste tegn til ekt proliferasjon og differensiering sammenlignet med scaffold uten ECL-
belegg. Det ble konkludert med at begge scaffold viser potensiale for & brukes i cellebasert
kjatt produksjon, men porese scaffold fra soya og dkerbenne har noen utfordringer med

tekniske egenskaper og sterilitet som ma lgses for videre forsek kan utferes.
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1. Introduction
It is estimated that the global population will surpass 9 billion people by 2050 and will

continue to increase rapidly until it surpasses 11 billion people by the end of the century
(FAO, 2017a). According to van Dijk et al. (2021) the food demand will increase by 35-56%
from year 2010 to 2050. The global meat protein demand is projected to increase by 14%
from 2021 to 2030 (OECD/FAOQ, 2021), and is expected to increase further towards the midst
of the century. This is a result of the steadily increasing middleclass and elderly population
and its demand for high-quality animal proteins and meat products (Delgado, 2003).

The livestock sector is responsible for 14.5% of anthropogenic greenhouse gas (GHG)
emissions, and cattle is responsible for 41% of the sectors emissions alone (Gerber, et al.,
2013). In addition to GHG emissions, the livestock sector uses 8% of the worlds freshwater
resources (Gerber, et al., 2013) and occupies 70% of arable land (FAO, 2017b). If one
includes the whole agricultural sector, the freshwater usage increases to 70% according to
FAO (2017b). With the increased global meat demand, more arable land is needed. Big
portions of the arable land are a product of deforestation in favor of feed production in form
of monoculture farming, which significantly increases GHG emissions and a loss of
biodiversity (Tuomisto, 2019). Another negative effect of monoculture farming is that the soil
loses its natural defense system and is to a greater extent exposed to erosion which contributes
to water pollution due to excess nitrogen and phosphate from fertilizers and pesticides seep
into the groundwater, in addition to veterinary medicines such as antibiotics, vaccines and
growth hormones from animal husbandry (FAO, 2017b).

Cattle is the animal having the highest environmental footprint of all livestock, and it is
therefore crucial to find solutions to how the increasing meat demand can be met while
simultaneously ensuring the welfare of the globe (Tuomisto, 2019). A modern approach for
reaching these goals is necessary, with cell-based meat being a promising solution. Winston
Churchill said back in 1932: “We shall escape the absurdity of growing a whole chicken in
order to eat the breast or wing, by growing these parts separately under a suitable medium”
(Churchill, 1932). 40 years later muscle stem cells were discovered (Mauro, 1961), 80 years
later the first lab grown hamburger was made in 2013 by Mark Post and his colleagues
(O'Riordan, Fotopoulou, & Stephens, 2017), just recently (November 2022) FDA gave their
GRAS-approval on UPSIDE Foods’ cultured chicken cell material (Fasano, 2022), and cell-
based chicken nuggets are already being sold in Singapore (Waltz, 2021) giving hope for

Churchill’s prophecy to come true.



2. Theory

2.1 Cell-Based Meat

Cell-based meat (CBM) goes by many names such as cultivated meat, cellular agriculture, and
lab-grown meat amongst others. CBM is produced by growing animal cell cultures using a
combination of tissue engineering, biotechnology, molecular biology, and synthetic
processing techniques and processes. In doing so, it is possible to reproduce meat products as
an alternative to traditional animal agriculture. By extracting adult stem cells (satellite cells)
from a living animal or a steak, skeletal muscle cells can be cultured through a proliferating
phase followed by a differentiating phase. The main goal in these phases is to obtain the

maximum number of cells and formation of skeletal muscle cells, respectively (Post, 2012).

Muscle cells are harvested from either a live animal or a beef using a biopsy needle (Figure
2.1). Myosatellite cells are then isolated to ensure the growth of muscle cells instead of other
types of cells. The satellite cells activate and enters the myogenic cell cycle, which is
explained in greater detail below in chapter 2.3. To increase the cell count through
proliferation, a serum-based medium is introduced to the cells. This medium consists of
glucose, amino acids, minerals, vitamins, pH buffer and serum. The serum used is often fetal
bovine serum (FBS), which is blood derived from calf fetuses. Due to the ethical concerns
about the harvesting methods, alternatives to FBS are being researched (Chelladurai, et al.,
2021). A combination of myoblast and muscle-derived fibroblast cells has been proven to

increase the proliferation of myoblasts (Renning, Pedersen, Andersen, & Hollung, 2013).

g = g
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Harvest muscle tissue ~ Muscle cell isolation Cell expansion Maturation of muscle fibres Assembly into
in bioreactor using scaffolds food product

Figure 2.1: A simplified schematic overview of cell-based meat production (Figure by Sissel
Beate Ronning, Nofima).

After initial cell expansion, the cells are ready to be further expanded in a bioreactor. In the
bioreactor, the cells are introduced to the substrate they will adhere to and proliferate and
differentiate from. Myoblasts are anchorage-dependent cells, meaning they need a solid
substrate for proliferation (Bhat, Bhat, & Kumar, 2020). This substrate could be either

scaffolds of various types and materials, or microcarriers made of different polymers. When



they have adhered to and further proliferated on the scaffold/microcarrier, the myoblasts go

through the differentiation phase by either spontaneous or medium-induced differentiation. In

the differentiation phase the myoblasts commit to becoming specialized muscle cells. In an

edible scaffold-based approach, when the cells are committed to becoming muscle cells,

maturation into muscle fibers take place in or on the scaffold, which becomes a part of the end

product. If the scaffold/ microcarrier is non-edible, the cells would need to be detached and

differentiated in a separate system before maturing into muscle fibers. After this last phase,

processing and assembling into a desired food product is carried out.

2.2 The skeletal muscle

Meat as we know it is post-mortem skeletal muscle, which is made up of around 90%

myofibers and 10% connective- and fat tissue (Listrat, et al., 2016). Myofibers are large

syncytial cells with numerous post-mitotic myonuclei (Randolph & Pavlath, 2015). The

endomysium surrounding muscle fiber, the perimysium, surrounding bundles of muscle
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Figure 2.2: Structure of the skeletal muscle and satellite cell
niche (Meiliana, Dewi, & Wijaya, 2015).

fibers, and epimysium,
surrounding the entire
muscle, are the three types
of connective tissue found
in skeletal muscle (Listrat,
et al., 2016). The satellite
cells (Figure 2.2), which
are crucial in muscle
regeneration after muscle
injury (Fu, Wang, & Hu,
2015), are located
between the basal lamina
and the myofiber cell
membrane (Randolph &
Pavlath, 2015).



2.3 Myogenic regulatory factors

Upon muscle regeneration growth factors, chemokines and cytokines are released to active
satellite cells (Rodgers, et al., 2014). Prior to activation, the adult stem cells remain in a non-
cycling, quiescent state (Cheung & Rando, 2013). After satellite cell activation the satellite
cells enter the cell cycle as myoblasts where they are exposed to extrinsic signals (Figure 2.3),
causing them to proliferate and fuse to terminally differentiate becoming post-mitotic
myofibers (Abmayr & Pavlath, 2012). In order to maintain and replenish the pool of quiescent
satellite cells for subsequent rounds of regeneration, a subset of myogenic cells repopulate the

satellite cell niche (Collins, et al., 2005).

Pax3 and Pax7 impact the specification and differentiation of myogenic precursor cells
(MyoG) by controlling the expression of the genes encoding the myogenic regulatory factors
(MRFs) myogenic factor 5 (Myf5), myogenic differentiation 1 (MyoD1), muscle-specific
regulatory factor 4 (Mrf4), and myogenin (Mayran, Pelletier, & Drouin, 2015). The MRFs are
basic helix-loop-helix domain DNA-binding proteins which binds to promoters and enhancers
of muscle-specific genes (Berkes & Tapscott, 2005). Embryonic myoblasts are produced from
a population of myogenic precursor cells that express the early MRFs, including MyoD1 and
Myf5 (Kassar-Duchossoy, et al., 2004) which are crucial commitment factors for myoblast
formation (Rudnicki, et al., 1993), as well as other distinctive markers like Pax3 or isoform 3
of myosin heavy chains (Myh3) (Pin & Merrifield, 1998). Additionally, MyoD activates
differentiation by influencing the cell cycle regulators, acting as a molecular switch (Jin, et
al., 2007) as well as it may affect the replenishment of the quiescent satellite cell pool
(Kanisicak, Mendez, Yamamoto, Yamamoto, & Goldhamer, 2009). The expression of up- and
downregulation of Pax7 and MyoD can be used to determine the self-renewal, proliferation,
and differentiation status of satellite cells, embodied as Pax7*/MyoD-, Pax7"/MyoD", and
Pax7/MyoD" respectively (Wang, et al., 2015).

Embryonic myoblasts then differentiate into primary myotubes. The late MRFs, Mrf4, MyoG,
and myosin heavy chain isoforms 7 (Myh7), are expressed by slow-twitching myofibers
produced by primary myotubes (Biressi, et al., 2007); (Pin & Merrifield, 1998). Mrf4 is the
most abundantly expressed MRF in mature myofibers, but its exact role in myogenesis is still
not mapped. It has been shown to serve a homeostatic role in repressing MEF2 activity thus
controlling hypertrophy (Zammit, 2017). Studies have shown that MyoD and members of the

MEF2 family work combinatorically to activate transcription and myogenesis. MEF2 factors



are crucial for muscle differentiation. The majority of skeletal muscle genes require members

of the MyoD and MEF2 families to activate their transcription (Dodou, Xu, & Black, 2003).

Myh?7 is the only myosin heavy chain isoform expressed in type I slow myofibers, whereas

Myh2, Myhl and Myh4 are expressed in type IIA, IIX and IIB respectively and can be

classified thereafter (Wang, et al., 2015). Previously it has been thought that Myh genes are

only activated in differentiated cells, but Wang et al. (2015) has found Myh7 activated in a

subset of myoblasts engaged in proliferation. Myogenin is an essential protein for postnatal

muscle development including muscle cell differentiation, myocyte fusion, myofiber

maturation, and muscle growth, as well as prenatal development (Meadows, Cho, Flynn, &

Klein, 2008). Six1 and Six4 homeobox proteins are expressed to specifically activate fast-type

muscle genes (Niro, et al., 2010). Two mechanisms govern how six homeobox proteins

regulate hypaxial myogenesis: 1) The expression of Pax3 in the mouse embryo's ventrolateral

lip of the dermomyotome, which regulates the genesis of hypaxial myogenic progenitors,

requires six proteins and the Eya cofactors. 2) Six proteins are required for the somitic

expression of Mrf4 and myogenin (Grifone, et al., 2005).
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2.4 Extracellular matrix
The extra cellular matrix (ECM) provides a framework, or scaffold, for cell adhesion,

proliferation, and differentiation, and has a vital role in myoblast alignment (Bach, Beier,
Stern-Staeter, & Horch, 2004). ECM is a network of secreted proteoglycans and fibrous
proteins such as collagens, elastins, fibronectins, and laminins that filles in the intercellular
spaces between cells (Ahmad, Shaikh, Ahmad, Lee, & Choi, 2020), with collagen being the
most abundant accounting for 1-10% of skeletal muscle dry weight (Dransfield, 1977);
(Gillies & Lieber, 2011). The ECM surround the cells and carries out a number of distinct
functions that are essential for controlling the cell activity. (Teti, 1992). The area in direct
contact with cells 1s named basal membrane and consist of a specific composition of ECM
differing regarding collagen types and proteoglycans compared to the rest of the ECM
(Frantz, Stewart, & Weaver, 2010). Interstitial matrices are connective tissue matrices
comprised of the secreted proteoglycans, glycosaminoglycans, and fibrous proteins. Basal
membranes interact with cells and are composed of a greater variety of molecules than the
interstitial matrix (Ahmad, Shaikh, Ahmad, Lee, & Choi, 2020). Cell adhesion molecules like
integrins and syndecans interact with ECM molecules and regulate biological communication
between ECM and cell the cell (Huang & Ingber, 1999). Syndecans are membrane-
intercalated proteoglycans that interacts with integrins by acting as integrin ligands (Morgan,
Humphries, & Bass, 2007). Integrins function as links between the ECM and the cytoskeleton
(Yue, 2014), and are heterodimeric receptors composed of o and 3 subunits (Barczyk,
Carracedo, & Gullberg, 2010). Major matrix-binding integrins are the B1 integrins with

affinity to fibronectin, collagens, and laminins (Yue, 2014).

2.5 Scaffolds

In CBM production, non-animal derived biocompatible, biodegradable, and edible scaffolds
(Ahmad, et al., 2021) are replacing the native organ ECM (Valdoz, et al., 2021). It is therefore
desirable to find a biomaterial with surface properties such as epitopes and structure similar to
muscle in vivo promoting cell adherence, proliferation and differentiation (Seah, Singh, Tan,
& Choudhury, 2021); (Bomkamp, et al., 2022). For cell growth and the transportation of
oxygen, nutrients and metabolic waste, scaffolds should be three-dimensional, highly
interconnected porous networks with the proper porosity, pore size, and pore structure
(Hutmacher, 2000). In order to replicate the growth of cell/tissue in vitro or in vivo, scaffolds
need to be biodegradable and have an appropriate degradation rate leaving nothing inedible in

the end product (Ma, 2004). The scaffold needs to be sterilizable in order to prevent infection.



The chosen sterilization method must preserve the biodegradable scaffolds' structural and
biochemical qualities when sterilizing them, ensuring that the scaffolds will function as
intended post-sterilization (Dai, Ronholm, Tian, Sethi, & Cao, 2016). Similar to current
methods for processing real meat products, properties of the finished product, such as texture
or taste, could be processed downstream (King, 2019). There are multiple types of scaffolds
that could serve for this purpose. Microcarriers, porous scaffolds, hydrogels, 3D-printed
scaffolds, and fiber scaffolds are all tried and found promising in cultivating cells (Bomkamp,
et al., 2022). Collagens are often recognized as the benchmark for ECM replicated scaffolds,
but since it is derived from animals it would somewhat undermine the purpose of producing
meat in this way (Aamodt & Grainger, 2016). If the scaffolds are to be a part of the final
product, it should aid in organoleptic properties and be made of food-grade and nutritious

materials (Seah, Singh, Tan, & Choudhury, 2021).

