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English abstract

The meat industry imposes an immense pressure on the Earth and its inhabitants. The global
meat consumption is expected to increase by up to 70% in the coming decennia. A proposed
solution is cultured meat: a product that aims to replicate the appearance, texture, and flavour
of conventionally produced meat through tissue engineering techniques. Cultured meat is made
by isolating stem cells from an animal, expanding the cells by proliferation, and differentiating
the cells in a 3D environment into muscle and fat tissue. Cells sourced from bovine, porcine,
and avian are of greatest interest at presence. Interest in ovine as a cell source is also expressed,
but no extensive research to this species has been previously reported. The research presented
in this thesis investigates the properties of cells isolated from ovine and lays the groundwork
for tissue engineering research with interest in ovine as a cell source. Cells were isolated from
the two hindlimb muscles m. semitendinosus and m. semimembranosus. The cell types present
in the samples were identified as myogenic cells and fibroblasts. Myogenic properties were con-
firmed as the cells expressed the myogenic protein myosin after differentiation was initiated
by serum starvation. It was observed that a higher percentage of ITGA7+ cells resulted in a
higher population doubling rate. A system was designed for formation of myofibres. A control
model was established with a C2C12-laden hydrogel containing collagen and Matrigel. The
C2C12 constructs expressed spontaneous contraction after 4 days of culture. Ovine constructs
were created with an enzymatic isolated cell sample, containing 76% myogenic cells and 24%
fibroblasts. The ovine sample was observed to form a construct in the system, however detach-
ing from the anchor points was observed within five days. According to the results presented
in this thesis, ovine isolated myogenic cells are expected to meet the requirements of cultured
meat research and it is therefore concluded that ovine is an eligible cell source for cultured meat
production.

Dutch abstract/Nederlandse samenvatting

De vleesindustrie vergt veel van de Aarde en haar inwoners. De verwachting is dat de globale
vleesconsumptie zal toenemen tot 70% in de komende decennia. Een voorgestelde oplossing is
kweekvlees: een product that streeft om het uiterlijk, de textuur en de smaak van conventioneel
geproduceerd vlees te repliceren door middel van weefselkweek technologie. Kweekvlees wordt
geproduceerd door stamcellen te isoleren van een dier, de cellen te prolifereren en vervolgens
in een 3D omgeving te differentiëren in spier- en vetweefsel. Momenteel krijgen cellen van koe,
varken, en pluimvee de meeste interesse. Interesse in schaapcellen for kweekvlees productie is
ook geuit, maar uitgebreid onderzoek naar deze soort is hedendaags nog niet gepubliceerd. Het
onderzoek gepresenteerd in deze thesis onderzocht de eigenschappen van gëısoleerde schaap-
cellen en legt de basis voor weefselkweek onderzoek met schaap als bron van cellen. Cellen
werden gëısoleerd van twee spieren op het achterbeen, de m. semitendinosus en m. semimem-
branosus. De celtypes in de samples werden gëıdentificeerd als myogene cellen en fibroblasten.
Myogene eigenschappen werden bevestigd door expressie van het motoreiwit myosine, nadat dif-
ferentiatie was gëınitieerd door een gelimiteerde toevoeging van serum. Een hoger percentage
ITGA7+ cellen resulteerde in een hogere verdubbelingssnelheid van de populatie. Een systeem
was ontworpen voor de formatie van spiervezels. Een controle model was opgezet met een
C2C12 cellen bevattende hydrogel, gebasseerd op collageen en Matrigel. De C2C12-constructen
vertoonden spontane contractie na 4 dagen kweken. De constructen waren ook gemaakt met
een enzymatisch gëısoleerde schaapcellen mix van 76% myogene cellen en 24% fibroblasten. De
schapencellen vormden een construct in het systeem, maar bleven niet langer dan vijf dagen
intact. Gebasseerd op de resultaten gepresenteerd in deze thesis wordt verwacht dat myogene
schapencellen voldoen aan de eisen van kweekvlees onderzoek en dat schapen derhalve een
geschikte celbron zijn voor de productie van kweekvlees.





Contents

1. Introduction 1
1.1. Sustainability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2. Animal welfare . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3. Public health and safety . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4. Cultured meat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.4.1. Consumer acceptance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.4.2. Scaling up and costs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.4.3. Cell sources for cultured meat . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.5. Research question . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2. Theory 10
2.1. Flavour . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2. Appearance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3. Texture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.4. Skeletal muscle engineering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.4.1. Intramuscular fat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.4.2. Skeletal muscle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.4.3. Skeletal muscle markers . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.5. State of the art . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.6. Developmental process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.6.1. Muscle tissue biopsy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.6.2. Cell identification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.6.3. Skeletal muscle engineering . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.7. Hypothesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3. Methods and Materials 21
3.1. Cell isolation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.1.1. Collagenase type 1 satellite cell isolation - biopsy 1 . . . . . . . . . . . . . 21
3.1.2. Collagenase type 2 satellite cell isolation - biopsy 2 . . . . . . . . . . . . . 23

3.2. Cell identification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.2.1. Cell analysis without antibodies . . . . . . . . . . . . . . . . . . . . . . . 23
3.2.2. Titration of antibodies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.2.3. FACS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.3. Biomarker profile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.4. Proliferation in 2D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.4.1. Population doublings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.4.2. Evaluating the effect of coating . . . . . . . . . . . . . . . . . . . . . . . . 26

3.5. Differentiation in 2D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.6. 3D system and hydrogel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.6.1. 3D printed PLA systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.6.2. PDMS systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.7. Medium composition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.8. Cell analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.8.1. Brightfield microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.8.2. Immunofluorescence in 2D without serum . . . . . . . . . . . . . . . . . . 33
3.8.3. Immunofluorescence in 2D using serum . . . . . . . . . . . . . . . . . . . 33



3.8.4. Immunofluorescence in 3D constructs . . . . . . . . . . . . . . . . . . . . 33
3.8.5. MTT assay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4. Results 35
4.1. Cell isolation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.2. Cell identification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.2.1. Cell analysis without antibodies . . . . . . . . . . . . . . . . . . . . . . . 37
4.2.2. FACS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.3. Biomarker profile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.4. Proliferation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.4.1. Metabolism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.4.2. The effect of coating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.5. Differentiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.6. Tissue constructs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.7. A cost effective alternative for DMEM . . . . . . . . . . . . . . . . . . . . . . . . 51

5. Discussion 55
5.1. Isolation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
5.2. FACS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
5.3. Tissue constructs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.4. A cost effective alternative for DMEM . . . . . . . . . . . . . . . . . . . . . . . . 58
5.5. Future outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

6. Conclusion 59

A. Titration 60

B. FACS results 62

C. The influence of coating 69

D. A cost effective alternative for DMEM 70
D.1. Proliferation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
D.2. Differentiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71



List of Figures

1.1. Greenhouse gas emissions are measured in kilograms of carbon dioxide equivalents
per 1000 kilocalories and per 100 grams of protein. Data retrieved from [3]. . . . 1

1.2. Freshwater withdrawals measured in liters per 1000 kilocalories and per 100 grams
of protein of meat and tofu. Data retrieved from [3]. . . . . . . . . . . . . . . . . 2

1.3. Land use measured in meters squared per 100 grams of proteins for meat and
tofu. Data retrieved from [11]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.4. Visualization of the current production process of cultured meat. First, a tis-
sue biopsy is obtained from an animal. Cells are isolated from the tissue and
expanded by proliferation. The cells are introduced to a 3D environment where
they differentiate into muscle fibres or fat tissue. When mature differentiation is
achieved, the cells are assembled into a meat-like structure, like a hamburger patty. 5

2.1. Anatomy of a skeletal muscle. Figure retrieved from [99] and edited. . . . . . . . 13

2.2. Formation of a myofibre, including visualisation of when essential transcription
factors are expressed in the process. The transcription factors with a solid line will
be analysed during this research. Transition steps are numbered: (1) activation,
(2) proliferation, (3) differentiation, (4) fusion, (5) maturation. Figure based on
[100] and edited. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.3. Pillar systems described in literature. Cell-laden hydrogels seeded in a (A) one-
pillar system [130]; (B) two-pillar system [134]; (C) four-pillar system [133]. (D)
Tissue grown in a pillar array system [135]. The white network is the tissue
containing wholes for where the pillars were located. Scalebars: (A) 10 mm; (B)
150 µm; (C) 5 mm; (D) 2 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.4. Confocal image of the TSP scaffold pores of Ben-Arye et al., scalebar 500 µm
(left) and picture of a 6-mm cylinder TSP scaffold seeded with a co-culture of
bovine satellite cells and smooth muscle cells (right) [66]. . . . . . . . . . . . . . 16

2.5. Branched vascular networks in decellularised tissue. (A) Branched vascular net-
work of decellularised tissue of a rat heart, showing similarities with (B) the
branched vascular network of decellularised tissue of a Buddleja davidii leaf [140].
(C) A decellularised spinach leaf of Dikici et al. perfused with blue food dye to
demonstrate the maintained vascular network [143]. . . . . . . . . . . . . . . . . 17