Textured soy protein is an inexpensive byproduct from soybean oil production which still
retains its high protein content (>50%) (Day, 2013). Soy is often used as the preferred plant
protein to replace meat due to it being a complete source of protein, meaning it contains all
essential amino acids (Michelfelder, 2009). Due to this, soybeans are widely used in animal
feed with 70-75% of the global soybean production (Brack, Glover, & Wellesley, 2016).
However, the production of soy is not environmentally sustainable. Soy production is one of
the biggest contributors of deforestation in agriculture, leading to less carbon capturing by the
trees and loss of biodiversity due to monoculture farming (WWF, 2014). In addition, due to
soy being an annual crop coupled with lack of wind cover from trees, depleting of nutrient-
rich topsoil and a high water requisite for growth, resulting in more fertilizers needed and
depletion of local water resources for humans, flora, and fauna (WWF, 2014). Faba beans are
a great nitrogen fixator in agriculture positively impacting growth of grains and cereals
(Klippenstein, Khazaei, & Schoenau, 2021), and has a high protein content in mature seeds
(Dhull, Kidwai, Noor, Chawla, & Rose, 2021). Faba beans are suitable for growth in the
Norwegian climate (Svanes, Waalen, & Uhlen, 2022) and can be used in crop rotation to
improve soils physicochemical and biological state, thus reduce the need for synthetic
fertilizers (Aschi, et al., 2017). The proteins ensure nutritional value for both consumers and
cells, and functions as anchoring points for cell adherence (Ben-Arye, et al., 2020). When soy
and faba bean are expanded in the extruder they make a porous scaffold (Kearns, Rokey, &

Huber, 1988), which allows for cell migration and cell medium to be exchanged (Zeltinger,



Sherwood, Graham, Miieller, & Griffith, 2001) and transport of oxygen and waste products to
and from the cells (Bomkamp, et al., 2022).

Nanocellulose produced from bacteria (BNC) is fibrous type scaffold, with much smaller
pores than textured soy and faba bean scaffolds (Al-Hagar & Abol-Fotouh, 2022). The BNC
is produced as a sheet of cellulose with the cells adhering to, and proliferating from, the
surface. Due to the smaller pores in the scaffold the cells will be encouraged binding to the
substrate, but differentiation to myotubes will be directed across the surface (Rybchyn,
Biazik, Charlesworth, & le Coutre, 2021) and not throughout as in extruded scaffolds. BNC
has also been proven as a fat replacer with satisfactory levels of organoleptic properties and
flavor (Lin & Lin, 2006). Due to its unique nano-morphology, the surface area is greatly
increased resulting in higher water holding capacity in addition to elasticity and high wet
strength (Meftahi, et al., 2010). Cellulose in natural form is not digestible by humans due to
the lack of cellulase enzyme, but BNC are made of biodegradable polymers (Zinge &
Kandasubramanian, 2020) making it suitable for CBM production.

2.6 Aim of this study

Main objective:
e The main objective of this study was to develop edible non-animal derived scaffolds
for cell-based meat production. Two different 3D structured scaffolds were tested, a
sheet of bacterial nanocellulose and textured proteins from soy and faba bean.
Interim objectives:
e One subgoal of this study was to characterize the scaffolds in order to determine
whether they were suitable for cell adhesion, proliferation, and differentiation.
e Another subgoal of this study was to sterilize the EPF scaffolds due to bacterial
infections.
o The last subgoal of this study was to establish whether the scaffolds were eligible for

the intended purpose through examining cell growth.



3. Materials

Table 3.1: Laboratory equipment

Equipment Supplier

6-, 12-, 24- and 48 well cell culture plates Falcon, VWR
Nunclon surface 175 cm”2 cell growth flasks | Nunc
Eppendorf tubes Eppendorf
Falcon tubes 15 ml and 50 ml Sarstedt

Filtered pipette tips

Sarstedt, Thermo Scientific

Pipettes

Thermo Scientific

Glass bottom 24-well culture plates

MatTek Corporation

Serological pipettes VWR
Cell scraper VWR
Optically clear sealing tape Sarstedt
96 well PCR-Plate half skirt Sarstedt

Flat 8 Cap Strip

Thermo Scientific

Multipette E3

Eppendorf

Combitips advanced 0.2 ml

Eppendorf

Superfrost Plus

Thermo Scientific

Coverslip 24x50 mm

VWR

MicroAmp 8-Tube Strip, 0.2 ml

Thermo Fisher Scientific

Via2-Cassette Chemometec
Table 3.2: Instruments

Instrument Supplier

Vacusafe (liquid disposal system) Integra Biosciences
NucleoCounter NC-202 Chemometec
Centrifuge 5430 Eppendorf

Mars LAF-bench ScanlLaf

INCU-Line (incubator) VWR

Galaxy 170 R (incubator) New Brunswick
Accu-jet Pro (pipette) Brand

QuantStudio 5

Thermo Fisher Scientific

Micro Star 17R (centrifuge)

VWR

MS1 Minishaker

IKA

XSR105 DualRange (weight)

Mettler Toledo

GeneAmp PCR System 9700

Thermo Fisher Scientific

Heraeus Megafuge 8 (centrifuge)

Thermo Scientific

NanoDrop ND-1000 Spectrophotometer

Thermo Scientific

CM3050 S (camera)

Leica

TA.XT. Plus 100C Texture Analyser

Stable Micro Systems

DMIL LED (inverted phase contrast microscope)

Leica




EOS 5500D (camera) Canon
DM6000 B (microscope) Leica
DMC4500 (camera) Leica
ED 23 (heating chamber) Binder
Axio Observer Z1 (microscope) Zeiss
AxioCam MRc 5 (camera) Zeiss

Table 3.3: Software for data analysis

Software Supplier

NC-View Chemometec
QuantStudio Design & Analysis Software | Thermo Fisher Scientific
ND-1000 V3.8.1 Thermo Fisher Scientific
Leica Application Suite V4.13 Leica

ZEN pro 2012 Zeiss

Prism9 GraphPad

Table 3.4: Chemicals

Chemicals Supplier
VectaMount AQ Aqueous Mounting Medium Vector Laboratories
10X Blocking Buffer (ab126587) Abcam

Triton X-100 Sigma Life Science
Tween-20 Sigma Life Science
Lugol's lodine Solution BDH

Aniline Blue - Orange G Solution Electron Microscopy Sciences
Formaldehyde solution (36.5 - 38% in H20) Sigma Life Science
O.C.T. Compound Tissue-Tek

E-C-L Cell Attachement Matrix (Collagen IV-laminin) 1mg/ml EMD Millipore
Ultroser G Sartorius

Ultrapur Water EMD Millipore

Fetal Bovine Serum (FBS) Sigma-Aldrich
Phosphate Buffered Saline (PBS) tablets Medicago

RLT Lysis Buffer Qiagen

Dimethyl sulfoxide Sigma Life Science
0.05% Trypsin-EDTA Gibco

Dulbecco's Phosphate Buffered Saline (DPBS) Gibco

Bouin's fixative Polysciences, Inc.
TagMan Gene Expression Master Mix Thermo Fisher Scientific
Molecular Biology Reagent Water Sigma Life Science
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Table 3.5: Cell medium

Medium Components Supplier
Proliferation medium 500 ml DMEM with GlutaMAX-1 | Gibco
(PM) 10 ml FBS Sigma-Aldrich
10 ml Ultroser G Sartorius
2.5 ml Pen-Strep Life Technologies
2.5 ml Fungizone Sigma-Aldrich
Differentiation medium | 500 ml DMEM with GlutaMAX-1 | Gibco
(DM) 10 ml FBS Sigma-Aldrich
2.5 ml Pen-Strep Life Technologies
2.5 ml Fungizone Sigma-Aldrich
7.1 plinsulin Sigma
Table 3.6: Antibiotics for EPF and cells
Antibiotics Supplier
Sulfamethoxazole Fluka Analytical
Trimethoprim Sigma Life Science
Penicillin-Streptomycin (10,000 U/ml) | Life Technologies
Amphotericin B solution (Fungizone) | Sigma-Aldrich
Table 3.7: Antibodies for immunofluorescence
Antibodies for immunofluorescence Supplier Product nr. | Dilution:
NucBlue Live Cell Stain ReadyProbes reagent |Invitrogen R37605 2 drops /ml
Desmin Abcam Ab8592 1:80
Alexa 546 Life Technologies A11010 1:400
Phalloidin 488 Molecular Probes A12379 1:400
Hoechst Invitrogen H1399 1:1000
Table 3.8: Kits for mRNA and cDNA
Kits Supplier
Rnase-free Dnase Set (50) Qiagen
TagMan Reverse Transcription Reagents | Life Technologies
Rneasy Mini Kit (50) Qiagen
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Table 3.9: Probes for RT-qPCR

Probes Product number Supplier

EEF1A1 Bt03223794 gl Thermo Fisher
Pax7 Hs00242962_m1 Thermo Fisher
MyoD1 Bt03244740_m1 Thermo Fisher
Myogenin Bt03258928 m1l Thermo Fisher
Desmin Bt03254509 gl Thermo Fisher
SDC4 Commercially produced TagMan probe for bovine syndecan4 | Thermo Fisher
ITGBS Bt032223964 m1l Thermo Fisher
VCL Bt004306073_m1 Thermo Fisher
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4. Methods
4.1 Scaffold production

4.1.1 Extruded protein fractions of soy and faba
In the extrusion process fine fractions (proteins) of commercial texturized soy and faba

protein concentrates are utilized to make extruded protein fractions (EPF). The extruder
receives constant supplies of texturized flour. Twin-screws are used to accelerate the material
in the barrel. The material is compressed, pulverized, kneaded, and heated by friction in the
extruder. The machine's high pressure ensures that water remains liquid even at temperatures
above 100 °C. Friction heats up the material quickly and uniformly. Protein and starch are
transformed as a result of this brief contact to high temperatures and pressure, and anti-

nutritional substances are decreased (Kearns, Rokey, & Huber, 1988).

Heated and compressed material continuously leaves the extruder, and the expansion is
achieved at the outlet of the nozzle. Water immediately evaporates after the material exits the
extruder through the outflow nozzle and enters the atmosphere. The material, including the
water in the cells, expands. As a result, cellular structures are disrupted and protein and starch
are transformed into the desired shape, as well as enhancing the nutritious value (Kearns,

Rokey, & Huber, 1988).

Table 4.1: Raw-materials and composition used in the extrusion. F65X
urchased from Vestkorn A/S. Soya aplha8 purchased from Solae, China.

Legume Composition of ingredient Moisture content % Protein %
Faba bean F65X <10 65
Soy Soya alpha8 12.41 72.18

Table 4.2: Extruder barrel heating zones (HZ) temperature during processing.

Sample HZe6 HZ5 HZ4 HZ3 HZ2 HZ1 Screw Feeding rate | Target
P [°C] [°C] [°C] [°C] [°C] [°C] speed (rpm) | kg/h Moisture %
Faba bean
F65X 160 30 130 100 80 40 900 3|31+1
Soy (alpha8) 110 30 110 100 80 40 600 4 |34+1

Production of EPF scaffolds was performed by Sara Gaber, Dejan Knezevic, Stefan

Sahlstrom, and Hanne Zobel at Nofima.
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4.1.2 Bacterial Nanocellulose
BNC was produced by Dimitrios Tzimorotas at Nofima. Kommagataeibacter xylinus was

isolated from a kombucha drink and was grown on HS-EtOH medium.
Method:
e 100 pl of overnight culture was grown on petri dishes with 20 ml medium.
e The petri dished were incubated at 25°C for 7 days in static conditions.
e The BNC (Figure 3.1) was then collected and washed with hot distilled water for 30
min, followed by 0.2N NaOH at 80°C for 30 min, and lastly rinsed with distilled
water.

e The bacterial free nanocellulose was dried at 37°C until dry.

Figure 4.1: Bacterial nanocellulose. The BNC before removal of bacteria in saturated

condition.

Tabel 4.3: HS-EtOH Medium used in production of BNC sheet.

HS-EtOH Medium compunds | Amount per 100 ml
Glucose 2g
Yeast extract 05¢g
Bacterial peptone 05¢g
Sodium phosphate dibasic 0.27¢g
Citric acid 0.115¢g
Magnesium sulfate 0.05g
Ethanol 1 ml
pH adjustment to 5.7 using 80% citric acid
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4.2 Characterization of the scaffolds

To get a better appreciation of the internal structure of the EPF scaffolds, the scaffolds were
sectioned using a cryostat and further visualized for carbohydrate and protein epitopes by
staining methods described below. The sections were cut at 10 pm thickness to ensure that the
structure was visible in a light microscope, whilst still being thick enough to withstand the

external forces of the sectioning.

Method:

e Pieces of EPF from soy and faba were soaked in PBS for 10 min before they were cut
in lengths of 5 mm. The width varied naturally due to the curvy shape of the EPF.

e They were stored in 70% EtOH over night at 4°C.

e The next day they were washed 3 x 10 min in PBS and patted dry on a piece of paper
before they were covered in OCT for 10 min.

e Then they were frozen in dry ice until they were frozen all the way through and fixed
in the cryostat with OCT for sectioning at 10 um thickness.

e The sections were collected on adhesion slides and stored at -20°C.

4.2.1 Lugol’s iodine stain

The reddish color in the iodine staining comes from a slight affinity between amylopectin and
iodine and the intensity of the stain can indicate the amylopectin content (Jackson, 2003).
Normally a blue stain would be seen when amylose and iodine interact, but potassium iodide

is added to Lugol’s iodine solution to make it soluble in water (Halpern, 2022).

Method:
e The sections were taken out of the freezer and left for 10 min in a fume hood for
drying.
e The 1:4 lodine-Lugol solution was placed on the section for 1 min before they were
rinsed in dH20 and patted dry with a piece of paper.

e They were mounted with glycerol and a cover slip.
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4.2.2 Aniline Blue — Orange G solution stain

The Aniline Blue stain was discovered to stain callose in higher plants back in 1890 by the
French botanist Louis Mangin (Evans, Hoyne, & Stone, 1984). It stains the (1->3)-B-D
glucans and its soluble derivatives. The intensity of the staining is due to factors as the degree
of polymerization, and degree and nature of the (1->3)-p-D glucan chain (Evans, Hoyne, &
Stone, 1984). An insoluble dye-protein combination is created when negatively charged
sulfonic groups in azo dyes, such as Orange G, interact stoichiometrically with positively
charged components in proteins. Protein components with high pKa values are known to be
positively charged in an acidic environment and can bond with negatively charged azo dyes.
This applies to proteins that contain basic amino acid residues and free terminal amino groups
such as e-amino group of lysine, imidazole of histidine, and guanidine of arginine (Moore,

DeVries, Griffiths, & Abernethy, 2010).

Method:

e The sections were taken out of the freezer and left for 10 min in a fume hood for
drying.

e The section slides were put in a glass jar of Bouin’s fixative for 30 min before they
were rinsed in dH20 and excessive fluid around the sections were carefully removed
with a piece of paper.

e They were then placed in the fume hood over night to dry.

e The next day they were placed in 1:10 Aniline Blue — Orange G solution for 4 min

before quickly rinsed in dH20 and fixated with glycerol and a cover slip.

4.2.3 Swelling, Texture Profile Analysis, and Water Holding Capacity
The EPF were further characterized for organoleptic properties to see whether they were
suitable as a food grade material. They were measured on swelling, water holding capacity

(WHC) and the textural characteristics hardness, resilience, cohesion, and springiness.

Method:
e The weighing vessels were marked and weighed, before the EPF of soy and faba were

cut and placed in separate vessels for measuring the dry weight of the EPF.
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e The EPF were put in 15 ml tubes and covered in a mixture of PBS, 1% Pen-Strep, 1%
Fungizone and 2.5% Co-trimoxazole (1.25 pg/ml trimethoprim and 23.75 pg/ml
sulfamethoxazole) and left for two days in RT.

e After sterilization the EPF were washed 3 x 10 min in PBS, weighed again and TPA
were performed at 1h and 4h after being washed with compression at 70% strain.

e Excessive fluids were removed with a paper towel to ensure only the liquids inside the

EPF would be measured.

Standard deviation was found using MS Excel function St.Dev. Standard error were found

using this equation:

Statistical significance was calculated using this formula:
T — T2

se(zy r2)

4.2.4 Monosaccharide composition
The BNC scaffolds were analyzed for their monosaccharide composition by Svein Halvor
Knutsen at Nofima to see if there were any monosaccharides other than glucose to account for

when interpreting the results of cell expansion.

4.3 Sterilizing the EPF scaffolds

4.3.1 PBS and medium
To test the technical abilities of the EPF, the EPF scaffolds were placed in cell medium and
PBS.

Method:
e Whole pieces of EPF were placed in 12 separate 50 ml tubes. Half of the samples were
filled with 25 ml medium, the other half with 25 ml dH-O.
e The tubes were then put in the incubator for visual analysis after 1d, 1w and 2w at

37°C.
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4.3.2 Sterilization with 70% EtOH

Alcohols are used as a sterilizing agent due to their functionally active hydroxyl group(s).
They are bactericidal and fungicidal, but not sporicidal meaning they cannot destroy bacterial
spores (Prescott, Harley, & Klein, 2005). Ethanol is an alcohol that has immediate broad-
spectrum antibacterial activity, damages cell membranes due to cell lysis from its dehydrating
capabilities, and quickly denaturing of proteins while simultaneously interfering with
metabolism (Rubin & Rottenberg, 1982). The reason it was tested is because it leaves no

residue on the EPF after treatment (Zaman, Ferdouse, & Hossain, 2013).

Method:
e The EPF were soaked in PBS for 10 min before being cut into lengths of 5 mm pieces.
e Half the pieces were sterilized in 70% EtOH for 10 min and the other half for 60 min.

e They were then moved to separate 10 ml tubes with DMEM Glutamax and put in the
incubator for 24h and 5d at 37°C.

4.3.3 Sterilization with Pen-Strep and Fungizone

Penicillin is a B-lactam antibiotic, which inhibits replication of Gram" bacteria by interfering
with cell wall formation, whilst streptomycin is an aminoglycoside antibiotic, which kills
Gram™ bacteria through inhibition of protein synthesis (Zhu, et al., 2020). When used in
combination they have shown definite synergism to kill bacteria (Moellering Jr, Medoff,
Leech, Wennersten, & Kunz, 1972). Fungicidal drugs are split in two categories: fungicidal
and fungistatic drugs. Antifungal drugs kill fungal pathogen, where fungistatic drugs inhibit
growth (Graybill, Burgess, & Hardin, 1997). Amphotericin B (Fungizone) is classified as an
antifungal drug, more specifically with concentration-depending fungicidal properties

(Borman, et al., 2017).

Method:
e Whole pieces of EPF were put in 15 ml tubes and 10 ml PBS with 1% Pen-Strep and
1% Fungizone were added to be incubated for 1d, 1w and 2w at 37°C.

4.3.4 Identification of bacteria
Liquid samples from the 15 ml tubes containing 1% Pen-Strep and 1% Fungizone were

analyzed by Anette Wold Asli at Nofima, using MALDI-TOF for bacteria identification.
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4.3.5 Heat sterilization of the EPF scaffolds
After the bacteria were identified as Ralstonia Insidiosa and Burkholderia Cepacia, different

heat sterilizing techniques were tried to rid of these bacteria.

Heat sterilization can be divided in two categories: dry heat sterilization and wet heat
sterilization. Dry heat sterilization is nontoxic, will not harm the environment and it penetrates
the material, though over a longer period. This method has a slower rate of heat penetration
and is considered a time-consuming method for killing bacteria. Dry heat kills
microorganisms by oxidizing molecules through conduction of heat (Sastri, 2022). Due to this
elongated heat treatment, materials that are susceptible for physicochemical changes are not

suited for this sterilization method.

Wet heat sterilization utilizes the principles of heat, moisture, and pressure to break down the
microorganism’s protein structure and enzymes. The required time for bacteria to be killed is
much lower than with dry heat. At 121°C the required time is only 15-20 min, where the with
dry heat, depending on the operating temperature, the required time can vary from 30 min to

>2hrs (Rashed, Hetta, Hashem, & El-Katatny, 2020).

4.3.5.1 Heat cabinet (dry heat sterilization)
Method:
e The EPF were split in two and put in separate sterile Falcon tubes with a metal cap.
e They were then placed in 180°C heat cabinet for 30 min.
e After they were cooled off, the tubes were added 5 ml DMEM Glutamax with 10%
FBS, 1% Pen-Strep and 1% Fungizone and put in an incubator at 37°C for 1d and 7d.
e After incubation the fluids were spread out on TSA plates and incubated further for
48-72hrs at 37°C.

e Unheated samples were added as a control.

4.3.5.2 Autoclave (wet heat sterilization)
Method:
e The EPF were split in two and put in acid washed glass tubes with screw cap.

e They were then autoclaved at 121°C and 100 kPa for 20 min.
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e After they were cooled off the tubes were added 5 ml DMEM Glutamax with 10%
FBS, 1% Pen-Strep and 1% Fungizone and put in an incubator at 37°C for 1d and 7d.

e After incubation the fluids were spread out on TSA plates and incubated further for
48-72hrs.

e Unheated samples were added as a control.

4.3.6 Sterilization with PS + FZ and Co-trimoxazole

The antimicrobial effect of trimethoprim is to prevent susceptible organisms from producing
tetrahydrofolate, the active form of folic acid. Folate from external sources cannot pass
through bacterial cell walls. As a result, the proliferation and growth of these organisms
depend on the endogenous synthesis of tetrahydrofolate from its precursor molecule,
dihydrofolate. Dihydrofolate reductase, the enzyme that catalyzes the conversion of
dihydrofolate to tetrahydrofolate, is competitively inhibited by trimethoprim. Tetrahydrofolate
is an essential component of numerous biochemical processes and serves as a carrier of single
carbon fragments. Protein and nucleic acid synthesis are disrupted when its production is
halted. Thymine synthesis is the important metabolic pathway that trimethoprim inhibits
(Gleckman, Blagg, & Joubert, 1981). Co-trimoxazole is the name of combined trimethoprim

and sulfamethoxazole.

Contrary to humans, many microorganisms are capable of converting para-aminobenzoic acid
(PABA) into dihydrofolate. The enzyme dihydrofolate reductase then converts dihydrofolate
to tetrahydrofolate, which is the active form of the enzyme. Sulfonamides, such as
sulfamethoxazole, compete with PABA, displace it, and prevent the biogenesis of

dihydrofolate (Gleckman, Alvarez, & Joubert, 1979).

Method:

e A stock of 950 pg sulfamethoxazole and 50 pg trimethoprim per ml DMSO was
prepared and mixed with DMEM Glutamax (83.5%), FBS (12%), Pen-Strep (1%) and
Fungizone (1%), for a total of 25 pg/ml Co-trimoxazole (2.5%).

e The EPF were cut into smaller pieces and put in acid washed tubes with screw cap and
autoclaved at 121°C and 100 kPa for 20 min.

e One additional empty tube was used as a negative control.
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Non-treated EPF were added to separate acid washed tubes, also here a negative
control was added.

The tubes were then added 5 ml of the medium and antibiotics mixture and incubated
at 37°C for 1d and 12d.

The tubes were vortexed and spread out on TSA plates for 72h incubation at 37°C.

4.3.7 Mass sterilization

Mass sterilization was attempted to save time and equipment by sterilizing multiple scaffolds

at the same time.

Method:

Two 500 ml glass bottles were autoclaved and Co-trimoxazole stock was made.

In the bottles 2.5% Co-trimoxazole, 1% Pen-Strep, 1% Fungizone and 95.5% PBS was
added, 75 ml in total.

Then 10 pieces of soy and faba EPF were added to separate bottles, 7.5 ml antibiotic
mixture per EPF in total.

Liquid samples were collected from the bottles after 24, 48 and 72h in RT on TSA
plates, and incubated for further 48h at 37°C.

4.3.8 New batches of EPF scaffolds

This time the EPF were freshly extruded and captured immediately in sterile plastic bags and

autoclaved glass jars before touching anything else. They were then dried at 50°C for 2h to

prevent spoilage during storage. A stock of Co-trimoxazole was made. The newly extruded

EPF were placed in 15 ml tubes and incubated for 48h at 37°C in 5 ml of:

PBS (100%)

PBS (99%), Pen-Strep (0.5%) and Fungizone (0.5%)

PBS (98%), Pen-Strep (1%) and Fungizone (1%)

PBS (95.5%), Pen-Strep (1%), Fungizone (1%) and Co-trimoxazole (2.5%)

Method:

After incubation liquid from the tubes were spread out on TSA plates and incubated

for 72h on 37°C.
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e Since the EPF were collected in different containers, it was also tested for differences

in the collection methods.

4.3.9 Sterilization with different dilutions of Co-trimoxazole
A stock of Co-trimoxazole was made and mixed with PBS (93-97%), Pen-Strep (1%) and
Fungizone (1%) in different dilutions: 1%, 2,5% and 5%.

e PBS (97%), Pen-Strep (1%), Fungizone (1%) and Co-trimoxazole (1%)

e PBS (95,5%), Pen-Strep (1%), Fungizone (1%) and Co-trimoxazole (2,5%)

e PBS (93%), Pen-Strep (1%), Fungizone (1%) and Co-trimoxazole (5%)

Method:
e 5 ml of each mixture were added to separate 15 ml tubes with EPF of soy and faba.

e After 48h incubation at 37°C they were spread out on TSA plates and incubated for
another 48h at 37°C.

4.3.10 Origin of bacteria
The origin of bacteria was investigated to see whether the bacterial contamination was on the

producers’ side, or if it were a general problem in the water supply at Nofima.

Method:
. Samples of the water, soy powder that were used during the extrusion and a brand-new
bag of faba powder were collected and incubated in a 50 ml tube with screw cap with
30 ml DMEM Glutamax at 37°C for 7d.
« After incubation the liquid were spread out on TSA and PCA plates and incubated at
37°C for 48h.
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4.4 Bovine primary cell culture

Cells were stored in a mixture of DMSO and DMEM Glutamax in a liquid nitrogen tank and
required some preparation before they could During preparation, the cells’ ability to
proliferate was NucleoCounter to estimate to growth rate of the cells. This was beneficial in
terms of setting expectations for the cells’ ability to further proliferate after cell adherence on
the scaffolds. The flasks were coated with ECL. The proteins present in ECL is laminin,
collagen type IV and entactin. Laminin and collagen type IV are proteins found in the basal
lamina of skeletal muscle, and entactin supports cross-linking between laminin and collagen

(Grzelkowska-Kowalczyk, 2016).

Table 4.4: Amount of ECL and PM used to coat flasks and wells. ECL in

flasks were spread out using a cell scraper.

Plate/flask ECL (i) Proliferation medium | Surface area (cm?)

Big flask 175 Cell scraper 175

6 well plate 30 4 10

24 well plate 6 1 2
Method:

e 75 cm? flasks were coated with ECL and put in heat cabinet at 37°C for 1h.

e The cells were then taken out of the liquid nitrogen tank and thawed rapidly.

e The cells were then mixed with 10 ml proliferation medium (PM) and centrifuged at
2660 G for 5 min.

e The supernatant was removed, and the pellet was resuspended in 5 ml PM. This was
done to remove toxic DMSO in which the cells were stored in.

e 25 ml PM and the cells were added to the flasks and put in the incubator at 37°C and
5% COsz.

e When the flasks reached >70% confluency they were ready to be either split into new
flasks to increase the cell count or to be used in the experiments.

e The medium was changed every 3-4 days.

When cells in the flasks are split, the medium was first removed with the Vacusafe before
they were gently washed 1x with 10 ml DPBS and added 6 ml pre-heated trypsin (37°C) and
placed in the incubator for 10 min or until the cells were detached from the surface. Trypsin is

a proteolytic enzyme that cleaves peptides after lysine or arginine residues which are not
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followed by proline and degrades cell surface proteins during incubation (Lai, et al., 2022).
Depending on the confluency the cells were split in ~equal parts into newly coated flasks. If
they were being used directly in an experiment they went through the same procedure, but
instead of being added to new flasks they were centrifuged and resuspended for removal of
trypsin and were counted using the QuantStudio 5. When the cell count per ml were known,

they were ready to be used in experiments or reinserted in the flasks to increase the cell count.

PM were prepared by thawing aliquoted FBS (10 ml), Ultroser G (10 ml), Pen-Strep (2.5 ml),
and Fungizone (2.5 ml) and adding them to 500 ml DMEM Glutamax. In DM Ultroser G was
substituted with 7.1 pl insulin for temporal control of differentiation (Bateman & McNeill,
2004). The insulin was prepared by diluting 1.74 mM 1:1000 in DMEM Glutamax.

4.4.1 Cell seeding on the EPF scaffolds
Method:
o Sterilized EPF were cut into smaller pieces and washed 3 x 10 min in DPBS.
e The EPF pieces were then added in separate wells of a 24-well cell culture plate and 2
ml of PM was added. Half of the EPF pieces were coated with ECL.
e The EPF pieces were then added =750k cells and put in the incubator at 37°C and 5%
COa.
e After 2d the EPF pieces were moved to new wells to prevent the cells that had
attached to the bottom of the wells to send chemical signals to the cells attached to the
EPF pieces.
e PM medium was changed every 3-4 days.