2.6. Primary bovine cells cultured on a (a) gelatin coated substrate and (b) decellu-
larised spinach scaffold. Multinucleated myotubes are visible in both samples.
Cells are stained for myosin (green) and DAPI (blue). Scalebar: 250 µm. . . . . 18

2.7. Bovine muscle tissue created by stacking 40 layers of cell-laden hydrogels by
Furuhashi et al.. (A) Picture of day 7 of stacked culture, scalebar: 5 mm. (B)
Top view of the tissue after release of the pillars, scalebar: 5 mm. (C) The 40-
layer thick bovine muscle tissue coloured using red food colouring, scalebar: 1
cm [144]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.8. The process of creating a muscle fibre, highlighting the main steps that are taken
during the research presented here. First, a muscle biopsy is obtained from an
animal, in this case an ovine. Cells are isolated from the muscle tissue and
identified. The cells are then expanded and introduced to a 3D environment,
where they fuse and differentiate into a muscle fibre. . . . . . . . . . . . . . . . . 19

7



3.1. Visualization of the main steps of the cell isolation process. The tissue samples
were obtained by punch biopsies of the m. semimembranosus and m. semitendi-
nosus. The tissues were dissected into smaller fragments of ± 3 mm, followed
by enzymatic or explant isolation. For long term storage cells were preserved at
below -196 ◦C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.2. Overview of the 3D printed PLA systems and the PDMS systems, designed in
SolidWorks. ø indicates the pillar diameter, h indicates the pillar height, and v
indicates the hydrogel volume. (a - b) Systems mimicking the designs of Capel
et al. [133]; (c) one pillar system; (d) four pillar system; (e) pillar array system.
l indicates the length of the pillars and w indicates the width of the pillars. . . . 28

3.3. Overview of the final 3D system designs. ø indicates the pillar diameter, h in-
dicates the pillar height. Hydrogel volume in all systems is 50 µl. (a-c) Four
pillars, l indicates the length distance between two pillars and w indicates the
width distance; (d) 16 pillars, l and w indicate the distance between two pillars
(non-diagonal). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.1. Overview of the experimental approach. . . . . . . . . . . . . . . . . . . . . . . . 35

4.2. Picture of a B2 SM explant cultured in a Matrigel coated Petri dish, scalebar 5
mm (left). Microscopic image of cells migrating out of the explant, indicated by
black arrows, scalebar 500 µm (right). . . . . . . . . . . . . . . . . . . . . . . . . 36

4.3. Ovine B1 ST enzymatic isolated cells growing in clusters during proliferation at
passage 1. Scalebar: 250 µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.4. Brightfield pictures for comparison of morphology. Scalebar: 100 µm. . . . . . . 37

4.5. Results of cell analysis without antibodies. . . . . . . . . . . . . . . . . . . . . . . 37

4.6. FACS plots of enzymatic isolated ovine B1 ST P4 cells. Graphs are explained in
the text. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.7. Differentiation of the enzymatic isolated cell samples. Scalebar: 200 µm. . . . . . 40

4.8. Expression of proteins in enzymatic isolated ovine B1 ST cells at passage 5, during
early proliferation (Early P), late proliferation (Late P), early differentiation
(Early D), and late differentiation (Late D). . . . . . . . . . . . . . . . . . . . . 42

4.9. Expression of proteins in purified ovine satellite cells at passage 4, during early
proliferation (Early P), late proliferation (Late P), early differentiation (Early
D), and late differentiation (Late D). . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.10. Immunofluorescent images of marker expressions in the enzymatic isolated ovine
B1 ST cells at passage 5. Scalebar: 200 µm. (a) Pax7 expression (green) and
DAPI (blue) during late proliferation; (b) myogenin expression (green) and DAPI
(blue) during late differentiation; (c) myosin expression (green) and DAPI (blue)
during late differentiaton. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.11. Ovine B1 ST enzymatic isolated cells passage 1, pictured 2 days apart at the
same location. Scalebar: 250 µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.12. Population doubling rate of the enzymatic isolated B1 ST cells, started at passage
2 for ovine cells and bovine SCs and passage 5 for C2C12 cells. Cumulative
population doublings are set out to the proliferation time in days. . . . . . . . . . 45

4.13. Cell metabolism measured by an MTT assay. The C2C12 cells were started at a
different passage, which is indicated by the additonal labels in the graph. . . . . 46

4.14. Proliferation of the ovine cells on tissue culture plates without coating, with
collagen coating, and with Matrigel coating. This graph represents the average
of all isolated ovine samples. Cells were counted on day 1, 2, and 3 of proliferation. 47

4.15. Ovine B1 ST enzymatic isolated cells at passage 3. Pictures taken at different
wells, on day 8 of differentiation. Scalebar: 200 µm. . . . . . . . . . . . . . . . . 47

8



4.16. Ovine ST B1 enzymatic isolated cells at passage 5, differentiated and stained for
myosin (green) and DAPI (blue). Pictures taken at different wells. Scalebar: 200
µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.17. 3D constructs made with enzymatic isolated ovine B1 ST cells at passage 5.
Cell seeding density: 16 ∗ 106 cells/ml. Scalebars: 1 mm. Camera settings are
described in section 3.8.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.18. 3D constructs made with enzymatic isolated ovine B1 ST cells at passage 5. Cell
seeding density: 32 ∗ 106 cells/ml. Scalebars: 1 mm. . . . . . . . . . . . . . . . . 49

4.19. 3D constructs made with C2C12 cells at passage 9. Cell seeding density: 32∗106

cells/ml. Scalebar: 1 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.20. 3D constructs made with enzymatic isolated ovine B1 ST cells at passage 5. Cell

seeding density: 32 ∗ 106 cells/ml. Scalebar: 1 mm. . . . . . . . . . . . . . . . . . 50
4.21. 3D constructs made in the (a-b) 16 pillar array system and (c-d) four pillar system

with decreased pillar distance. C2C12 cells at passage 9, enzymatic isolated ovine
B1 ST cells at passage 5. Cell seeding density: 32 ∗ 106 cells/ml. Scalebar: 1 mm. 51

4.22. MTT assay results of cells cultured in various percentages of Gatorade for 4 days.
The results are normalised to the control group of 0% Gatorade. . . . . . . . . . 53

4.23. Brightfield microscopy images of the cells cultured in growth medium where
DMEM was partially replaced by Gatorade. The subcaptions present the per-
centage of Gatorade. Scalebar: 200 µm. . . . . . . . . . . . . . . . . . . . . . . . 53

4.24. MTT assay results of cells cultured in various percentages of Gatorade for 10
days. The results are normalised to the control of 0% Gatorade. . . . . . . . . . 54

A.1. Titration of CD56. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
A.2. Titration of CD29. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
A.3. Titration of ITGA7. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

B.1. FACS plots of enzymatic isolated ovine B1 SM P4 cells. . . . . . . . . . . . . . . 62
B.2. FACS plots of enzymatic isolated ovine B1 ST P3 cells. . . . . . . . . . . . . . . 63
B.3. FACS plots of enzymatic isolated ovine B1 ST P5 cells. . . . . . . . . . . . . . . 64
B.4. FACS plots of enzymatic isolated ovine B2 SM P4 cells. . . . . . . . . . . . . . . 65
B.5. FACS plots of explant isolated ovine B2 SM P4 cells. . . . . . . . . . . . . . . . . 66
B.6. FACS plots of enzymatic isolated ovine B2 ST P4 cells. . . . . . . . . . . . . . . 67
B.7. FACS plots of explant isolated ovine B2 ST P4 cells. . . . . . . . . . . . . . . . . 68

C.1. Cell count of all isolated samples and C2C12 cells on non-coated, collagen coated,
and Matrigel coated tissue culture plates. . . . . . . . . . . . . . . . . . . . . . . 69

D.1. MTT assay results normalized to the control of 0% V-energy. Cells are cultured
for 4 days. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

D.2. MTT assay results normalized to the control of 0% LIVE+. Cells are cultured
for 4 days. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

D.3. MTT assay results normalized to the control of 0% V-energy. Cells are cultured
for 10 days. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

D.4. MTT assay results normalized to the control of 0% LIVE+. Cells are cultured
for 10 days. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72



List of Tables

1.1. Overview of future cost reduction scenarios and the resulting price in dollars for
one kilogram of cultured meat [63]. The scenarios are organized by expected
feasibility, starting with the highest feasibility at the top, and each scenario is an
addition to the scenario mentioned prior. . . . . . . . . . . . . . . . . . . . . . . 8

3.1. The selected energy drinks for partial replacement of DMEM, the contents, and
the reasons for selection. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.1. FACS results expressed as expression percentages of all samples. P indicates the
passage number. Three passages of the identical sample are in bold. . . . . . . . 38

4.2. Percentages of protein expressing cells of the total amount of cells, for enzymatic
isolated ovine B1 ST cells at passage 5. Percentages higher than 0.00 are in bold. 41

4.3. Percentages of protein expressing cells of the total amount of cells, for purified
ovine satellite cells at passage 4. Percentages higher than 0.00 are in bold. . . . . 41

4.4. Osmolarity and pH of selected energy drinks, including the adjusted values for
the cell culture experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

A.1. Concentrations with corresponding stain index. One test denotes a total volume
of 100 µl staining 1 ∗ 106 cells. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

A.2. Concentrations with corresponding stain index. One test denotes a total volume
of 100 µl staining 1 ∗ 106 cells. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

A.3. Concentrations with corresponding stain index. One test denotes a total volume
of 100 µl staining 1 ∗ 106 cells. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61



List of abbreviations

A-A antibiotic-antimycotic solution

B1 biopsy 1

B2 biopsy 2

BEC bovine endothelial cell

bFGF basis fibroblast growth factor

BSMC bovine smooth muscle cell

DMEM Dulbecco’s modified Eagle’s medium

DMSO dimethyl sulfoxide

FACS fluorescent activated cell sorting

FBS fetal bovine serum

FSB flow staining buffer

GHG greenhouse gas

HS horse serum

LCA life cycle assessment

MFI mean fluorescence intensity

PBS phosphate buffered saline

PDL population doubling

PDMS polydimethylsiloxaan

PFA paraformaldehyde

PLA polylactic acid

SC satellite cell

SI stain index

SM m. semimembranosus

ST m. semitendinosus

TNS tryplE neutraliser solution

TSP textured soy protein

WB wash buffer





Introduction 1
The meat industry is imposing an immense pressure on the Earth and its inhabitants. The
complications are known and documented, but demand for meat is still growing. This chapter
provides an overview of the impact of the meat industry, categorised in sustainability, animal
welfare, and public health and safety, and it provides one proposed solution.