4.4.2 Cell seeding on the BNC scaffolds
Method:

e The bacterial nanocellulose (BNC) pieces that were used in the experiment were
punched out of a sheet of BNC and then placed in separate wells of a glass bottomed
24-well cell culture plate and 1 ml of PM was added. Half of the BNC pieces were
coated with ECL.

e The BNC pieces were then added =300k cells and put in the incubator at 37°C and 5%
COa.
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o After 2d the BNC pieces were moved to new wells to prevent the cells that had
attached to the bottom of the wells to send chemical signals to the cells attached to the
BNC pieces.

e PM medium was changed every 3-4 days.

e The remainder of unused cells were stored at -80°C for further analysis.

4.4.3 Immunostaining

Nucleus staining of BNC

The NucBlue Live Cell Stain ReadyProbes reagent allows for nucleus staining of live cells
without the need for fixation. This was conducted to see whether there were live cells attached

to the BNC before completing the full protocol for immunostaining.

Method:
e 2 drops per ml medium of NucBlue Live Cell Stain ReadyProbes reagent were added
to the wells containing BNC.
e They were put back in the incubator for 30 min and checked under the fluorescent
microscope the assure there were live cells before the immunostaining protocol was

Initiated.

Fixation of cells

PFA alters the mechanical properties of the cell surface by creating covalent cross-links
between cell membrane and cytoplasmic proteins. This is effectively gluing them together
into an insoluble meshwork thus giving the cells the resistance required to be stained without

losing its structure (Kim, Kim, Okajima, & Cho, 2017).

Method:
e The media was removed from the EPF/BNC and the pieces were washed 2 x 10 min
with PBS.
e The cells were then fixated in 3.7% paraformaldehyde in PBS for 15 min in a fume
hood.

e The samples were then washed 3 x 10 min with PBS.
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Permeabilization

As a powerful non-ionic detergent, Triton X-100 is able to remove lipids from cell
membranes, making the membrane more permeable to the fluorescent antibody. Due to its
uncharged, hydrophilic head groups made of polyoxyethylene moieties, the permeabilization
step removed more cellular membrane lipids to allow large molecules like antibodies to enter

the cell (Cheng, et al., 2019).

Method:
e The cells were permeabilized in 0.1% Triton X-100 in PBS for 10 minutes.
e The samples were then washed 1 x 10 min with PBS-T (PBS with 0.1% Tween-20)

Blocking
To prevent antibodies from attaching to present non-target epitopes, tissue samples must first

be blocked before application of antibodies (Im, Mareninov, Diaz, & Yong, 2019).

Method:
e The cells were blocked with 1x Blocking buffer in PBS for 30 min.

Direct (primary antibody) and indirect (secondary antibody) method

In the direct method, the primary antibody that will be reacting with the target epitope is
directly conjugated with a fluorophore label. In the indirect method, there is a two-step
incubation process: 1) a primary antibody binds to the target epitope, 2) the secondary
antibody, which is fluorophore-tagged, recognizes and binds to the primary antibody. The
primary antibody should be derived from a different species than the tissue sample in order to
avoid the secondary antibody cross-reacting with endogenous immunoglobulins in the tissue
sample. Due to this, the secondary antibody must be directed against the primary antibody
host. Multiple secondary antibody modifications and conjugations are possible for the purpose
of signal amplification and visualization. Secondary antibodies are frequently attached to

fluorescent labels that emit upon photoexcitation (Im, Mareninov, Diaz, & Yong, 2019).

Primary antibody method:
e The desmin dilution was then added to the samples and left for 1h at RT.

e The samples were then washed 3 x 10 min with PBS-T.
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Secondary antibody method:
¢ Dilutions of Hoechst (only for EPF), Alexa 546, and Phalloidin 488 were added to the
samples and incubated in the dark for 1h at RT.

e The samples where then washed 3 x 10 min with PBS-T.

Table 4.5: Antibodies and dilution rates used for inmunostaining of cells on EPF and

BNC.

Antibody Diluted with Dilution
Desmin 0.1X Blocking buffer 1:80
Alexa 546 0.1X Blocking buffer 1:400
Phalloidin 488 0.1X Blocking buffer 1:400
Hoechst 0.1X Blocking buffer 1:1000

4.4.4 Quantification of mMRNA expression of myogenic and adhesion markers
during cell growth

4.4.4.1 Lysing Cells

In order to release intercellular materials like DNA, RNA, protein, or organelles from a cell, a
process known as cell lysis or cellular disruption is used to break down or destroy the cell's
outer membrane. For molecular diagnostics of mRNA transcriptome determination, and
analysis of the composition of particular proteins, lipids, and nucleic acids individually or as

complexes, cell lysis is a crucial unit operation (Islam, Aryasomayajula, & Selvaganapathy,

2017).

Materials:

e RNeasy Mini Kit (50)

Method:

e The medium was removed from the cell wells containing BNC with cells with

Vacusafe and washed 2 x 10 min with DPBS.
e 350 pul RLT Lysis Buffer was added to each well and the cells were scraped off using a

cell scraper.

e The samples were homogenized using a pipette.
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4.4.4.2 Isolation of mMRNA

Isolation of mRNA was performed to remove all other components than that of mRNA from

the lysed cells. This was done by adding ethanol and centrifuging the samples over a

specialized spin column with silica membrane that binds RNA (QIAGEN, 2022).

Materials:

RNeasy Mini Kit (50)

Method:

350 ul 70% EtOH was added to the samples and mixed with a pipette.

The samples were transferred to separate RNeasy spin column and placed in a 2 ml
collection tube.

The samples were centrifuged at 9.632 G for 15s and the eluate was discarded.

350 ul RW1 buffer was added to the column and centrifuged at 9.632 G for 15s. The
eluate was discarded.

80 pl DNase solution mix was added directly to the membrane in the column and
incubated at RT for 15 min.

350 ul RW1 buffer was added to the column and centrifuged at 9.632 G for 15s. The
eluate was discarded.

500 pl RPE buffer was added to the column and centrifuged at 9.632 G for 15s. The
eluate was discarded.

500 pl RPE buffer was added to the column and centrifuged at 9.632 G for 2 min. The
eluate and collection tube were discarded.

The column was placed in a new collection tube and centrifuged at 9.632 G for 1 min.
The eluate and collection tube were discarded.

The column was placed in an Eppendorf tube. 30 pul RNase-free water was added
directly to the membrane in the column and centrifuged at 9.632 G for 1 min to eluate
mRNA.

The mRNA eluate was added directly to the membrane again and centrifuged at 9.632
G for 1 min.

The mRNA yield was measured using NanoDrop ND-1000 Spectrophotometer. The

blank sample was set with RNase-free water and the RNA sample size was 1.5 pl.
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4.4.4.3 Making cDNA from mRNA

Reverse transcriptase is used to make double stranded cDNA helices from mRNA. In order to
perform RT-qPCR, cDNA is made due to its higher stability compared to mRNA because it is
not subject to RNases (Nikiforova & Nikiforov, 2011).

Materials:

e TagMan Reverse Transcription Reagents.

Method:

e TagMan mix was made by adding the reagents to an Eppendorf tube. 36.9 ul of the
mix was pipetted to a cDNA reaction tube which was kept on ice. mRNA and RNase-
free water was mixed for a total volume of 23.1 ul and added to the reaction tube.

e The amount of mRNA was calculated by setting the sample with the lowest mRNA
yield as 100% and diluting the other mRNA samples so the amount of mRNA would
be the same in each tube. The reaction tubes were sealed with flat cap strips.

e  When the samples were readily mixed, they were put in the GeneAmp PCR System
9700 and heated with the following program:

o 25°C for 10 min, 48°C for 30 min and 95°C for 5 min.

4.4.4.4 Reverse transcription quantitative real-time PCR

Reverse transcriptase quantitative real-time PCR allows for the quantification of the PCR
product by amplification of DNA in real time while being measured by a fluorescent probe,
most frequently an intercalating dye or a hydrolysis-based probe. Using this method,
pathogens can be found and the number of copies of particular DNA sequences can be
calculated. Additionally, it permits the measurement of RNA levels using cDNA in a qPCR
reaction, allowing for the quick detection of changes in gene expression (Adams, 2020). In
this study, for relative quantification eukaryotic translation elongation factor 1 alpha 1

(EEF1A1) was used as a reference sample.

Materials:
e TagMan Universal PCR master mix

e TagMan probes
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Table 4.6: Probes used in RT-qPCR.

Probes Product number Supplier
EEF1A1 Bt03223794 g1 Thermo Fisher
Pax7 Hs00242962 m1l Thermo Fisher
MyoD1 Bt03244740_m1 Thermo Fisher
Myogenin Bt03258928 m1 Thermo Fisher
Desmin Bt03254509 gl Thermo Fisher
SDC4 Commercially produced TagMan probe for bovine syndecand4 | Thermo Fisher
ITGBS Bt032223964 m1l Thermo Fisher
VCL Bt004306073_m1 Thermo Fisher
Method:

A mix of TagMan Universal PCR master mix and dH20 (2:1) was prepared in an

Eppendorf tube and 97.5 ul were apportioned to each Eppendorf tube, eight in total. In

each of the Eppendorf tubes 6.5 ul probe was added.

8 ul of this mix and 2 pul cDNA was then added to each well in a half skirt 96 well

PCR-Plate using a Multipette E3 with 0.2 ml Combitips to ensure the same amount in

each well.

The plate was sealed off using and optically clear sealing tape. The plates were then

centrifuged at 2576 G for 1 min, vortexed and then centrifuged at 2576 G for 1 min

again to ensure that it was thoroughly mixed and sat in the bottom of the well.

was performed:
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Figure 4.2: Thermal profile RT-qPCR. PCR Stage ran in 40 repeats.
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Fold change was calculated following this:
e Average CT of EEF1A1 was calculated
e ACT is calculated by subtracting average EEF1A1 CT value from the average target
gene CT value
e AACT = ACT target gene — ACT EEF1A1
e Relative quantification is found by calculating 2-4A¢T

e Average relative quantification was calculated for target genes, and standard deviation

was found by using St.Dev. function in excel.

For statistical analysis of initial cell batches before seeding on the scaffolds, BNC vol 3 was
compared to BNC vol 2. BNC vol 2 was set as benchmark. For statistical analysis of cells
grown on BNC for 2 and 15 days, BNC coated with ECL was compared to BNC with no
coating. BNC with no coating was set as benchmark. Standard deviation was found using MS
Excel function St.Dev. Standard error between the groups were found using this equation:

_ _ /1 1
se(zy — x2) = s X v:l t ™

Statistical significance was calculated using this formula:

4.4.5 Ability to proliferate and differentiate after cell expansion on BNC
This experiment was conducted to see whether the cells on the BNC scaffolds had gone into a

senescent state.

Method:

e After pieces of BNC had been cultivated for 30d, the BNC were washed 1 x 10 min
with DPBS.

e 2 ml pre-heated trypsin were added to the wells and placed in the incubator at 37°C
and 5% COxz for 15-20 min. A pipette was used to detach the most steadfast cells.

e The mixture of cells and trypsin was added to a coated 6 well culture plate with 6 ml
PM. PM media was changed after 2d and then every 3-4 days.

e After 14d the PM was removed, the cells were washed 1 x 10 min with DPBS, and
DM was added.

e DM was changed every 3-4 days.
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5. Results

5.1 Biomaterial properties of EPF and BNC scaffolds

Characterization of the EPF scaffolds was performed to establish if they were suitable as
scaffolds for usage in CBM production in regard to cell adhesion, proliferation,
differentiation, and pores big enough for cell migration and transport of oxygen, nutrients, and

waste products.

Figure 5.1: EPF scaffolds of faba (left) and soy (right) in dry state. Photographs taken with
mobile phone camera.

The EPF from faba bean or soy had similar structure and size (Figure 5.1), but further in-
depth characterization showed differences (Figure 5.2). The EPF scaffolds were characterized
by microscopy of cryosections to uncover the internal structure. This was done to determine if
the pores were big enough for cell migration. The EPF scaffold structures were further
characterized by different staining techniques to give an appreciation of some essential

proteins and carbohydrates present in the EPF scaffolds.
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EPF were cryosectioned to analyze the internal structure to see if cells could migrate towards

the inside of the scaffolds and expand from there during the proliferating phase.

Figure 5.2: Cryosectio of 0 faba(le) and soy (right). The figure shows randomly,
but representatively selected images of the microstructure of faba and soy EPF. Scale bar 100
um.

Visual inspection by microscopy of the cryosections (Figure 5.2) showed that there were
multiple porous structures and channels in EPF from both faba (left) and soy (right) big
enough (>100 um) with potential for cell migration. The EPF from faba had a more compact
structure with many smaller pores, but a few big enough with potential for cells to attach and
migrate through (left). The EPF from soy had a more open structure with fewer, but bigger
pores (right). A quantification of pore sizes big enough for cell migration was not conducted,

it was only established that EPF from both legumes had pores of adequate size.

The EPF scaffolds were stained with Lugol’s lodine to determine the starch content to assess

the influence of liquid over time on the scaffolds.

YA

Figure 5.3: EPF from faba stained with Lugol’s lodine. The black color (left) comes from
interaction between amylose and iodine. The reddish-brownish color (right) comes from
interaction between amylopectin and iodine.
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Figure 5.4: EPF from soy stained with Lugol’s lodine. Little to no effect of iodine staining.

The iodine staining showed that EPF scaffolds from faba (Figure 5.3) contains starch in
detectable concentration of both amylose and amylopectin to give signals with the staining
method used. The starch content in EPF scaffolds from soy (Figure 5.4) were not high enough
to be detected by this staining method. The starch content was not quantified by other

methods.

The EPF scaffolds were stained with Aniline Blue — Orange G to determine where

polysaccharides and proteins could be found throughout the scaffolds.
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Figure 5.5: EPF from faba (left) and soy (right) stained with Aniline Blue-Orange G. Aniline
Blue stains for polysaccharides, Orange G for proteins. Scale bar 100 pm.

-

The Aniline Blue — Orange G staining (Figure 5.5) showed the distribution of polysaccharides
(blue) and proteins (orange) in the EPF scaffolds. The darker areas represent a higher
concentration. The polysaccharide and protein content were not quantified but were used to
visualize the distribution. It is also worth noting that the EPF scaffolds made from faba (left)

seems like it is more solubilized in staining solution containing Aniline Blue — Orange G due
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to its fragmentation during staining, whereas the EPF made from soy (right) seems like the

structure is more intact.

The EPF scaffolds were analyzed for swelling, texture profile and water holding capabilities
to determine how well they perform as a food grade scaffold for cell growth as well as the

potential for being used for in vitro meat production.
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Figure 5.6: Dry weight of the EPF and their water holding capacities. A: Dry weight of the
scaffolds. B: Percentage of PBS absorbed per scaffolds own weight. C: Percentage of PBS
lost during TPA per scaffolds absorption of PBS. D: The water holding capacity of the
scaffold (PBS after TPA * 100/PBS before TPA). TPAl and TPAZ2 indicates weighing of EPF
after first and second run of TPA. Biological replications of 5 for each legume. Error bars
(standard deviation) is representing how much the measurements in the group differ from the
mean of the group. * =p < 0.05, ** =p < 0.01.

The EPF scaffolds were cut in pieces in about the same length, but due to compactness and
expansion of the different pieces the weight varied (Figure 5.6) not only a lot between faba
and soy, but also within EPF from the same legume (A). The PBS absorption were

statistically significant between the two EPF scaffolds, with EPF scaffolds from soy being

able to absorb more PBS of the two. It also showed a lot of variation within each legume type
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due to its shape and structure (B). Measurements of PBS loss after both TPA were carried out.
The PBS loss after both TPA for soy is consistent, where faba after TPA 2 has a statistically
significant higher PBS loss compared to soy in TPA 2 and faba in TPA 1 (C). The water
holding capacity of soy is consistent from TPA 1 to TPA 2, but for faba it is a statistically
significant reduction from TPA 1 to TPA 2. There is also a statistically significance between

soy and faba in TPA 2 where soy has a higher WHC (D).

Hardness Resilience

13.59 5.0
13.0 4.5
12.5 4.0 }
]
12.0 3.5+ I
L
11.5 1 3.0
11.0 T T T T 25 T T T T
*'\ N Vv N
7 >/ */ 27 ,\/ D7 ,\/ 27
(3) N 3] NG
L L S F P E

Cohesion @ Springiness

0.18 80

0.16 60 . .

0.14

40

0.12

0.10 20

0.08 T T T T 0 T T T T
& @ N P FVRNVEIN NN
DT R Ay & (@ L (P

Figure 5.7: Texture profile analysis of the EPF. A: How well the scaffolds resist deformation.
B: How well the scaffold recovers from deformation. C: How well the scaffold withstands a
second deformation relative to its resistance during the first compression. D: How well the
scaffold physically springs back after the first deformation. 1 and 2 indicate first and
second run of TPA. Biological replications of 5 for each legume. Error bars (standard
deviation) is representing how much the measurements in the group differ from the mean of
the group. No statistical significance within the time of TPA nor within scaffolds.

There was no statistically significant difference within or between the EPF scaffolds after
TPA 1 and TPA 2 (Figure 5.7) regarding hardness (A), resilience (B), Cohesion (C) or
springiness (D). It is worth mentioning that there were big variations within the scaffolds seen

as big fluctuation in the standard deviations, except from the springiness in EPF from soy (D).
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Images of the macro-(Figure 5.8) and nanostructure (Figure 5.9) was captured. This was done

to get an appreciation of the topography of the scaffold.

Figure 5.9: SEM images of BNC taken by Vibeke Host at Nofima. Pre-rinsing, still containing
bacteria (left) and post-rinsing, bacteria-free (right). Images are taken at 10.000x (left) and
5.000x (right) magnification. Yellow arrow indicating bacteria. Scale bar: 10 um (left) and 2

um (right).

The monosaccharide composition of the BNC was examined to see if there were compounds
that would interact with cell adhesion, proliferation, and/or differentiation. The analysis was

performed by Svein Halvor Knutsen at Nofima; this was the composition:

Table 5.1: Monosaccharides present in BNC used in experiment. Data from technical
duplicates.

Rhamnose | Fucose Arabinose | Xylose Mannose Galactose | Glucose
Sample (mg) (mg) (mg) (mg) (mg) (mg) (mg) SUM (mg)
BNC 0.18 0.07 0.02 0.00 0.25 0.08 47.24 47.84

The analysis showed that the main monosaccharide present in the BNC was glucose with

98.7% of the total monosaccharide content while the rest of the monosaccharides only

accounted for just over 1% altogether.
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5.2 Production of EPF and BNC scaffolds

The EPF scaffolds contained bacteria that was needed to get rid of in order to conduct cell
seeding experiments. Different sterilization methods and techniques was applied in order to
remove the bacteria in the least invasive way. Whole pieces of EPF scaffolds were put in

liquid (medium and dH20) to see how the contamination affected the samples.

Figure 5.10: Whole pieces of EPF from soy (left) and faba (right) in DMEM Glutamax and
dH>0 after 1 day incubation at 37°C. Some sediment and change in pH (indicated by color
change in medium) in faba incubated in medium.

After 1 day incubation (Figure 5.10) the EPF structure from soy (left) was intact. The EPF
from faba (right) has produced some sediment as well as a more acidic environment in the
medium and it looks like the outer layer of the scaffold is separating from the rest of the EPF
in dH20.

Figure 5.11: Sediment and bacterial growth in all samples after 6 days incubation. Tube 1
with soy in medium show sediment and slight color change. Tube 2 with soy in dH20 show
sediment and cloudiness of the liquid. Tube 3 with faba in medium show sediment and a big
color change. Tube 4 with faba in dH20 show sediment and some cloudiness of the liquid.
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After 6 days incubation (Figure 5.11) there were excessive microbial growth, resulting in a
more acidic environment in the medium, and cloudiness in the dH20. All samples had
sediment. The experiment was discontinued due to this. To see if the bacteria could be killed
with a simple sterilization technique consisting of pre-sterilizing them with 70% EtOH for 10

— 60 min before incubation with DMEM Glutamax.

Figure 5.12: Pre-sterilized EPF in 70% EtOH after 5 days incubation with DMEM
Glutamax. 10 min faba (1), 60 min faba (2), 10 min soy (5), 60 min soy (6). Slight pH changes
in all samples.

There was a slight pH change (indicated by color change in medium) in all samples after 5
days (Figure 5.12) incubation which could either be caused by bacteria or precipitation of
available proteins in the EPF. The faba samples (1, 2) were slightly more acidic than the
samples of soy(5, 6) with the color of phenol red turning pink. The sterilization technique
showed an effect on inhibiting the bacterial growth, but not neutralize them. The internal
microstructure showed little to no difference from before sterilization (Figure 5.2), hence the

structure was intact after 70% sterilization (Figure 5.13).
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Figure 5.13: Cryosection of EPF from faba (left) and soy (right) with 70% EtOH strilization
treatment. The figure shows randomly, but representatively selected images of the
microstructure of soy EPF. Scale bare 100 pm.

The EPF scaffolds were tried sterilized with the same antibiotics used in the PM and DM for
the cells, Pen-Strep and Fungizone. The antibiotic and the fungicidal drug were chosen
because it has been showed that the cells are able to proliferate and differentiate with these

treatment methods, and thus would not cause harm to the cells if they were to be used in cell

experiments.

Figure 5.14: Plates fro liquid, later used in identification with Maldi-TOF. Soy on the lefi,
faba on the right.

Treatment with pen-strep and fungizone (Figure 5.14) did not prevent bacterial growth, and
the samples were sent to the microbiology department for analysis of the bacteria strains. The
strains were then analyzed by Anette Wold Asli using MALDI-TOF and were identified as

Burkholderia cepacia and Ralstonia insidiosa.
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After the bacteria were identified as Burkholderia cepacia and Ralstonia insidiosa and it was
discovered that the bacteria were resistant against Pen-Strep, the EPF scaffolds were tried to

be sterilized using two different methods of heat sterilization: wet heat and dry heat.

Figure 5.15: Autoclaved EPF (soy: A, faba: B). The EPF are reacting with heat and
moisture to melt and gelatinize in the bottom of the tube. C: Autoclaved EPF after 1 day
incubation at 37°C. Negative control in the center, faba on the left, and soy on the right.
Samples are vortexed. D: Autoclaved EPF after 7 days incubation at 37°C. Negative control
in the center, soy on the left and faba on the right. Samples are vortexed. pH indicator is
phenol red in DMEM Glutamax. E: Autoclaved EPF after I day incubation at 37°C. Colonies
in both EPF from soy (left) and faba (right). F: Autoclaved EPF after 7 days incubation at
37°C. No colonies in faba (left) or soy (right).

During autoclavation (Figure 5.15) the EPF scaffolds melted due to the heat and moisture
resulting in gelatinization in the bottom of the tubes thus altering the structure of the scaffold.
In the EPF scaffold (B) from faba (right), it is possible to see the inside of the scaffold. This
effect was bigger on EPF from faba than from soy (A). After the EPF were autoclaved
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DMEM Glutamax with FBS, PS and FZ was added in the tubes and then placed in the
incubator. The vortexed samples (C) showed a change in the medium towards acidic state,
faba (left) more so than soy (right). The negative control (center) was added to see how the
medium with scaffolds would react to incubation. The change in pH could be from bacteria or
denatured proteins. We therefore performed bacterial testing to investigate possible bacterial
contamination. In the autoclaved EPF (D) incubated for 7 days there were no visual difference
between the samples containing EPF scaffolds and the negative control (center). There were

colonies in both samples after 1 day incubation, however, after 7 days there were none.
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Simultaneously as the wet heat sterilizing, dry heat sterilizing was carried out to see if there

were any difference between the two techniques.

Figure 5.16: A: EPF from faba (left) and soy (right) after dry heat sterilization at 180°C.

B: Dry heat sterilized EPF of faba (left) and soy (right)after 1 day incubation at 37°C. pH
indicator is phenol red in DMEM Glutamax. C: Dry heat sterilized EPF after 1 day
incubation at 37°C. No colonies in faba (left) or soy (right). D: Dry heat sterilized EPF after
7 days incubation at 37°C. Faba on the left and soy on the right. E: Dry heat sterilized EPF
after 7 days incubation at 37°C. One colony in faba (right) and two in soy (left). Colonies are
circled in red.

During time in the heat cabinet (Figure 5.10) the EPF scaffolds (A) were clearly affected by
the dry heat treatment resulting in a browning of the exterior. The tubes containing EPF were
filled DMEM Glutamax, FBS, PS and FZ after the dry heat sterilization and put in the
incubator at 37°C. After 1 day incubation (B) the pH indicator showed that liquid in the faba

sample (left) was more acidic than before incubation by becoming orange, while the soy
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sample (right) only had a slight decrease in pH. In both plates from 1 day incubation (C) after
dry heat sterilization there were found no colonies.

As with the autoclaved EPF, the dry heat sterilized EPF were also incubated for 7 days to see
whether the bacteria count would increase or not. In the dry heat sterilized EPF (D) the pH
indicator is showing a more acidic liquid in faba than soy. The phenol red in the soy sample
(right) indicates a slightly basic change in pH. The dry heat sterilized EPF (E) showed one
colony in faba (right) and two colonies in soy (left) growing on top of each other after 7 days

incubation.
Although heat sterilization was successful in removing bacteria, it was not suitable for this

experiment as the physical altercation of the EPF scaffold was too big. A combination of

trimethoprim and sulfamethoxazole (Co-trimoxazole) was tested as a non-invasive method.
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Figure 5.17: Plates from EPF captured in different solutions. Incubated in 1: PBS, 2: PBS +
0.5% PS + 0.5%FZ, 3: PBS + 1% PS + 1% FZ, and 4: PBS + 1% PS + 1% FZ + 2.5% Co-
trimoxazole for 2 days at 37°C. A: Soy captured in glass, B: Soy captured in plastic bag, C:
Faba captured in glass, D: Faba captured in plastic bag.

In the antibiotic sterilization attempt (Figure 5.17), the starting point of the bacteria count is
the EPF scaffolds incubated in PBS (1). The effects of PS and FZ sterilization on EPF from
faba (2, 3) is clear but not effective enough, while the EPF from soy (2, 3) is nearly unaffected
by PS and FZ. Co-trimoxazole (4) was deemed very efficient with only one colony (4-D) after

incubation.

45



After the successful sterilization with Co-trimoxazole (Figure 5.17) different dilutions were

tested to see what the least amount of Co-trimoxazole needed to get rid of the bacteria.

Figure 5.18: Plates of EPF from 1: soy and 2: faba incubated at 37°C for 7 days. A: PBS +
1% PS + 1% FZ + 1% Co-trimoxazole, B: PBS + 1% PS + 1% FZ + 2.5% Co-trimoxazole,
C: PBS + 1% PS + 1% FZ + 5% Co-trimoxazole.

There were found no colonies on any of the plates after 7 days incubation with Co-
trimoxazole, suggesting that as low as 1% co-trimoxazole is sufficient for sterilization.
After all plates of faba and soy (Figure 5.18) contained no colonies, an experiment of mass
sterilization was conducted to see if they could be sterilized in batches to save time and

materials.

Figure 5.19: Plates from EPF from soy (A) and faba (B) mass sterilized for 24 (1), 48 (2),
and 72 (3) hours at RT.

There were colonies in all the plates (Figure 5.19) showing mass sterilization was not
successful. In faba (B) it seems like the number of bacterial colonies are growing
exponentially, and in soy (A) it seems like the number of colonies were the same throughout

the incubation period.
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To figure out where the source of the bacterial infection came from, the water, soy powder,

and an unopened bag of the same faba powder used in the extrusion were tested.

Figure 5.20: A: Water used in the extrusion process. B: Powder from soy used in the

extrusion process. C: Powder from an unopened bag of faba used in the extrusion process.
Incubated with DMEM Glutamax at 37°C for 7 days. Spread out on TSA (left) and PCA

(right).

In the attempt of finding the origin of the bacteria (Figure 5.20), the water showed colonies on
both agars (A) after 7 days incubation, but they were not the same colonies as the previous
plates with EPF from soy and faba had shown. There was growth on both plates of EPF from
soy (B) with similar morphology as previously found in soy samples. There was growth on
both plates of EPF from faba (C) with similar morphology as previously found in faba

samples.

After an initial successful experiment with growing cells on EPF from faba and soy, we

wanted to repeat the experiment.
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Figure 5.21: EPF from faba (two left wells) and soy (two right wells) disintegrated during
incubation in PM.

The EPF from faba and soy (Figure 5.21) disintegrated during incubation and were therefore

no longer suitable as a scaffold for cell growth and expansion. Since the last experiment was
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unsuccessful due to the disintegration, the experiment was repeated with newly produced EPF

from faba and soy.

Fiure 5.22: Cloudy samples (left) of cells on EPF from soy (top row) and faba (bottom row)
after 3 days incubation. Plating confirmed bacterial growth (right). A: Soy. B: Faba.