1.1. Sustainability

The effects of climate change become increasingly apparent every year. Natural disasters have
cost the lives of an innumerable amount of people, with certainly more to come [1]. The main
cause of climate change is the increase in greenhouse gas (GHG) emissions [2]. These emissions
are heating up the planet, and the amount of emissions is expected to rapidly increase in the
near future. The meat industry contributes a significant amount to the GHG emissions. In
2018, 13.2% of the global GHG emissions were produced by livestock, compared to 8% emitted
by non-animal food [3, 4, 5]. GHGs are produced at farms by methane emissions from bovine
(cows) and by farm machinery, followed by emissions caused by deforestation for land-use change
and emissions produced during processing of animal feed. It is noteworthy that deforestation
decreases the ability of greenhouse gas sequestration even more, since there is less vegetation.
Figure 1.1 depicts a comparison of greenhouse gas emissions produced by meat of several species
and the plant-based product tofu. Tofu is chosen as comparison as it contains all essential amino
acids and has a protein digestibility of 93% (compared to 91% of meat protein digestibility)
[6]. It stands out from figure 1.1 that meat from bovine and ovine (sheep) have the highest
emissions in terms of conversion to both kilocalories as well as proteins.

Figure 1.1.: Greenhouse gas emissions are measured in kilograms of carbon dioxide equivalents
per 1000 kilocalories and per 100 grams of protein. Data retrieved from [3].

Moreover, one of the main causes of water shortage throughout the world is the industrialisation
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of the meat industry [7, 8]. In 2017, it was reported that globally 1.2 billion people suffered
water shortage [7]. As water is essential for health, food, and energy, the inherent consequences
of water depletion are massive on human survival. It is expected that in the coming decades
3.9 billion people will be suffering from water shortage [7]. 27% of the globally used fresh
water in 2013 was directly or indirectly used for animal production [9]. Figure 1.2 visualises a
comparison of meat of different species and tofu, based on their water use. It stands out that
the production of meat has a high water footprint, especially porcine and ovine, when compared
to the plant-based product.

Figure 1.2.: Freshwater withdrawals measured in liters per 1000 kilocalories and per 100 grams
of protein of meat and tofu. Data retrieved from [3].

Another effect of the meat industry is that some species demand a large amount of land. Land
is an important resource, as it is essential for housing, infrastructure, setting up industries,
forestry, flora, and fauna [10].These categories all contribute to survival and prosperity of hu-
manity. However, the amount of available land is limited, while human demand for it seems
unlimited. Globally, 40 million km2 is used for animal agriculture, which is more than the sur-
face area of Europe and Africa combined [11]. This means that 39% of globally habitable land
and 77% of agricultural land is designated to animal agriculture, which covers the land used
for farmhouses, grazing, and growing animal feed (e.g. soy and cereals). An approach to cre-
ate more usable land is deforestration. Deforestation has a negative impact on climate change
as it decreases the amount of forest available for greenhouse gasses sequestration. Meanwhile,
deforestation itself and the purposes of deforestation increase the amount of greenhouse gas
emissions. Although the negative impact of deforestation is known, the urge to increase meat
production to meet global demand is prioritised and large areas are deforested [12]. Figure 1.3
visualizes the amount of land that is needed to produce 100 grams of proteins across various
food products. Ovine and bovine are excessive in land use, compared to porcine, poultry, and
tofu.

Additionally, the meat industry imposes a pressure on the food production system, causing food
shortage. Protein conversion of meat production is rather inefficient, as the ratio of protein feed
input converted to final protein product for consumption are 3.8%, 6.3%, 8.5%, and 19.6%, for
bovine, ovine, porcine, and poultry, repectively [13, 14]. In 2018, 821 million people (roughly
11% of the global population) were undernourished [15]. Meanwhile, the annual feed grown for
livestock consumption would be sufficient to feed 3.5 billion people [16].
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Figure 1.3.: Land use measured in meters squared per 100 grams of proteins for meat and tofu.
Data retrieved from [11].

1.2. Animal welfare

Figure 1.3 presents that the land use of porcine and poultry per 100 grams of protein is rather
low. From this graph, it can be concluded that porcine and poultry meat is very efficient to
produce. To produce the meat at this level of efficiency, the animals are farmed in cramped
spaces. For example, the maximum allowed amount of chickens per square meter was 21 in The
Netherlands in 2020 [17]. This comes down to 0.05 square meter per chicken on average. A
higher level of efficiency is inherent to a lower level of animal welfare: efficiency improves when
animals move less, are bred to grow faster, and are slaughtered younger [9]. Regulations are
applied to the treatment of farmed animals during farming and slaughtering, but the attempt
of legislated regulation is constantly violated by the urge of maximising profit, condoned by the
under-regulation of the animal industry [18], as confirmed by an investigation of slaughterhouses
in The Netherlands in 2019 [19]. Annually, 70 billion animals are slaughtered for global meat
consumption [13]. That means that 2500 animals are slaughtered every second. As only a
miniscule fraction of these animals are fortunate enough to graze outside, most animals are
born and raised in cramped spaces indoors without access to sunlight or fresh air [18]. In 2017,
only 2.9% of livestock in The Netherlands was raised on organic farms [20] and it is estimated
that 99% of livestock in the US lived on factory farms and was not allowed to go outside [21].
It is shown that farmed animals experience stress due to confinement, because of e.g. lack of
space, artificial lighting, loud sounds, arousing odors, and uncomfortable temperatures [22]. The
animals are bred to grow as fast as possible, inducing skeletal, respiratory, and cardiovascular
diseases [23, 24, 25, 26]. Additionally, most animals suffer injuries during their journey to the
slaughterhouse [27]. Once in the slaughterhouse, the animals do not experience a painless death
[18]. Some slaughterhouses use electrical stunning, as it is intended to be less painful than the
traditional throat cutting [28]. However, improper handling makes the stunning ineffective and
thereby increases animal suffering, and studies indicate that improper stunning occurs frequently
[29]. Although legally not allowed, it is common practise that animals are still conscious and
breathing as they face their killing [30]. It is confirmed that the sector is under-regulated and
that rules are breached [19]. Hence, in addition to the environmental factors that the meat
industry imposes on the Earth, the animal cruelty is surprisingly higher than the public is
made aware of.
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1.3. Public health and safety

The meat industry also causes medical problems. Subject of discussion is the use of antimi-
crobials; a comprehensive term for antibacterials, antifungals, antivirals, and antiparasitics.
80% of the globally available antimicrobials is used for animal agriculture, to suppress health
issues of the animals and maintain efficiency of the production line [31]. However, human con-
sumption of food carrying antimicrobial-resistant bacteria contributes to the development of
antibiotic resistance [31, 32, 33, 34, 35]. Therefore, utilising these antimicrobials causes a threat
to public human health, and the use of these in animal agriculture is a subject for debate [23, 31].

Medical problems that are less publicly discussed and understood are the mental health prob-
lems suffered by slaughterhouse workers. For instance, 4.4% of US slaughterhouse workers
suffer from serious psychological distress, describing symptoms of post-traumatic stress disor-
der (PTSD) [18, 36, 37]. The employment situation of slaughterhouse work is comparable to
conventional environments where development of PTSD is common; large scale violence and
deaths of hundreds of beings every day, during which brutal handling, skinning and boiling of
conscious individuals are common, in a cold, bloody, and smelly environment [18, 36]. The
symptoms of PTSD are e.g. expressed as recurring dreams regarding the violent acts, height-
ened emotive responses, personality changes, and engaging in destructive coping tactics. A
study conducted to a poultry plant in North Carolina, United States, by Lipscomb et al. in
2007 concluded that the prevalence of depressive symptoms was 80% higher among poultry
workers than among people working other occupations in the same geographic area [38].