The wells containing EPF scaffolds with cells turned cloudy after 3 days incubation. To see if
the cloudiness in the samples (Figure 5.22 - left) were due to bacterial growth, although
incubated with antibiotic solution that was successful before, samples was taken from one soy
well and one faba well and spread out on PCA agar. Both samples tested positive for bacterial
growth (right) and the experiment was therefore discontinued. No further experiment of cell

growth on EPF were conducted.
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5.3 Cell adhesion properties and biocompability of EPF and BNC

scaffolds

After deeming the EPF scaffolds to having the characteristics needed for a CBM scaffold and
successful sterilization, 750k cells were seeded on EPF scaffolds and incubated for 7 days.
The EPF scaffolds were cryosectioned and immunostained with Hoechst to stain the nucleus

of the cells.

Figure 5.23: Fluorescent microscopy of 750k cells on EPF of faba after 7 days. A: Non-
coated scaffold. B: ECL-coated scaffold. Immunostained with Hoechst. Arrows indicating
cells. The images are representative for 2 replicates. Scale bar 50 um.

The cells that attached to the EPF scaffolds from faba (Figure 5.23 A & B) were only in the
layers available from the outside where the cells were applicated. The cells did not migrate

towards to inner layers, data not shown. The cells applicated to EPF from faba with ECL

seemed, by visual inspection, to attach more frequently than without ECL coating.

Figure 5.24: Fluorescent microscopy of 750k cells on EPF of soy after 7 days. A: Non-coated
scaffold. B: ECL-coated scaffold. Immunostained with Hoechst. Arrows indicating cells. The
images are representative for 2 replicates. Scale bar 50 um.
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The cells that attached to the EPF scaffold from soy (Figure 5.24 A & B) were only in the
layers available from the outside when the cells were applied. The cells did not migrate
towards to inner layers here either, data not shown. No difference in cell attachment was

obtained between non-coated and ECL-coated EPF scaffolds from soy.

30k cells were seeded on the BNC scaffolds and cultured for 15 days. The development was

followed using a light microscope.

30d 30d

Figure 5.25: Light microscopy pictures of 30k cells on BNC. On the left: without ECL, on the
right: with ECL. Top: I day, middle: 3 days, bottom: 30 days. Yellow arrows indicate
singular cells, blue arrows indicate clusters of cells, and black arrows indicate debris. The
pH in the media is shown by a pH indicator (phenol red). Older media turns slightly more
basic giving it a purple hue, while fresh media is at pH 7.4 (red). Cell medium was changed
every 3-4 days. This experiment was only carried out once. The images are representative for
30 replicates. Microscopy images taken at 4x magnification. Scale bar seen in 30d with ECL-
coating is 200 um.
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There were no signs of the cells proliferating or differentiating from day 3 to day 30 (Figure
5.25), therefore the cell count was increased to determine if a higher cell density resulted in

better proliferation.

After the reevaluation, 300k cells were seeded on the BNC scaffolds for 15 days. Cell

expansion was monitored using a light microscope on day 1, 3 and 15.

Figure 5.26: Light microscopy pictures of 300k cells on BNC. Cell medium was changed
every 3-4 days. This experiment was carried out in two repetitions. On the left: without ECL,
on the right: with ECL. Top: I day, middle: 3 days, bottom: 15 days. Green arrow indicates
the morphology of a proliferating myoblast, blue arrow indicates a singular myotube, and
yellow arrows indicate alignment of myotubes. Color change from day 1 to day 3 and 15 is
due to how new the media used was, with red color being fresh. The images are
representative for 16 replicates. Microscopy images taken at 4x magnification. Scale bar seen
in 15d with ECL-coating is 200 um.
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The light microscopy images (Figure 5.26) show a comparison of cell proliferation and
differentiation on scaffolds with (right) and without (left) ECL coating of the BNC. The BNC
scaffolds coated with ECL showed a much higher confluency on the surface of the scaffold,
were the cells on the BNC without ECL tended to cluster together.

The BNC scaffolds were immunostained with NucBlue, Phalloidin 488, rabbit anti-Desmin
followed by Alexa 546-conjugated goat anti-rabbit and after 2 and 15 days to determine the
cell growth in regards of proliferation and differentiation. The experiment was carried out in

two repetitions. Immunofluorescent images are present first, mRNA expression thereafter.
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Figure 5.27: Fluorescent microscopy of 300k cells on BNC without ECL after 2 days
incubation. Immunostained with A, E: Phalloidin 488 (green), B, F: rabbit anti-Desmin,
followed by Alexa 546-conjugated goat anti-rabbit (red), C, G: NucBlue Live Cell Stain
(blue), D, H: Merged images. Yellow arrows indicating cell clusters. The images are
representative for 16 replicates. Scale bar A-D: 100 um, E-H: 50 um.

After 2 days on BNC without ECL-coating (Figure 5.27) myotubes can be seen formed during
differentiation (A, B), with desmin filaments forming in the myotubes (B, F). The myotubes
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contain more than one nucleus clustered together (C, G). The cell clusters are forming an

intercellular bridge through cytoplasmic connections (E, F, H).
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Figure 5.28: Fluorescent microscopy of 300k cells on BNC coated with ECL after 2 days
incubation. Immunostained with A, E: Phalloidin 488 (green), B, F: rabbit anti-Desmin,
followed by Alexa 546-conjugated goat anti-rabbit (red), C, G: NucBlue Live Cell Stain
(blue), and D, H: Merged images. Yellow arrows indicate proliferating cells. The top of the
yellow triangle indicates a cell that has initiated differentiation. The images are
representative for 16 replicates. Scale bar A-D 100 um, E-H: 50 um.
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After 2 days incubation on ECL-coated scaffolds (Figure 5.28) some cells outside this
complex cell structure are cells still in the proliferating stage shown with yellow arrows (A—
D). The lack of desmin is an indication for proliferating cells (B, F). In immunofluorescent
microscopy images of cells grown on BNC with ECL coating (Figure 5.28) the myotube

configuration seem more complex than without ECL (Figure 5.27) after incubation for 2 days.
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Figure 5.29: Fluorescent microscopy of 300k cells on BNC without ECL after 15 days
incubation. Immunostained with A, E: Phalloidin 488 (green), B, F: rabbit anti-Desmin,
followed by Alexa 546-conjugated goat anti-rabbit (red), C, G: NucBlue Live Cell Stain
(blue), D, H: Merged images. Yellow arrow indicates intercellular bridging. The images are
representative for 16 replicates. Scale bar A-D: 500 um, E-H: 100 um.
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After 15 days incubation the immunofluorescent microscopy images (Figure 5.29) show an
overview over the cell clusters on the non-coated BNC scaffold. Within the cell clusters F-
actin filaments seem to be aligned (A, E), and desmin filaments were forming (B, F). The
nucleuses gathered in clusters (C, G). In the intercellular bridge seen marked by a yellow
arrow (E-H), very few nucleuses are present. The bright red dot was a droplet from the

mounting medium causing disturbance, making the red staining appear weaker (B, D).
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Figure 5.30: Fluorescent microscopy of 300k cells on BNC with ECL coating after 15 days.
Immunostained with A, E: Phalloidin 488 (green), B, F': rabbit anti-Desmin, followed by
Alexa 546-conjugated goat anti-rabbit (red), C, G: NucBlue Live Cell Stain (blue), and D, H:
Merged images. The images are representative for 16 replicates. Scale bar A-D:500 um, E-
H: 100 um.
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After 15 days (Figure 5.30) the immunofluorescent microscopy images show an overview
over the BNC scaffold with ECL coating. Myotube formation is seen throughout the scaffold.
In the myotubes F-actin arrangement can be seen (A, E) together with desmin filament
formation (B, F). The BNC scaffold is filled with a big cluster of nucleuses (C, G). The
merged images of cells grown on BNC with ECL coating gives an appreciation of how F-
actin and desmin is forming together and aligning when nucleuses are spread over the whole

BNC scaffold (D, H).

The cells were analyzed for their mRNA expression of myogenic and adhesion markers on the

initial cell batches used in the experiment, and 2- and 15-days growth on BNC scaffolds.
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Figure 5.31: Relative gene expression of muscle specific markers (PAX7, MYODI,
MYOGENIN), differentiation marker (DESMIN), and adhesion markers (ITGBS5, SDC4, VCL)
from cell batch used in BNC experiments before seeding on BNC scaffolds. BC vol 2: first
repetition, BC vol 3: second repetition. BC vol 2 set as benchmark. The data is presented as
the average of technical triplicates and representative for 16 replicates. Error bars illustrate
SD. ¥*=p <0.05 **=p <0.01, ¥* =p < 0.001, ¥**** =p < 0.0001.

In the cell batch used in the second repetition (BC vol 3) Pax7, MyoD1, myogenin, and
desmin, as well as cell receptor SDC4 and cytoskeleton/focal adhesion molecule VCL was
higher expressed compared to the cell batch used in the first repetition (BC vol 2) (Figure

5.31). No difference in mRNA expression of cell receptor ITGBS was obtained.
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Figure 5.32: Relative gene expression of muscle specific markers (PAX7, MYODI,
MYOGENIN), differentiation marker (DESMIN, and cell adhesion markers (ITGBS5, SDC4,
VCL) from cells grown on BNC for 2 days, experiment 2. BNC without ECL-coating was set
as benchmark to see how ECL-coating impact gene expression. The data is presented as the

average of technical triplicates and representative for 16 replicates. Error bars illustrate SD.
=p <0.05 ***=p <0.001.

After 2 days culturing (Figure 5.32) Pax7, MyoD1, and myogenin was higher expressed in
ECL-coated scaffolds compared to non-coated scaffolds. No difference in desmin mRNA

expression was obtained. Likewise, for cell receptors ITGBS5 and SDC4 and

cytoskeleton/focal adhesion molecule VCL no difference in expression was obtained.
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Figure 5.33: BNC vol 2. Relative gene expression of muscle specific markers (PAX7,

MYODI, MYOGENIN), differentiation marker (DESMIN, and cell adhesion markers (ITGf5,
SDC4, VCL) from cells grown on BNC for 15 days, experiment 1. BNC without ECL-coating
was set as benchmark to see how ECL-coating impact gene expression. The data is presented

as the average of technical triplicates and representative for 16 replicates. Error bars
illustrate SD. * = p < 0.05, ** =p < 0.01.

After 15 days culturing in the first repetition (Figure 5.33), Pax7, MyoD1, myogenin, and

desmin was higher expressed in ECL-coated scaffolds compared to non-coated scaffolds. For

61



cell receptors ITGBS and SDC4 and cytoskeleton/focal adhesion molecule VCL no difference

in mRNA expression was obtained.
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Figure 5.34: BNC vol 3. Relative gene expression of muscle specific markers (PAX7,
MYODI, MYOGENIN), differentiation marker (DESMIN), and cell adhesion markers (ITGpS,
SDC4, VCL) from cells grown on BNC for 15 days, experiment 2. BNC without ECL-coating
was set as benchmark to see how ECL-coating impact gene expression. The data is presented
as the average of technical triplicates and representative for 16 replicates. Error bars
illustrate SD. * = p < 0.05.

After 15 days culturing in the second repetition (Figure 5.34), cell receptor ITGB5 was higher
expressed in non-coated scaffolds compared to ECL-coated scaffolds. Pax7 MyoD1,
myogenin, and desmin, as well as cell receptor SDC4 and cytoskeleton/focal adhesion

molecule VCL no difference in expression was obtained.
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The cells that had expanded on the BNC scaffolds for 30 days were trypzinated off the
scaffolds and redistributed to wells coated with ECL to see if they were still viable, able to

proliferate and differentiate. The cells seeded in the wells were not counted.

Figure 5.35: Cells grown on BNC grown for 30 days, trypzinated off and redistributed in
wells with PM. Cell medium was changed every 3-4 days. A: 3 days, B: 7 days, C: 10 days,
and D: 14 days. PM was exchanged for DM (E-F). E: 3 days after induced differentiation,
and F: 7 days after induced differentiation. Green arrow indicates the morphology of a
proliferating myoblast, yellow arrow indicates aligning myoblasts, and blue arrows indicate
connected myotubes. The images are representative for 2 replicates. Images are taken with x4
magnification.

The cells were still viable after being redistributed to ECL-coated wells (Figure 5.35 A-C)
and had initiated spontaneous differentiation to form myotubes on day 14 (D). PM was
substituted with DM after 14 days to induce differentiation. The myotubes started to fuse
together after DM induced differentiation (E, F).
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This experiment was also conducted on cells grown on BNC coated with ECL for 30 days.

Figure 5.36: Cells grown on BNC coated with ECL grown for 30 days, trypzinated off and
redistributed in wells with PM. Cell medium was changed every 3-4 days. A: 3 days, B: 7
days, C: 10 days, and D: 14 days. PM was exchanged for DM (E-F). E: 3 days after induced
differentiation, and F: 7 days after induced differentiation. Green arrow indicates aligning
myoblasts, yellow arrow indicates a singular myotube, and blue arrows indicate connected
myotubes. The images are representative for 2 replicates. Images are taken with x4
magnification.

The cells were still viable after being redistributed to ECL-coated wells (Figure 5.36 A-C).
There was some formation of myotubes (D). PM was substituted with DM after 14 days to
induce differentiation. There were a few myotubes forming after day 3 (E), but the

differentiation and myotube formation were much more visible after 7 days (F).
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6. Discussion

6.1 Production of EPF and BNC scaffolds

Initially it was thought that the EPF scaffolds would be sterile exiting the extruder, but the
incubation in DMEM Glutamax and dH20 showed otherwise. 70% ethanol was the first
sterilizing technique used because it is less invasive towards the EPF scaffolds as other
sterilizing techniques and not an antibiotic that could potentially harm the mitochondria in the
muscle cells (Suarez-Rivero, et al., 2021) if not washed away properly after sterilization. In
such small quantities as used in the sterilization, it is deemed non-toxic for oral ingestion
(Matteucci, 2012), which means it could safely be used in CBM production. The ethanol
sterilization was successful in inhibiting further bacterial growth but did not manage to

neutralize them and thus other methods was needed.

The idea of sterilizing with Pen-Strep and Fungizone came from these reagents already being
utilized in the cell medium. The combination of penicillin and streptomycin eliminate bacteria
by inhibiting the peptidoglycan synthesis for bacterial cell wall maintenance (penicillin)
(Mucsi, et al., 2013) and by inhibiting protein synthesis in bacterial ribosome (streptomycin)
(Sharma, Cukras, Rogers, Southworth, & Green, 2007). The Fungizone binds to ergosterol in
the cell membrane of most fungi and causes formation of ion channels which leads to loss of
protons and monovalent cations. In turn this leads to concentration-depending cell killing and
depolarization (Noor & Preuss, 2022). Fungizone also causes oxidative damage to the cells,
increasing membrane permeability and the production of free radicals, as well as having a
stimulatory effect on phagocytic cells, which aids in the removal of fungal infections (Noor &
Preuss, 2022). There were no fungi on the plates, but the bacteria showed resistance against
Pen-Strep concentration used in cell media. These findings made it necessary to pre-sterilize

the EPF scaffolds before cell seeding.