An elaborate study of Fitzgerald et al. in 2009 concluded that crime rates increased signif-
icantly in communities where large slaughterhouses were located [39]. A comparative study was
performed with the industries of iron and steel forging, truck trailer manufacturing, motor vehi-
cle metal stamping, sign manufacturing, and industrial laundering. It was also confirmed that
the increase could not be explained by unemployment, social disorganisation, or demographic
variables. The study presented correlations between an increase in slaughterhouse employment
and increases in rape arrests and other sex offences. Victims of such offences were mostly of
vulnerable groups. For example, child abuse in towns with slaughterhouses was 50% higher
than the state average. Fitzgerald et al. interpreted this to be evidence that the slaughterhouse
work might spillover to violence against vulnerable groups, such as women and children, due
to the lowered ability to emphathise. No increase in sexual assaults was observed in analyses
of comparative industries. However, more studies should be performed to determine the exact
relationship between slaughterhouse work and psychological trauma.

1.4. Cultured meat

As previously elaborated on, the meat industry affects the planet and its inhabitants in multiple
ways. Although the nutritional needs of humans can be satisfied with a meat-free or plant-based
diet [40, 41, 42, 43, 44], only 8% of the world population followed a vegetarian or vegan diet
in 2018 [45]. In 2019, the United Nations published a report in which they urged the world
population to consume less meat [46]. Unfortunately, the small growth in the vegetarian and
vegan population is not sufficient to compensate for the current meat-consuming population. It
is expected that the total world population will increase from the currently 7.7 billion people
to 9.7 billion people in 2050 [47]. A correlation is seen between an increase in wealth and an
increase in meat consumption, and as developing countries are becoming more wealthy it is
expected that the global meat consumption will increase by up to 70% in the coming decennia
[13, 48]. Therefore, alternatives have to be explored, and scientists in the tissue engineering
field are developing a suitable alternative: cultured meat.
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Cultured meat aims to replicate the appearance, texture, and flavour of conventionally pro-
duced meat through tissue engineering techniques [49, 50]. The technology is derived from
regenerative medicine, where the goal is to restore disfunctional organs by functional in vitro-
grown tissue [51]. Cultured meat is made by isolating stem cells from an animal, expanding
the cells by proliferation, and differentiating them into muscle and fat tissue. See figure 1.4
for a visualization of the current process. The first step is to harvest the cells, for example by
taking a muscle or fat biopsy. The cells can be isolated from the tissue biopsy by enzymatic
or explant isolation, followed by cell identification and separation to obtain a pure population.
Subsequently, the number of cells is exponentially increased by proliferation. The cells are then
introduced to a 3D environment, where they differentiate into muscle fibres or fat. The tissue
constructs are assembled and the result is hamburger patty. Under the right conditions, primary
cells isolated from a biopsy could expand in up to 50 population doublings in a timeframe of
7-8 weeks [51]. Around 10,000 cells can be isolated from a 0.5 gram biopsy, according to Post
et al. [50], which could grow into 11 ∗ 1018 cells in 8 weeks under the right conditions. In 2013,
cultured meat company Mosa Meat presented a cultured meat hamburger as a proof-of-concept
[51]. This hamburger was 85 grams in weight and 1.5 ∗ 1010 cells were used to produce it.
Using this information as a reference, it should be theoretically possible to grow 10,000 cells of
one biopsy into 63.8 million kilograms of meat. It should be noted that this is under perfect
theoretical circumstances. The global meat production in 2018 was 340 billion kilograms [13].
Assuming the theoretical amount of 63.8 million kilograms of meat resulting from one biopsy,
the demand of 2018 could have been met with 5329 biopsies of 0.5 gram developed under perfect
conditions.

Figure 1.4.: Visualization of the current production process of cultured meat. First, a tissue
biopsy is obtained from an animal. Cells are isolated from the tissue and expanded
by proliferation. The cells are introduced to a 3D environment where they differen-
tiate into muscle fibres or fat tissue. When mature differentiation is achieved, the
cells are assembled into a meat-like structure, like a hamburger patty.

As cultured meat is still under development, it is not yet possible to guarantee that all prob-
lems imposed by the meat industry will be solved by this alternative product. The benefits
for climate change need more elaboration and will be discussed in the next section. Animal
welfare, however, will be undoubtedly higher than in the conventional meat industry, which
solves the problem of high animal cruelty. The goal is to produce cultured meat with less to
none antibiotics and hormones than conventional meat. As antibiotics are commonly used for
cell culture and tissue engineering, it will be a challenge to exclude antibiotics fully from the
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cultured meat process. The production process has to be very well controlled and extraordi-
narily sterile. Cultured meat companies are aiming for excluding or drastically reducing the
amount of antibiotics used, which is currently under research [48]. Medical health problems
are not expected to be comparable to those in conventional meat production, as the working
environment is not expected to be PTSD inducing, and by virtue of that the public safety is
expected to increase. It can be argued that the previously mentioned problems are, partly,
resolved.

Multiple life cycle assessment (LCA) studies of cultured meat are performed over the years
to determine the impact on climate change [52, 53, 54, 55]. Recently, an LCA was published
based on primary data from multiple cultured meat companies and from associated companies
in the cultured meat supply chain [55]. This is the most recent and therefore expected to be
the most probable LCA of future cultured meat production, and will therefore be discussed.
The LCA reported on the expected environmental impact of a ground-meat product, cultured
at 37 ◦C, produced in a future commercial-scale facility in 2030. This scenario was compared
to an ambitious benchmark for conventional meat products in 2030, to produce conclusions as
robust as possible. The LCA concluded that cultured meat will be able to compete with all
conventional meat regarding greenhouse gas emmisions and all round environmental impact,
and that it scores much better than conventional bovine meat. If more than 30% of energy use
for production of cultured meat is sourced sustainably, it is the most environmental friendly
option for meat production of any species. Components of the cultured meat production process
that have a large impact on the sustainability are medium quantity, medium composition, and
processing energy. All these aspect are energy related, as the production of medium components
requires a lot of energy, and can be improved by switching to sustainable energy. In terms of
land use, cultured meat will have a significantly lower footprint than conventional meat products
and a comparable footprint to tofu. Regarding water use, cultured meat will be comparable to
poultry [3, 55]. The previously mentioned LCAs presented comparable conclusions [52, 53, 54].
Note that cultured meat is presented as a sustainable alternative for meat, however it does not
approach vegetable derived protein in level of sustainability [13, 55, 56].

1.4.1. Consumer acceptance

The first cultured meat hamburger was presented as a proof-of-concept at a public tasting in
2013 [48, 51, 57, 58]. The event introduced the concept of cultured meat to the public and
gained a lot of media attention. Since then, newspapers have been covering the concept in
both a positive and negative manner [57]. If cultured meat becomes commercially available, it
is of uttermost importance to make sure that the product is accepted by the public. Studies
show that nomenclature influences the consumer acceptance, as well as the level of information
provided about the product [59, 60]. A public survey among 15,000 participants of the Dutch
population conducted in 2013, asked if the participants would buy ‘in vitro’ meat if it would
be available in the local supermarket [61]. 29% of the participants answered ‘yes, probably’,
and 23% answered ‘certainly’. Additionally, a study conducted in 2020 indicated that perceived
benefits of cultured meat could result in a willingness to pay a higher price for the product in
36% of the participants - when information on the benefits of cultured meat was provided [59].
When the content of information is framed positively, the tasting experiences are favourable,
and the benefits are clearly marketed, consumer acceptance of cultured meat is potentially high.
Naturally, the general consensus is that positive marketing and low price will provide the highest
chance of consumer acceptance.
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1.4.2. Scaling up and costs

In order to get cultured meat available at a competitive price, it is essential to scale up cultured
meat production. Scaling up can be achieved by culturing the cells in large bioreactors, as they
provide scalability and controllability [50]. The goal of the bioreactor would be to increase the
medium conversion ratio, in other words the ratio between the percentage of medium nutri-
ents converted to edible animal tissue - the equivalent of feed conversion in conventional meat
production. Most mammalian cells are adherent cells, and it is therefore essential to maximise
the surface area in the bioreactors [62]. Stirred tank bioreactors are the standard for mam-
malian cells, in which surface area can be increased by microcarriers in suspension [50]. These
microcarriers should be approved for food regulations, while also offering suitable structure
and surface chemistry to the cells. Ongoing research is exploring several options: non-edible,
non-degradable microcarriers; non-edible, degradable microcarriers; or edible microcarriers em-
bedded in the final product [62]. Non-edible and non-degradable microcarriers seem unfeasible,
as a dissociation and separation step would be required to remove the microcarriers of the final
product, which would be challenging. Degradable or edible microcarriers seem more feasible, as
they can be degraded prior to or included in assembly of the final product. Another interesting
point of research is to use microcarriers as controllable-releasers of nutrients.

A recent techno-economic assessment (TEA) presented an estimation of cultured meat produc-
tion costs in a full-scale, industrial installation in 2030 [63]. The TEA is based on primary data
from multiple cultured meat companies and from associated companies in the cultured meat
supply chain, and it was modelled for a ground-meat product, cultured at 37 ◦C, produced
in a future commercial-scale facility in 2030 (this research is connected to the LCA described
previously [55]). The TEA concluded that the current cultured meat production costs are at
least 100 times higher than benchmark values for comparable conventional meat products. In
the current situation, with average amount and price of culture medium, the production costs
are $1707 per kilogram. Culture medium is concluded to be the main driver of costs. However,
the TEA also presented different future scenarios that can substantially reduce costs and are
expected to be feasible. See table 1.1 for an overview of the scenarios. The scenarios are or-
ganized by expected feasibility, starting with the highest feasibility at the top. Each scenario
reduces the product price per kilogram, and the resulting product price per kilogram is given
in the right column.

Ultimately, a price of $5.66 per kilogram could be achieved. The market costs for comparable
conventional meat products are around $2 per kilogram, so the difference is still significant. In
order to get the price further down, cultured meat companies could apply for subsidy. To provide
a specific example: the Europian Union provides funding opportunities solely for promotion of
agricultural products, like for example e17.5 million for meat promotion in multiple countries
in 2017 [64] and e1.85 million for Dutch beef promotion in South-Korea and China in 2020 [65].
If cellular agriculture products are considered for certain subsidies, cultured meat companies
could propose to get subsidy for promotion of their products by lowering of the selling price.

1.4.3. Cell sources for cultured meat

Cells sourced from bovine [63, 66, 67], porcine [68], and avian [63] are of greatest interest at
presence. Cultured meat companies are also expressing an interest in ovine. Studies have
reported on the promising skeletal muscle regenerative potential of satellite cells isolated from
ovine, making this an interesting cell source [69, 70]. Rodriguez et al. compared the two
posterior limb muscles m. soleus and m. semimembranosus to the two facial muscles m.
zygomaticus major and m. masseter, as primary ovine cell sources for 3D tissue engineered
skeletal muscle structures [69]. The study concluded that the m. semimembranosus is the
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Additional scenario Explanation $/kg

Low-medium usage with
low current medium prices

This can be the current scenario if focus is on efficient
use of medium and low prices for individual
ingredients.

149

Lower prices for growth
factors

It is assessed that lower production prices of growth
factors will be feasible in 2030.

116

Lower costs for recombinant
proteins

Recombinant proteins account for 80% of medium
costs. Reduction of recombinant protein usage and
lower production prices are expected to be feasible
and would significantly lower the costs.

17

Social investment criteria

Commercial payback time of investments is around
4 years. If payback time is stretched to 30 years, this
would reduce capital expenditures. This could be
feasible due to social motives of investors.

8

Higher cell density

More cells in a bioreactor of the same volume would
reduce equipment and energy use. The baseline cell
density is modelled at 50*106 cells/ml, which could
be increased to 200*106 cells/ml.

6.52

Shorter production time
It is estimated that production run time could be
reduced by 25%.

5.74

Larger cell volume
At constant cell density and larger cell volume, a
decrease in energy, medium, and equipment demand
is expected.

5.66

Table 1.1.: Overview of future cost reduction scenarios and the resulting price in dollars for one
kilogram of cultured meat [63]. The scenarios are organized by expected feasibility,
starting with the highest feasibility at the top, and each scenario is an addition to
the scenario mentioned prior.

muscle that is best suited as a cell source for muscle-derived cells, based on its proliferative
capacity, differentiative capacity, and depth of invasion when taking a biopsy. However, not
much research to the cellular properties of ovine is published yet. As presented in figure 1.1,
1.2, and 1.3, conventional ovine meat is high in GHG emissions, freshwater withdrawal, and
land use, showing the importance of finding a suitable alternative for conventional ovine meat.
The research presented in this thesis is carried out in New Zealand, known for its high-quality
lamb. The global export of lamb in January 2020 alone was worth US$291 million, testament
to the global popularity of this source [71]. Cultured ovine meat is therefore likely to be of large
commercial interest.

1.5. Research question

The goal of this research project is to determine the potential of ovine to function as a cell source
for cultured meat applications. The results of this research will lay the groundwork for future
cultured meat development with a focus on ovine. The research is performed in New Zealand,
and therefore the cells will be isolated from a New Zealand ovine. Differences between cells from
ovines in New Zealand and from other countries will not be investigated. However, it is assumed
that the cells will be similar enough for the results of this research to be applicable to ovines
elsewhere in the world. To be suitable for cultured meat applications, the cells should proliferate
at an appropriate rate, be able to form myotubes during differentiation, and form a muscle fibre
when introduced to a 3D environment. As there is no research published on requirements for
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cells to be used for cultured meat, performance of the ovine cells will be compared to bovine
and ovine satellite cells provided by Mosa Meat, and C2C12 cells. The bovine satellite cells are
currently used by Mosa Meat for cultured meat research and development, which makes these
cells perfect for control experiments. The ovine satellite cells of Mosa Meat are purified by
fluorescent activated cell sorting, which makes them interesting as a pure satellite cell control
population of the same species. C2C12s are robust cells that are commonly used for skeletal
muscle tissue engineering, which makes them useful as a control group and for setting up a
working 3D model. The scope of this research will be on skeletal muscle tissue engineering and
the ability of the ovine cells to be integrated in a working 3D model. The isolated cells will
be assessed in terms of their proliferation rate in 2D and the differentiation capability in 3D,
as these are most crucial in commercialisation of cultured meat. Although fat is an important
aspect in flavour design, as will be described in section 2.1, fat tissue will not be studied.
Consumer acceptance will not be studied either.
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Theory 2
When imitating conventional meat, it is important to achieve a high level of similarity in flavour,
appearance, and texture - if not a perfect replicate. Flavour is influenced by smell, taste,
mouthfeel, and vision [72, 73, 74]. This chapter outlines the aspects of conventional meat that
are important to mimic with cultured meat for consumer acceptance. Furthermore, this chapter
lays the theoretical groundwork for the practical research described in chapter 3 and 4.

2.1. Flavour

The characteristic flavour of meat is mainly formed by vitamin degradation, the Maillard re-
action, and lipid degradation, which are thermally induced reactions and are dependent on
cooking temperature, cooking time, and animal species [75, 76]. Vitamin degradation forms
certain flavour precursors, that contribute to the characteristic meat flavour [75]. For example,
thermal degradation of vitamine B1 produces sulfur compounds, of which the smell contributes
to cooked meat aroma [75, 76]. The Maillard reaction creates the brown-coloured surface layer
on cooked food, and is responsible for most of the aroma compounds [75]. It is initiated by
condensation of amino groups on reducing sugars, and eventually forms malenoidins, which
cause browning [77]. Lipid degradation results in volatile compounds responsible for the fatty
aromas [76]. Although the volatile compounds derived from the Maillard reaction play an im-
portant role in the flavour of meat, research showed that volatile compounds resulting from
lipid degradation are most important for meat palatability (i.e. hedonic reward, pleasure) [75].
It was concluded that an increase of intramuscular fat content was correlated with an increase
in preference of US consumers. The minimum level of US consumer acceptance was at 3% of
intramuscular fat content, to describe a slightly intense fat flavour and mouthfeel. Moreover, it
was stated that a clear distinct in taste was perceptable between fatty and lean pieces of meat:
fatty meat provides a taste specific for species, while lean meat only provides a basic meat
flavour [76]. It is noteworthy that bovine and ovine have lower intramuscular fat content than
porcine and poultry, and that lipid degradation products distinguish characteristic flavours of
the different species [76]. This shows that the amount of fat in a meat product plays a large
role in the all round flavour experience, making it of high importance to closely mimic this
in cultured meat products. In conventional meat, aspects like animal breed, sex, age, feed,
and cooking and aging conditions play a role in flavour development as well [75]. It is not yet
published how certain aspects can be included in the production process of cultured meat.

2.2. Appearance

As customers are not able to judge the odor or texture of meat without opening a package,
the colour of meat is the most important factor influencing purchase decisions [78]. A fresh cut
of meat has a bright, cherry-red colour, but meat discolouration is inevitable during storage
and retail. Myoglobin is the heme protein primarily responsible for the colour of meat. In
packaged meat, myoglobin exists in four redox states. Three of these are in ferrous state and
are red in colour, but when these oxidize they form metmyoglobin, which is brown in colour and
responsible for discolouration [78]. Discolouration is prevented by the use of certain packaging
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conditions or antioxidants. Pre-packed meat products are enclosed in gas-barrier materials of
which the gaseous composition is altered. One of the used conditions is high oxygen (80% O2

and 20% CO2). The O2 binds with the myoglobin to prevent oxidation and retain the desirable
colour. It is suggested that hypoxia influences the regulation of myoglobin transcription in
skeletal muscle [79]. This could be applied during the cultured meat production process, during
incubation. Although myoglobin is not naturally present in artificial muscle tissue, it can be
derived from plant tissue and added to the cultured meat tissue [80]. Myoglobin can be used
in cultured meat products to enhance the colour, and the packaging strategy can be used for
cultured meat packaging likewise.

Antioxidants can improve meat colour even before slaughtering the animal [78]. Vitamin E
and plant extracts rich in antioxidant compounds has been shown to increase colour stability
in conventional bovine and ovine meat, when integrated in their feed. It would be interesting
to investigate if this would also have an effect on the colour of cultured meat, during the pro-
duction process. Furthermore, it is observed that chitosan improves surface redness of ground
beef burgers [78]. This is interesting, as chitosan is commonly used in biomaterials for skeletal
muscle [81, 82, 83] and fat [84] tissue engineering techniques. It would be interesting to study
the effect of chitosan on cultured meat surface colour and the effect of integrating chitosan in
the 3D environment: if chitosan proves to have a positive impact on both, it could for example
be integrated as a scaffold in the 3D environment and therefore enhance meat colour and 3D
cell behaviour simultaneously.