After the bacteria were identified as Burkholderia cepacia and Ralstonia insidiosa using
MALDI-TOF, literature showed that B. cepacia (Ryan & Adley, 2013) and R. insidiosa (de
Souza, et al., 2018) are susceptible to Co-trimoxazole treatment. Trimethoprim is a synthetic
antibacterial drug that inhibits the di-hydrofolate reductase enzyme (DHFR), found in
Ralstonia spp., to target folate biosynthesis. Sulfonamides, another chemotherapeutic drug
that targets the di-hydropteroate synthase (DHPS) enzyme, found in Burkholderia spp. in the

same pathway, is frequently administered alongside trimethoprim in a synergistic manner
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(Sanchez-Osuna, Cortés, Llagostera, Barbé, & Erill, 2020). PS and FZ were added in case of
presence of other bacteria and fungi in all sterilization attempts with Co-trimoxazole. Due to
the successful sterilization with sulfamethoxazole and trimethoprim concentration (23.75/1.25
ug/ml) according to literature (Ryan & Adley, 2013), we wanted to find out the least amount
of Co-trimoxazole needed to get rid of the bacteria. The lowest concentration tested of
sulfamethoxazole and trimethoprim (9.5/0.5 pg/ml) was also successful. This concentration
was not continued into the pre-sterilization treatment of the EPF scaffolds due to the
uncertainty of the bacteria amount in each scaffold, and it would therefore put other ongoing
experiments in the incubator at risk. The mass sterilization attempt was not successful even
after 72 hours in an antibiotic mixture. A hypothesis of why it was not successful is that the
bacteria either developed mutational resistance or by acquiring resistance through horizontal
gene transfer (Munita & Arias, 2016). The agar plates of EPF from faba showed that there
was an exponential increase in colonies over the incubation period, which are results that

substantiates the hypothesis.

Ryu et al. (2017) problematizes the usage of antibiotics in cell medium as it potentially can
alter the transcription factors and gene expression and pathways from their basal state, with
Activating Transcription Factor 3 (ATF3) being one of the most notable. Another problematic
aspect of antibiotic use in cell medium is the emergence of antibiotic resistance and how it
may cause illness humans through ingestion of resistant bacteria (Chang, Wang, Regev-
Yochay, Lipstich, & Hanage, 2014). Due to the interest in keeping the pre-sterilization of
scaffolds antibiotic-free, heat sterilizing techniques were attempted. In the dry heat
sterilization, the EPF scaffolds were subject for Maillard reaction (Rufian-Henares &
Pastoriza, 2016) giving them a coarse and burnt exterior. The oxidation of reducing sugars to
the corresponding lactones, which in aqueous media hydrolyze to acids, is catalyzed by
oxidoreductases. In the end, the redox process produces hydrogen peroxide, which may then
cause additional undesirable protein modification and lipid peroxidation (Lund & Ray, 2017).
In turn, hydrogen peroxide produces reactive oxygen species which may lead to DNA
damage, cell damage and in worst case cell death (Kang, et al., 2014). In the samples that
were wet heat sterilized, the EPF scaffolds denatured, and the starch gelatinized (Black,
Tziboula-Clarke, White, [annetta, & Walker, 2020) in the bottom of the tubes thus leaving the
interior of the EPF scaffold from faba exposed. The gelatinization, or lack thereof, of starch is
a probable reason for why the gelatinization of EPF scaffolds from soy was not as prominent

as in the EPF scaffolds from faba as the soy contains, as previously mentioned, very little
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starch. Both heat sterilizing methods in combination with Pen-Strep and Fungizone incubation
were deemed successful, but the methods are not suitable for the EPF material. The newly
extruded batches of EPF scaffolds did not withstand being in a liquid over time as they
disintegrated during the experiment making it unfeasible to check for cell adherence and
growth by cryosectioning. The following EPF scaffold experiment was discontinued due to
bacterial growth. As there was not enough time left to conduct further experiments on EPF

scaffolds, it is still uncertain if these scaffolds are eligible as scaffolds for CBM production.

To track the origin of bacterial infection, the water and legume protein fractions used in the
experiment was incubated with DMEM Glutamax for 7 days and spread out on agar plates.
The results came back positive for bacterial growth on all plates, but the bacteria in the water
sample had different morphology and color from the soy and faba samples who were similar
to the colonies found in the plates that were identified. This result indicates that the bacteria
come from the soy and faba powder, and thus the source of bacteria is originating from the
manufacturer of these commercial protein concentrates. DMEM Glutamax was used as the
liquid source in order to eliminate the water sample as a possible contaminator. It was also
used to increase the bacterial count in case of a low initial amount but in hindsight, with the
long incubation period, it was probably not necessary as the agar plates showed great numbers

of colonies in all samples.

Bacterial contamination is common in food and foodstuff grown in fields, but a lot of the
bacteria is either sterilizable, not as persistent as Burkholderia cepacia and Ralstonia
insidiosa, or the materials are pre-sterilized to avoid invasive sterilizing techniques. Different
sterilization methods such as UV irradiation and gamma irradiation was considered. UV
irradiation does not penetrate deep enough to fully sterilize the extruded scaffolds
(Wollweber, Krebs, Anders, Heinrich, & Tronnier, 2008), however, it could possibly be used
to sterilize the legume powder. Gamma irradiation has been proven successful in sterilized
EPF of soy (Ben-Arye, et al., 2020), but due to lack of equipment in Norway, and the
regulation of gamma irradiation being only allowed in spices sold in Norway (Lovdata, 2001),
the idea was discarded as there would need to be found another successful way of sterilizing
the EPF scaffolds if they were to be utilized in Norwegian CBM production. As the bacteria
producing the BNC are easily removed through the method explained in 4.1.2, in addition to

being a more stable structure, BNC is more eligible as a scaffold compared to EPF.
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6.2 Biomaterial properties of EPF and BNC scaffolds

From the exterior of the scaffolds, they look suitable as a 3D scaffold for CBM. The shape of
the structure looks by visual inspection beneficiary for formation and alignment of myofibrils
due to the elongated structure of both myofibrils and scaffolds. The internal structure of the
EPF were analyzed trough cryosectioning the EPF pieces for visualization of the pore
structure with a light microscope. This was done to determine whether the pores in the
structure were big enough for myoblast migration as well as distribution of nutrients and
oxygen to the cells, and waste products transportation (Bomkamp, et al., 2022). A
requirement for the scaffold is that its pore structure allows for cell adhesion, proliferation,
differentiation, and myofiber maturation. Muscle fibers in terrestrial animals are
approximately 10-100 um in diameter (Lebret, et al., 2016), and therefore the pore size is
required to be larger than 100 pm to allow myotubes to mature into myofibers. The pore size
diameter is highly dependent on cell type as fibroblast showed optimal growth on a
poly(ethyleneglycol terephthalate)-poly(butylene terephthalate) (PEGT-PBT) copolymer
scaffold with 200 pm pores (Wang, Pieper, Péters, van Blitterswijk, & Lamme, 2005), and
mesenchymal stem cells preferred 300 um pores in their collagen-hyaluronic acid scaffolds
(Matsiko, Gleeson, & O'Brien). Hutmacher (2000) explains that pore sizes of 300-500 um
would be beneficiary for increased diffusion rates of nutrients and by-products to and from
the center of the scaffold, though pore sizes alone would not be sufficient in large scaffold
volumes. He further explains that a bioreactor would be needed to mimic the fluid-dynamic of
interstitial fluid conditions. As some of the main pores in both structures measured >300 um,
they were deemed suitable for usage as a 3D structured scaffold for migration of cells, and
transport and exchange of cell media, oxygen, and waste products. The mean pore size also
influences the cell morphology and phenotypic expression (Nehrer, et al., 1997). The
mechanical strength is compromised when pore size increases (Loh & Choong, 2013), which
may have been a reason behind the scaffolds disintegrating during incubation. The
cryosection images also revealed a majority of smaller pores (<100 um) which would be
accounted for as vascularization of the scaffold and plays an important part in transport and
exchange of media, oxygen, and waste products (Visconti, et al., 2010). It also shows that the
scaffold architecture is highly interconnected, which promotes tissue ingrowth and

regeneration (Whang, Thomas, Healy, & Nuber, 1995).

Microcarriers (MC) has frequently been successfully used to expand isolated cells

(Verbruggen, Luining, van Essen, & Post, 2018); (Andreassen, et al., 2022). Porous MCs are
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small, solid, and frequently spherical beads that has a high surface area to volume ratio
compared to monolayered cultures. They possess physical properties such as porosity,
density, rigidity, and surface chemistry (Cahn, 1990). Commercially available MCs are often
made of non-edible materials that require surface treatment such as texturizing, ECM protein
coating or ionic charge to promote cell adherence, due to not having the desired topography,
epitopes or pore size for cell adherence (Tavassoli, et al., 2018); (Chen, Chen, Choo,
Reuveny, & Oh, 2011). When growing cells on a non-edible MC, a chemical or mechanical
dissociation step after cell expansion is required, often resulting in a significant cell or tissue
yield loss in addition to cost increase (Bodiou, Moutsatsou, & Post, 2020), followed by

differentiation in a different system. A solution to this problem could be to carefully degrade

the MCs by biochemical and thermal degradation (Bodiou, Moutsatsou, & Post, 2020). Food
grade MCs often lack structural stability required in bioreactor experiments (Andreassen, et

al., 2022), however, the dissociation/ degradation step is not required as the MCs would be a
part of the end product. With that being said, a food-grade 3D-structured scaffold that would
be a part of, have nutritious value, and aid in organoleptic properties in the end product, seem

like a more desirable way of growing CBM.

The iodine staining of EPF cryosections from faba beans showed positive results for amylose
and amylopectin, the two constituents of starch. This corresponded with literature (Punia,
Dhull, Sandhu, & Kaur, 2019) saying starch is the main component of faba beans. Starch-
based scaffolds has been shown to support cell adhesion (Mirab, Eslamian, & Bagheri, 2018),
proliferation (Santos, et al., 2009) and differentiation (Rodrigues, Gomes, Leonor, & Reis,
2012). The reddish color in the iodine staining comes from a slight affinity between
amylopectin and iodine (Jackson, 2003), and the intensity of the color can be seen as
amylopectin is the main constituent in the faba bean starch (Punia, Dhull, Sandhu, & Kaur,
2019). Amylose-rich starches are mechanically stronger than amylopectin-rich starches
(Koski & Bose, 2019), which might be a reason for the disintegration of EPF scaffolds from
faba. The lack of interaction between iodine and starch in the cryosections of EPF from soy
comes from very low concentration (0.8-1%) of starch present in soy (Wilson, Birmingham,

Moon, & Snyder, 1978); (Choct, 1997).

The amino acids stained for with Aniline Blue — Orange G solution was lysine, histidine, and
arginine. Lysine has been shown to function as a building block for protein synthesis, but also

more importantly a signal to activate regulation of muscle growth in satellite cells through
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mammalian target of rapamycin complex 1 (mMTORC1) signaling pathway (Jin, et al., 2019).
Histidine is a crucial amino acid in modulated global protein synthesis and eIF2B activity
(Kimball, Horetsky, & Jefferson, 1998). If elF2B is inhibited, the cellular ternary complex
concentration decreases, which may trigger integrated stress response (ISR) in the cells. The
ISR’s task is to protect the cells from stress, or it may induce apoptosis. Many
neurodegenerative disorders are cause by ISR dysregulation (Marintchev & Ito, 2020).
Arginine increases cytoplasmic Ca?" from extracellular and sarcoplasmic Ca>* thus promoting
myogenic differentiation and myotube formation (Gong, Zhang, Qiu, Wang, & Yin, 2021).
Arginine also promotes myoblast fusion when it is combined with enhanced nitric oxide

synthesis (Long, et al., 20006).

Swelling and water holding capacity of the EPF scaffolds may have led to loss of mechanical
strength and structural integrity resulting in the scaffolds disintegrating during incubation, due
to soluble non-starch polysaccharides (Felfel, Gideon-Adeniyi, Hossain, Roberts, & Grant,
2019) present in fiber of faba beans (Dhull, Kidwai, Noor, Chawla, & Rose, 2021) and soy
(Choct, 1997). TPA was performed in a distinctive two-pressure action mechanism to mimic
the human oral cavity's bite pattern (Peleg, 2019). The results showed big variations within
the different attributes that were tested, except from the springiness in soy, but showed no
statistical significance. This is an indicator for the EPF scaffolds not being homogenous all
the way through, which may affect the myofibril formation in the sense of not having pores

throughout the scaffold.

BNC were chosen as a scaffold due to its promising nanostructure for cell adhesion (Hickey
& Pelling, 2019), mechanical strength, low toxicity, biocompability, hydrophilicity (Ugrin, et
al., 2021) and as it has been previously proven as a scaffold for cell proliferation (Vielreicher,
et al., 2018). The nanostructure of the BNC makes it impossible for the cells to enter the
material, leaving the cells to proliferate and differentiate across the surface of the scaffold
(Rybchyn, Biazik, Charlesworth, & le Coutre, 2021). Due to this, an application of this
scaffold type in CBM could be to stack sheets of BNC and cells to form a final product. Since
BNC has been proven as a fat replacer (Lin & Lin, 2006), in addition to being made of
biodegradable polymers, it would suit this purpose. The material is ultra-thin (<1.0 mm) but is
still a very strong material due to its dense fiber structure (Felgueiras, Azoia, Goncalves,
Gama, & Duorado, 2021), which is a result of its high crystallinity (Kralisch, Hessler,

Klemm, Erdmann, & Schmidt, 2009). Cellulose is made up of linear glucan chains that are
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packed into microfibrils and held together by intramolecular hydrogen bonds as well as
intermolecular van der Waals forces. These linear glucan chains are joined together by -1,4-
glycosidic bonds, with cellobiose residues serving as the repeating unit at various degrees of
polymerization (Bai, Yang, & Ho, 2019). A higher degree of polymerization gives the
cellulose higher mechanical strength (Tahara, et al., 1997), but lower polymerization gives
higher digestibility (Hallac & Ragauskas, 2011). In order to find the most suitable balance,
different degrees of polymerization should be tested with cell seeding and complimentary
analysis. The monosaccharide gas chromatography analysis showed, as expected according to
McNamara, Morgan & Zimmer (2016), that dried BNC consisted of mainly glucose. The
incubation of cells on BNC showed stability of the material for 30 days. Due to the cells being

detached at this point, it is unsure how long the material is stable for, but it looks promising.
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6.3 Cell adhesion properties and biocompability of EPF and BNC
scaffolds

Cell seeding on EPF scaffolds of soy had previously been accomplished on EPF from textured
soy protein (Ben-Arye, et al., 2020), so we decided to replicate that experiment to a certain
extent in addition to test it out on the Norwegian grown faba bean. The cell count of 750k
cells per scaffold were copied, but the sterilization method of gamma irradiation could not be
copied due to lack of equipment. In addition, the coating of fibrinogen was substituted for

ECL due to it being available on hand and good results in cell proliferation in 2D (Renning,

Pedersen, Andersen, & Hollung, 2013).