Another aspect contributing to the appearance of meat products, is the red aqueous solu-
tion that leaks out of meat. Consumers often expect this to be blood. However, except for
small amounts of residual blood within large skeletal muscles, the majority of blood is removed
during slaughter [78]. The red solution consists of water, myoglobin, and proteins leaking out
of the cells [85, 86]. As this does not largely influence the taste of cultured meat, mimicking
this aspect is not an urgent matter if it does not naturally occur. However, if the visual leaking
of red fluid turns out to be important for the consumer experience, it can be mimicked with a
plant-based dye.

2.3. Texture

As described in section 2.1, it is essential to incorporate fat in meat products, as it adds flavour,
juiciness, and tenderness [84]. The intramuscular fat content needs to be at least 3% to provide
pleasure to the consumer. Therefore, a mixture with muscle cells wherein 3% of the mixture
is occupied by fat cells could be used as a guideline to mimic the palatability of conventional
meat. Ideally, the fat and muscle cells would be proliferated and differentiated in the same
environment. However, co-culture of these cell types poses a difficult challenge and separate
culture of the cell types followed by mixed assembly in the final product seems more feasible
on short-term [51]. Fat tissue can be found in the body as white and brown adipose tissue.
Adipogenic stem cells can be derived from both of these tissues and they can additionally be
derived from muscle tissue [51]. Transdifferentiation of satellite cells into adipogenic cells has
been achieved by inhibition of Wnt signaling, high glucose exposure, and culture in adipogenic
medium [84]. Transdifferentiation is interesting, as this would eliminate requiring multiple tis-
sues biopsies for cell isolation.

While fat tissue is important for meat flavour, muscle tissue is important for meat texture.
The development of meat texture is influenced by the architecture of the muscle, and the char-
acteristic texture of meat is a result of the parallel organisation of muscle fibres in a fascicle [87].
In order to approach the texture of conventional meat, it is important to mimic the cellular

11



organisation of in vivo muscle as close as possible. Achieving a texture that mimics conventional
meat is currently one of the biggest hurdles of cultured meat development. Therefore, the scope
of this research is on tissue engineered muscle. In the following section fat tissue engineering
will briefly be described, after which skeletal muscle tissue engineering will be elaborated on.

2.4. Skeletal muscle engineering

2.4.1. Intramuscular fat

Intramuscular fat forms when fibroblasts in the muscle differentiate into adipocytes (adipogene-
sis) and when triglycerides accumulate inside the adipocytes (lipogenesis), which is regulated by
transcription factor Zfp423 [88]. Those triglycerides consist of glycerol and three fatty acids, and
they accumulate in lipid droplets. Lipid droplets are encapsulated by a phospholipid monolayer
and their size, composition, and number varies per cell [89]. In order to produce in vitro fat
tissue in an efficient manner, it is important that the cells accumulate as many triglycerides as
possible [90]. Large, unilocular adipocytes are preferred. Luckily, while cell culture in 2D mostly
yields multilocular adipocytes, 3D culture has shown to produce large unilocular adipocytes [84].
Moreover, it is shown that the extent and efficiency of differentiation into adipocytes is higher
when cultured in 3D than 2D. A commonly used 3D environment for culture of adipocytes is an
alginate scaffold, and alginate scaffolds have shown to support 3D culture of both bovine and
porcine adipocytes [84]. Alginate is used in both commercial food products as well as in molec-
ular gastronomy for thickening, gelling, and film forming [91, 92, 93]. It is already approved for
food applications by the Food and Drug Administration (FDA), and is therefore an interesting
component for engineered fat tissue for cultured meat applications. However, to improve the
functionality of an alginate hydrogel the alginate is often modified with RGD-peptides [94, 95],
which are not yet approved by the FDA.

2.4.2. Skeletal muscle

Skeletal muscle is one of the three types of muscle in mammal bodies, alongside cardiac muscle
and smooth muscle. Its main function is to generate force or produce movement, which is fa-
cilitated by contraction of the tissue [96]. Figure 2.1 provides a visualisation of the anatomy of
a skeletal muscle. Every skeletal muscle in the body is made up of fascicles and blood vessels,
bundled by the outermost connective tissue sheath known as the epimysium [97]. The epimy-
sium covers the entire surface of the muscle, restraining it from blending with other muscles
[96]. Each individual fascicle is encased by another kind of connective tissue, known as the
perimysium. By dividing the muscle into fascicles, the perimysium enables the major blood
vessels and nerves to run through the muscle belly without being constricted. The fascicles in
turn are bundles of myofibres, surrounded by connective tissue called endomysium. Contraction
is initiated within the myofibre by the proteins myosin and actin. Therefore, the myofibre is
the smallest contractile unit of skeletal muscle tissue [98].

Satellite cells (SC) are progenitor cells that can grow, maintain, and repair postnatal skeletal
tissue [100, 101, 102]. While SCs are naturally quiescent, they can be activated by a signal de-
livered from myofibres. Myofibres will send this signal in response to damage caused by exercise,
injuries, or diseases [103, 102]. Figure 2.2 visualizes the formation of a myofibre. An activated
SC proliferates and produces myoblasts. When myoblasts commit to differentation, they are
called myocytes [104]. Myocytes can fuse with other myocytes to form myotubes, or they can
fuse with existing myotubes [100, 105]. Myotubes are elongated, multinucleate cells, containing
at least three nuclei and some peripherally located myofibrils [106]. Myofibrils are long, cylin-
drical organelles of the myotube, constituting the contractile apparatus. At some point during
maturation, myotubes develop into myofibres. Myofibres have peripherally located nuclei and
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Figure 2.1.: Anatomy of a skeletal muscle. Figure retrieved from [99] and edited.

the cytoplasm is filled with myofibrils. There is no clear distinction of when a myotube develops
into a myofibre [106].

2.4.3. Skeletal muscle markers

Figure 2.2 furthermore visualises the expression of essential muscle transcription factors during
the formation of a myofibre. Essential skeletal muscle transcription factors are Pax7, Pax3,
MyoD, myogenin, and myosin, among others. Pax7 is essential for the regulation of prolifer-
ation and differentiation of SCs [102]. Pax7 is expressed in all SCs, starting at the quiescent
state. Most SCs, but not all, also express Pax3 [103]. Pax3 and Pax7 direct the activation
signal that leads to activation of the quiescent SCs and are therefore suitable biomarkers to
indicate activated SCs. When SCs are activated, MyoD is upregulated and coexpressed with
Pax7 [107, 108]. In the case that cells return to the quiescent state, the expression of MyoD
is downregulated. If the cells mature and initiate terminal differentiation, MyoD is retained
and Pax7 is downregulated [107]. While MyoD is a master regulator of the skeletal myogenic
program, some research suggests that MyoD could functionally be substituted by Myf5, and
vice versa [109, 110]. Myf5 and MyoD both play an essential role in skeletal muscle develop-
ment [111]. Research of Rudnicki et al. in 1993 presented that mice lacking both MyoD and
Myf5 did not develop any skeletal muscle tissue and no skeletal muscle-specific mRNA was
detected [111]. Other studies showed that skeletal muscle tissue did develop when lacking only
one of Myf5 or MyoD [111, 112, 113]. However, follow-up studies reported that the skeletal
muscle development was impaired when lacking one of Myf5 or MyoD [114, 115]. It is suggested
that Myf5 is activated prior to MyoD, which could indicate that the transcription factors have
complementary functions during myofibre development, instead of being able to substitute one
another [116, 117]. Additionally, it is suggested that Myf5 directs myoblast proliferation, and
MyoD prepares myoblasts for differentiation [118]. Another suggestion is that either Myf5 alone
or MyoD alone is expressed after activation of the satellite cell, before coexpressing with the
other to proceed myogenic development [114]. It can be concluded that there is no clear consen-
sus on the exact difference between Myf5 and MyoD [108]. Moreover, it is noteworthy that all
studies presented here focusing on Myf5 and MyoD, are performed by the same research group.
Despite the uncertainty between the exact functions of Myf5 and MyoD, MyoD has proven to
be a reliable biomarker for myoblasts with the intention of differentiation [119].

Another essential transcription factor is myogenin. Myogenin is required for early differentiation
of committed muscle progenitor cells into myofibres [108, 120, 121]. Expression of myogenin
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Figure 2.2.: Formation of a myofibre, including visualisation of when essential transcription
factors are expressed in the process. The transcription factors with a solid line will
be analysed during this research. Transition steps are numbered: (1) activation,
(2) proliferation, (3) differentiation, (4) fusion, (5) maturation. Figure based on
[100] and edited.

directly induces terminal myoblast differentiation and fusion into myofibres [103, 122]. It also
regulates myofibre size, making it essential for muscle regeneration. A study of Ganassi et
al. in 2018 presented the crucial importance of myogenin for the formation of multi-nucleated
myofibers, when the study showed that almost no multi-nucleated myofibers were formed in
mice in which myogenin was mutated [122]. Myogenin is therefore an excellent marker to stain
for terminal myoblast differentiation. Another marker that is expressed in terminally differen-
tiated muscle cells is myosin heavy chain MYH1 [123]. Myosin heavy chain MYH1 is part of
the myosin family, which comprises around half of the total protein in skeletal muscles and is
important for muscular contraction [124, 125]. Myosin heavy chain MYH1 (hereafter referred
to as just ‘myosin’) is expressed in myotubes and is therefore an appropriate marker to indicate
full maturation of the cells [126, 127].