The immunofluorescent images of the EPF scaffolds incubated for 7 days showed that cells
had attached on scaffolds of both legumes. As light microscopy images of this material were
difficult to do due to the compact structure, it is not possible to say whether the cells attached
to the scaffolds were able to proliferate further. There was not conducted a cell count on the
cells attached to the scaffolds, which is a weakness throughout this study in both EPF and
BNC scaffolds. For cell adhesion, wettability of the surface is important with cells preferring
to adhere to surfaces with a lower contact angle (hydrophilic surface) (Webb, Hlady, &
Tresco, 1998); (Ruardy, Schakenraad, van der Mei, & Busscher, 1995). Normally
hydrophobic regions in proteins of faba bean would be buried in the internal folded regions of
the protein, but the heat treatment in the extruder have possibly led to denaturation and
exposure of these hydrophobic regions (Vogelsang-O'Dwyer, et al., 2020) making the
scaffolds less suitable for cell adhesion. In the ECL-coated faba bean scaffold there was a
noticeable increase in attached cells which were expected due to myoblasts adhering through
B1 integrins affinity to collagens and laminins (Yue, 2014) which are two of the components
in the ECL matrix. In the extruded soy scaffolds, there were no visual difference between the
coated and uncoated scaffolds. This was not expected as Ben-Arye et al. (2020) previously
proved cell adherence, proliferation, and differentiation on their textured soy scaffolds coated
with fibrinogen, a globular protein promoting cell adherence (Herrick, Blanc-Brude, Gray, &
Laurent, 1999). A possible reason for the lack of cells in the immunofluorescent imaging
could be that the cells fell off during medium changes or when the scaffolds were removed to
new wells. This suggest that the cells struggle to adhere and attach to the scaffolds without
coating due to the lack of integrin ligands such as collagen, laminin, fibronectin, and

vitronectin in ECM (Marano & Vilaro, 1994). As the scaffolds could not be monitored in the
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period between cell seeding and cryosectioning, it is not possible to determine whether the
cells on the scaffolds are cells that are a product of proliferation or from the initial seeding.
Initially we started with seeding 30k cells on the BNC scaffolds. The cells adhered to the
BNC surface indicating that BNC contains epitopes and has a topography required for cell
adherence. However, the results where the cells, by visual inspection, did not proliferate or
differentiate made it seem like they went into stress-induced senescence (Sapicha & Mallette,
2018). The reasoning behind cells going into senescence, or cell cycle arrest, is activation of
the p53 protein, located in the nucleus (Aubrey, Kelly, Janic, Herold, & Strasser, 2017).
Functions of the p53 protein include DNA repair, metabolism, antioxidant response, and
apoptosis (Chen J. , 2016). This stress-induced senescence may have been caused by
transferring the BNC with attached cells to new wells, which was observable the next day
after the move. This form of senescence may be categorized as acute senescence and will not
turn into an irreversible late senescent cell. Acute senescent cells self-organize their
elimination through Senescence-Associated Secretory Phenotype (SASP) components that
attract various types of immune cells, making them reversible to proliferating cells again (van
Deursen, 2014). From day 3 to day 30, by visual inspection there seems to be no difference in
cell count on the BNC scaffolds, which further supports the hypothesis about the cells going
into senescence (Rodier & Campisi, 2011). Another hypothesis for the occurrence of
senescence is the lack of cell-cell interaction due to the low cell density. The lack of cell-cell
interaction may reduce the cell-mediated matrix degradation, leading to reduced cell functions
(Bitar, et al., 2008). Cell counting was not conducted after cell seeding in any of the

experiments, which is a weakness in this study.

Due to the seemingly induction of senescence on the 30k cells seeded on BNC, we decided to
increase the initial cell seeding count by a tenfold to 300k cells allowing the cells to
proliferate greatly before exposing them to the potential stress of moving the scaffolds to new
wells. The increased seeded cell count allows for more cell to cell interaction, positively
impacting proliferation (Nelson & Chen, 2002). The BNC scaffolds containing cells were
moved to new wells after 2 days to prevent further cellular communication between the cells
on the scaffold and the cells at the bottom of the well. After 3 days incubation on BNC with
ECL coating there were clear signs that the cells had proliferated and started spontaneous
differentiating to multinucleated myotubes. Within these clusters of differentiating cells there
is a clear alignment of fibers, but the alignment differs between the clusters indicating that the

direction of expansion may be orientated by the fibrous nanostructure orientation of the
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different areas on the scaffold (Cha, Lee, & Koh, 2017); (Wang, Yu, & Tsai, 2010). Cha, Lee
& Koh (2017) also showed that the orientation of the nanofibers on the scaffold affects the
orientation all the way down on a nuclei level. The cells on BNC without coating may not
have had the same amount of proliferation and therefore lack of differentiation (Bitar, et al.,
2008) which may have been caused by fewer cells adhering to the scaffold. This substantiates
the results from ECL coated EPF of faba showing an increase in cell attachment and thus a
better fundament for cell proliferation (Nelson & Chen, 2002). However, after 15 days the
cells on BNC without ECL coating started to show clusters of differentiated cells. At this
stage, the cells on the ECL coated BNC showed fusion of these differentiated clusters. When
the clusters of myotubes fuses, it seems like the myotubes align more frequently. This could

be due to the uniaxial orientation of BNC fibril bundles (Swingler, et al., 2021).

The immunofluorescent images showed a surprising high amount of desmin after 2 days
incubation for the cells on non-treated BNC. In the light microscopy images, on the other
hand, it seems like the cells did not connect with each other in a substantial matter to form
multinucleated myotubes. This emphasizes the importance of using additional methods to
light microscopy imaging to assess the myogenetic potential. The desmin filaments are the
first muscle-specific protein to appear during myogenesis (Carlsson & Thornell, 2001), and is
a part of the intermediate filament proteins (Quax, van den Broek, Egberts, Ramaekers, &
Bloemendal, 1985). Calrsson & Thornell (2001) additionally explains that the structures of
the cell wall are strengthened by desmin filaments, and it works as a binding material for the
contractile apparatus (Goldblum, Folpe, & Weiss, 2019). The fluorescent images after 2 days
incubation substantiates the hypothesis about the cells preferring ECL coating. Satellite cells
bind to the collagen and laminin in ECL through integrins. Laminin is essential for myoblast
proliferation, migration, and alignment preceding myotube fusion through, amongst other
processes, binding to and suppressing the activity of myostatin, which negatively regulates
proliferation and differentiation. In the absence of laminin, myotube formation is noticeably
impaired (Grzelkowska-Kowalczyk, 2016). Matrix metalloproteinases (MMPs) degrade
collagens and laminin, amongst other ECM components, freeing growth factors and signaling
molecules essential for cell activation, migration, and differentiation (Grzelkowska-
Kowalczyk, 2016). The cells incubated on BNC with ECL coating are further in the
myogenesis with more proliferated cells and cells that has spontaneously differentiated. After
15 days incubation it is clearly visible that the cells incubated on ECL-coated BNC has

proliferated profoundly and are more evenly distributed across the BNC scaffold. The clusters
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had also connected to each other, creating a cohesive sheet of multinucleated myotubes. This
is the trend seen in both repetitions of the experiments and in the samples therein. Further
supporting the findings about coating of the scaffold plays a major role in cell proliferation
and differentiation. The potential of growing cells without coating is definitely there as the
cells will secrete cell-derived ECM (Horton, et al., 2020), though it seems like cells grown
this way needs a longer incubation period to achieve the same confluency as with ECL

coating.

The senescent cells that had been cultivated on BNC for 30 days was trypzinated off the BNC
and seeded in wells coated with ECL to see if they were still viable and able to proliferate and
differentiate. Both treatment methods of the BNC scaffold (with and without ECL) resulted in
the cells proliferating again. After 7 days there are signs of myotube formation in both
treatment methods and after 14 days there are clear signs of spontaneous differentiation in the
cells from non-treated BNC. At this point PM was exchanged for DM to induce all cells to
differentiate which resulted in clear myotube formation also in the cells from ECL-treated
BNC. This experiment was retried with the same cell batches (15 days incubation) that were
used for the fluorescent imaging and mRNA expression analysis. These cells did not
proliferate after being trypzinated off the BNC scaffolds. A hypothesis for these results is that
when the cells are senescent, they still have the ability to be reactivated to proliferation stage
through increased telomerase activity and thus override senescence-associated growth arrest
(Soto-Gamez & Demaria, 2017) due to upregulation of telomerase found in the collagen in the
ECL-coating of the wells (Lee, West, Parker, & Vollmer, 2020). A hypothesis for why the
repeated experiments did not work is that the BNC scaffolds contained mostly differentiated

cells, leaving the remaining proliferating cells in a too small quantity to continue proliferation

(Zhou, Weir, & Xu, 2011).

The results from the RT-qPCR analysis conducted on 300k cells seeded on BNC were
inconclusive. Based on myotube formation seen in the immunofluorescent images, it was
expected to see an increase in myogenin and desmin, status quo in MyoD1 and a decrease in
Pax7 due to downregulation during differentiation after 15 days incubation. This is because
myogenin is a late marker of myoblast fusion (Smith, Passey, Greensmith, Mudera, & Lewis,
2011), desmin is a marker for myogenic differentiation (Rangdaeng & Truong, 1991), MyoD1
is coexpressed with Pax7 when quiescent satellite cells are activated and binds to the DNA

upstream to keep active up until myotube formation (Gilbert, 2000), and absence of Pax7 will
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initiate myogenic differentiation (Florkowska, et al., 2020). In the first repetition of the 300k
cells seeded on BNC, there is a statistical significance at day 15 in all muscle specific markers
in favor of the ECL-coated BNC which substantiates the hypothesis made from the light
microscopy and immunofluorescent images about ECL coating being beneficial. A reason
why the second repetition of this experiment show completely different mRNA expression
may be that the samples contained a lot of cells still in the proliferating stage due to
seemingly, by visual inspection, fewer cells being committed to differentiation. The second
repetition might also contain cells expressing high levels of Pax7 which demonstrate slower
proliferation rates, lower metabolism, and resistance toward differentiation (Rocheteau,
Gayraud-Morel, Siegl-Cachedenier, Blasco, & Tajbakhsh, 2012). Another reason may be that
sampling of mRNA is a very delicate method and the cell lysing of the cells and mRNA
isolation might not have been adequately performed. At 2 days incubation the results are also
in favor of ECL-coated BNC in regard of higher gene expression in Pax7, MyoD1 and
myogenin indicating that there are more proliferating and differentiation cells. The lack of
difference in desmin expression is unknown. The gene expression for the adhesion markers
were consistent for cells cultivated for 2 and 15 days, with the exception of ITGBS in the
second repetition after 15 days. This indicates that the cells are able to adhere with the
adhesion molecules tested to the BNC scaffolds both with and without ECL coating in a
similar manner. The initial cell batches that were used showed statistically significant
differences in all markers except from ITGS5, but it had the same trend as the other markers.
As the cells used were in the same passage they should have the same gene expression, but
they did not. A reason for this might be that after cell harvesting by biopsy, the cells variated
in the time it took reach a confluency high enough for being frozen in liquid nitrogen due to

the initial cell count and myoblast:fibroblast ratio (Rao, et al., 2013).
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6.6 Summing up

The main objective of the study was to develop a non-animal derived scaffold, and that was
accomplished with the BNC scaffold. The BNC scaffolds seem like a very suitable scaffold
for cell attachment, proliferation, and differentiation. The BNC scaffolds were easily
sterilizable, where EPF scaffolds had difficulties in being sterilized with antibiotic treatment.
The EPF scaffolds were sterilizable through heat sterilization, but the structure did not
withstand the exposure to heat. The subgoal of sterilizing the scaffolds were not completely
achieved due to bacterial growth in the last cell seeding experiment. As of now, the EPF
scaffolds are not suitable as scaffolds for in vitro cell culturing due to their lack of technical
abilities to withstand being in a liquid over a period of time as well as bacterial infections that
are uncertain to be sterilized by previously successful methods. However, based on
characterization and cell adherence to the scaffolds, EPF scaffold seem like a suitable porous
3D scaffold for cell expansion, as long as sterilization and technical abilities are improved.
The subgoal of characterizing the scaffolds were achieved on the EPF scaffolds, but on BNC
scaffolds there could be more studies regarding the topography and nanostructure. ECL
coating is very beneficiary, but not a necessity for cell growth as the non-treated BNC
scaffolds showed potential and could reach the same confluency as with ECL-coated BNC if
given time. The last subgoal was to establish whether the scaffolds were eligible for the
intended purpose. The BNC seem eligible as they are now to be used in CBM production, and
the EPF scaffolds could potentially be eligible but are not as of now. When comparing the
EPF scaffolds and BNC scaffolds, BNC seem like a superior biomaterial for CBM production
due to its interactive surface allowing cell adherence, proliferation, and differentiation without

the need for coating or antibiotic sterilization.

6.7 Further research

Further research on edible scaffolds used in in vitro meat production would be to optimize the
EPF 3D structures to withstand being in cell medium over a long enough period of time for
cells to proliferate and differentiate as it has been showed that they are able to attach. A
solution for the bacterial infections might be to pre-sterilize the protein concentrate before
extrusion by either UV-irradiation which would be able to penetrate the small particles in a
powder or by investigate different combinations of antibiotics that would ensure sterile

products. Another way of using legume protein concentrate could be to make microcarriers of

77



them to avoid the issue of them disintegrating in cell medium due to their expansion in the
extruder.

A research topic that also is relevant to this thesis is to see whether cells seeded on BNC
without ECL coating, or any coating for that matter, could reach the confluency, proliferation
and differentiation of cells grown on ECL-coated BNC and how long time it would need. In
this regard, optimizing of the BNC nanostructure would be essential and to get a greater
appreciation of how the cells benefit from its surface. Another point of research could be to
find a food grade replacement for ECL attachment matrix, preferably from by-products in the

food industry.
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