In conclusion, Pax3, Pax7, MyoD, myogenin, and myosin are suitable markers to monitor myoge-
nesis. These markers indicate at what point of differentiation the cells are. Wu et al. specifically
confirmed that Pax7, MyoD, and myogenin are suitable markers for ovine SCs. Cancellara et
al. confirmed the expression of myosin in ovine skeletal muscle tissue [128]. The markers will
be used during the research presented here to gain knowledge about the cells properties. Pax3,
Pax7, MyoD, and myogenin are expressed in the nuclei, myosin is expressed in the cytoplasm
of myotubes.

2.5. State of the art

The concept of cultured meat is to create in vitro skeletal muscle tissue for consumption. Al-
though the current process is based on assembling many muscle fibres into a hamburger patty,
the ultimate goal is to create large, steak-like structures. The biggest challenge is not cultured
meat specific but known by the whole tissue engineering industry: to create a large construct
without formation of a necrotic core. Necrotic cores occur when oxygen and nutrients can not
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diffuse to the center of the construct, while metabolites can not diffuse out of the center and
accumulate to toxic levels. The current limitations require a cell to be within 200 µm of a nutri-
ent source to remain viable, resulting in a maximum tissue thickness of 400 µm [129]. However,
before tackling this major challenge, smaller hurdles need to be overcome. A main hurdle in
the cultured meat field is to create a 3D construct with the isolated animal cells and to achieve
full differentiation into a myofibre. Luckily, a large amount of research has been published in
the field of regenerative tissue engineering for skeletal muscle, which can be applied to cultured
meat research. This section provides an overview of interesting techniques for creating skeletal
muscle tissue with mammalian cells.

In vivo skeletal muscle consists of highly aligned multinucleated myofibres and it experiences
tension. When designing an in vitro tissue engineering model for skeletal muscle, it must sup-
port alignment and differentiation of the cells, while also supporting tension or contractile force
generation in the tissue. To achieve this, the in vivo extracellular matrix (ECM) of the cells
needs to be mimicked. One approach to achieve this is by seeding the cells in a hydrogel to
provide the cells with a 3D environment. To create the tension that is experienced by skeletal
muscles in vivo, cell-laden hydrogels are often seeded around at least one pillar to provide the
cells with an anchor point [61, 130, 131]. See figure 2.3a for a visualisation. A study of Li et al.
presented formation of rings consisting of C2C12 cells around a PDMS pillar, resulting in spon-
taneous muscle twitching [131]. The hydrogel was based on collagen type 1 and Matrigel, both
at a final concentration of 2 mg/ml, and the cells were seeded at a seeding density of 2.5 ∗ 106

cells/ml. The one-pillar system creates circular tension and was also used by Post et al. for the
production of the proof-of-concept hamburger of Mosa Meat in 2013 [61]. No recent papers are
published on how Mosa Meat is currently producing muscle fibres, but a patent published in
2019 suggests that their current protocol is likewise based on hydrogel casting around one pillar
[132]. PDMS is often used as material for the pillars, as it is bio-compatible, transparent, gas
permeable, suited for autoclaving, and reusable[133].

Figure 2.3.: Pillar systems described in literature. Cell-laden hydrogels seeded in a (A) one-pillar
system [130]; (B) two-pillar system [134]; (C) four-pillar system [133]. (D) Tissue
grown in a pillar array system [135]. The white network is the tissue containing
wholes for where the pillars were located. Scalebars: (A) 10 mm; (B) 150 µm; (C)
5 mm; (D) 2 mm.

Another approach is seeding the cells in a hydrogel around two pillars [134, 136, 137, 138, 139].
The use of two pillars supports the formation of uniaxially aligned cylindrical tissue constructs,
mimicking the in vivo structure of skeletal muscle. Agrawal et al. seeded C2C12s in a hydrogel
of gelatin methacrylate (which is collagen derived) and reported that intact, aligned muscle
strips formed around the two PDMS pillars, which is visualised in figure 2.3b [134]. A study of
Capel et al. integrated two more pillars, resulting in a system in which the cell-laden hydrogel
was seeded around four pillars, see figure 2.3c [133]. In this study, the pillars were made by 3D
printing of polylactic acid (PLA) and C2C12 cells were seeded at a seeding density of 4 ∗ 106

cells/ml in both a collagen-based hydrogel as well as a collagen/Matrigel-based hydrogel. The
collagen-Matrigel constructs showed three times as many myotubes per 100 µm when compared
to the collagen constructs. Constructs were formed in volume sizes ranging from 25-500 µl
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construct volumes and cross-striations were clearly visualised by expression of actin after 14
days in culture.

As pillars have proven to provide suitable anchor points to the cells, Bian et al. designed a
PDMS system containing an array of pillars [135]. C2C12s were seeded in a hydrogel consisting
of different ratios of fibrinogen and collagen, and 10% of Matrigel. The cells were seeded at
a seeding density of 5 ∗ 106 cells/ml. The gels compacted properly and expressed myogenin,
showed abundant cross-striations, and generated spontaneous tissue contractions. It is note-
worthy that the gels consisting of collagen and Matrigel ruptured on day 3-4 of differentiation,
while gels including fibrinogen ruptured on day 10-11 of differentiation. See figure 2.3d for a
picture of the tissue grown in the system. The previously described examples of pillar systems
published in literature present benefits: the systems are variable in size, distance, and mate-
rial, they are easy to manufacture and clean, and they are often reusable. These systems are
suitable for research and development. However, upscaling of these systems seems less practical.

Another approach of providing the cells with anchor points is by seeding them in an existing
scaffold. Research of Ben-Arye et al. used textured soy protein (TSP) scaffolds seeded with
bovine cells [66]. TSP is a by-product of soybean oil production and used as a plant-based meat
replacer. It is dry, porous, and high in protein, and it expands and turns soft when soaked
in liquid. Micro-CT scans showed that the pores of the scaffold are highly interconnected and
that they show pore directionality, proving it is suitable for cell adhesion, growth, spread, and
differentiation. See figure 2.4 for a confocal image of the pore structure. The cells were seeded
in a hydrogel consisting of a 1:1 ratio of fibrinogen and thrombin, at several seeding densities,
ranging from 5.4 ∗ 107 to 10.7 ∗ 107 cells/ml. Cell were seeded in monoculture with bovine
SCs, co-culture with bovine smooth muscle cells (BSMC), and a tri-culture with addition of
bovine endothelial cells (BEC). All cell cultures adhered to the TSP scaffold and differenti-
ated into myotubes. The co-culture and tri-culture improved ECM deposition and myogenic
differentiation. This was concluded after the TSP scaffold partially degraded during culture,
and the scaffolds seeded with co-culture and tri-culture maintained their mechanical properties.
See figure 2.4 for a picture of TSP scaffold seeded with the co-culture (at unknown days of
culture). It is noteworthy that before cell seeding, the bovine SCs were grown in proliferation
medium supplemented with various growth factors. This supports cell functioning and might
make comparison with studies that did not supplement with growth factors less reliable. The
isolated SC sample was pre-plated to purify the SC population, but it is not reported if the
cells in the sample were identified and separated. Therefore, the population referred to as SCs
could be a heteregenous population including other cell types like fibroblasts. The BSMCs and
BECs were commercially obtained and are expected to be homogenous.

Figure 2.4.: Confocal image of the TSP scaffold pores of Ben-Arye et al., scalebar 500 µm (left)
and picture of a 6-mm cylinder TSP scaffold seeded with a co-culture of bovine
satellite cells and smooth muscle cells (right) [66].

To enhance oxygen, nutrients, and metabolites transport, the possibilities of decellularising
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plant tissue are being explored [129]. Research of Gershlak et al. showed that mammalian
tissue and plant tissue are highly similar in their vascular network regarding their branching
pattern, as depicted in figure 2.5a and 2.5b [140, 141]. Due to this similarity, decellularisation
of plant tissue provides us with a prevascularised scaffold. Gershlak et al. and Jansen et
al. presented successful decellularisation of leafs of several plant species, providing different
scaffolding geometries [140, 142]. Dikici et al. decellularised a spinach leaf in 7 days until
the leaf was colourless and translucent [143]. The DNA content of the decellularised leaf was
measured and it was showed that 98% of the DNA content was removed when compared to the
DNA content of a fresh spinach leaf. The vascular network was perfused with a blue dye, which
visualised a mostly intact network with a minor leakage and ability of the food dye to reach
the small branch points, see figure 2.5c. This indicates that the vascular network was mostly
maintained after decellularisation. The surface of the decellularised leaf was subsequently seeded
with human dermal fibroblasts that became fully confluent on culture day 11. Human dermal
microvascular endothelial cells were seeded on the inside of the vascular channels, but did not
penetrate into the smaller branches and were mostly found along the main channel of the leaf.

Figure 2.5.: Branched vascular networks in decellularised tissue. (A) Branched vascular network
of decellularised tissue of a rat heart, showing similarities with (B) the branched
vascular network of decellularised tissue of a Buddleja davidii leaf [140]. (C) A de-
cellularised spinach leaf of Dikici et al. perfused with blue food dye to demonstrate
the maintained vascular network [143].

Motivated by the results of Gershlak et al., Jones et al. studied the potential of decellularized
spinach as an edible scaffold for cultured meat applications [129]. The spinach leaves were de-
cellularized by submergence in deionized water supplemented with 1% sodium dodecyl sulfate
(SDS) for 5 days, refreshing the solution daily, followed by 48 hours in deionized water supple-
mented with 0.1% Triton X-100 and 10% concentrated bleach. Biopsy punches of 12 mm in
diameter were used to create the scaffolds. According to the article, primary bovine cells were
seeded on the scaffolds and it was confirmed that these cells can survive on spinach scaffolds
for at least 14 days, with a viability of more than 98% compared to the control group cultured
on gelatin. The article does not mention characterisation of the cells, but it does mention cell
sorting to purify the satellite cell population as a future refinement for commercial use. This
indicates that it is unknown which cell types are exactly present and in which ratio. How-
ever, after 14 days of culture on the spinach scaffolds, the cells expressed myosin, indicating
that myogenic cells are present in the samples. The cells formed multinucleated myotubes and
no significant difference in myosin expression was seen between the control group cultured on
gelatin and the cells cultured on the spinach scaffold. The research presented by Jones et al.
could be improved by characterisation of the cell population and by increasing the sample size
(3 scaffolds were used per 3 bovines), to draw a more reliable conclusion about the significance
of the results. However, these preliminary results are promising for future experiments. The
vascular network of decellularised plant tissue provides a perfusable scaffold at low cost. More-
over, it is free of animal derived materials while common hydrogel components as collagen and
Matrigel are not.
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Figure 2.6.: Primary bovine cells cultured on a (a) gelatin coated substrate and (b) decellularised
spinach scaffold. Multinucleated myotubes are visible in both samples. Cells are
stained for myosin (green) and DAPI (blue). Scalebar: 250 µm.

Aiming to resemble a piece of steak, Furuhashi et al. investigated the feasibility of stacking
multiple layers of cell-laden hydrogels to engineer a tissue thickness in the millimetre range
[144]. Hydrogel layers seeded with bovine myoblasts and SCs were individually cultured until
they contained aligned myotubes that were able to contract under influence of electrical stim-
ulation. Subsequently, 40 layers of the cell-laden hydrogels were stacked and immobilised with
3D printed pillars as anchor points. After 7 days of culture, the layers were fused and the
construct dimensions were 8 mm ∗ 10 mm ∗ 7 mm (width ∗ length ∗ height). Due to poor light
transmission, analysis was difficult on the 40-layer thick structure and was instead performed
on a 5-layer thick structure. The myotubes were oriented in the longitudinal direction of the
tissue and no enucleated cells were observed in the center of the 5-layer construct. It is there-
fore suggested that this technique maintains cellular viability without a necrotic core and that
this technique is interesting for future cultured meat research. It is unclear why the 40 layer
construct was not divided into smaller pieces for analysis.

Figure 2.7.: Bovine muscle tissue created by stacking 40 layers of cell-laden hydrogels by Fu-
ruhashi et al.. (A) Picture of day 7 of stacked culture, scalebar: 5 mm. (B) Top
view of the tissue after release of the pillars, scalebar: 5 mm. (C) The 40-layer
thick bovine muscle tissue coloured using red food colouring, scalebar: 1 cm [144].

2.6. Developmental process

The production process of cultured meat typically includes the following steps: obtaining a
tissue sample, isolating cells from the sample, identifying the cells present, expanding the cells,
and introducing the cells to a 3D environment promoting differentiation, motivating the cells
to fuse and grow into a muscle fibre. A similar process will be performed during the research
presented here, as the goal is to determine if ovine cells are suitable for creating muscle fibres.
This section provides theoretical information of the main steps that will be undertaken during
this research. Figure 2.8 depicts a visualisation. In addition to cell identification, the different
cell types would normally also be separated to obtain pure cell populations. However, due to
COVID19-restrictions at the time of research, this was not possible.
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Figure 2.8.: The process of creating a muscle fibre, highlighting the main steps that are taken
during the research presented here. First, a muscle biopsy is obtained from an
animal, in this case an ovine. Cells are isolated from the muscle tissue and identified.
The cells are then expanded and introduced to a 3D environment, where they fuse
and differentiate into a muscle fibre.

2.6.1. Muscle tissue biopsy

The aim is to isolate SCs from ovine muscle. A study of Rodriquez et al. compared the hindlimb
muscles m. soleus and m. semimembranosus (SM) and the facial muscles m. zygomaticus major
and masseter of ovine, based on their protein expression and formation of myotubes [69]. Pax7
and MyoD were used to identify myogenic cells, and isolations of all muscles had an average
myogenic cell population of 5-10%. SM derived cell populations showed the highest amount
of myotubes/mm2 of all muscles, with a difference of 24-32%. The study did not draw a hard
conclusion, but suggested that the SM was the muscle best suited for isolation of muscle-derived
cells. It should be noted that their sample size is unclear, which is important as obtaining a
cell sample from a muscle is a variable process which can result in variable ratios of several
cell types, like fibroblasts or other non-myogenic cell types. Another muscle that is interesting
is the m. semitendinosus (ST), as it is commonly used as an ovine satellite cell source. Raja
et al., Hathaway et al., and Rihan et al. presented successful isolation of SCs from the m.
semitendinosus of ovine [145, 146, 147]. Therefore, the SM and ST will be used for cell isolation.

2.6.2. Cell identification

Cells will be isolated by enzymatic isolation and explant isolation. The isolations will result in
heteregenous mixtures of several cell types. Cell types that are most likely to be present are
SCs, fibroblasts, endothelial cells, and immune cells. Heterogenous samples are best identified
and separated, to obtain purified populations. Fluorescent activated cell sorting (FACS) is com-
monly used for this purpose [148]. Antibodies used for FACS are conjugated with fluorophores
at specific wavelengths and target specific surface proteins, enabling detection of multiple mark-
ers simultaneously, at the level of individual cells [149]. SCs and fibroblasts will be targeted
by CD29 [67, 150], while CD56 and ITGA7 will be used to target SCs. Ding et al. showed
that CD56 is suitable for FACS as positive selection for SCs in an enzymatic cell isolation sam-
ple of bovine [67]. Additionally, CD56 is mentioned in multiple papers as a marker for SCs
[151, 152, 153, 154]. However, Castiglioni et al. indicate that Pax7-expressing cells coexpress
CD56 and ITGA7 in fetal and adult human musle, while stipulating that these markers on
their own are not sufficient to distinguish the cells [155]. Pax7 is active during both prolifer-
ation and differentiation of SCs, which raises the idea that ITGA7 and CD56 could express
at different points of maturation of the SCs [102]. Other researchers also used ITGA7 as a
positive marker for SCs [152, 156]. None of these studies had tested the antibodies on ovine
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SCs. The uncertainty around these two antibodies, and the lack of time to properly test them
on control samples during the research presented here, led to the decision to use both CD56
and ITGA7 for FACS analysis. Endothelial cells will be targeted with antibodies against CD31
[157, 158]. CD45 is a hematopoietic cell marker, and will therefore be used to identify immune
cells [67, 159].

2.6.3. Skeletal muscle engineering

The state of the art described in section 2.5 presents several possibilities for skeletal muscle tissue
engineering. The goal of the research presented here is to determine if ovine cells are suitable
for cultured meat applications and to reach this goal it is essential to study the 3D properties of
the cells by mimicking the in vivo skeletal muscle environment. As the myofibre is the smallest
contractile unit of skeletal muscle tissue, as described in section 2.4.2, that is the structure to
be mimicked. The four-pillar system of Capel et al., described in section 2.5, is selected as
model for the 3D system, considering the convenient manufacturing by 3D printing and simple
adjustability of the design, making it suitable for design iterations. Moreover, monitoring the
compaction of a hydrogel is easier whenseeded around multiple pillars instead of one. The four
pillars will provide the anchor points for a cell-laden hydrogel based on a combination of collagen
and Matrigel.

2.7. Hypothesis

Ovine as a satellite cell source is not extensively described in literature. However, the available
literature has presented promising results for ovine cell isolation and proliferation. Meanwhile,
the use of primary bovine cells has been elaborately covered, and as ovine and bovine are
closely related mammalian species it is expected to see similarities in cell behaviour. When
isolation of ovine cells is achieved, it is important to determine the ratio of different cell types
present in the isolation samples. As cell isolation is a highly variable process, the expectations
of this research are linked to the ratios of cell types present. Assuming a pure population of
SCs as isolation samples, the cells are expected to proliferate at a comparable rate to bovine
SCs. If fibroblasts are present in the sample, the proliferation rate might be higher due to a
higher growth rate in fibroblasts than in myogenic cells, according to literature [160]. Myogenic
differentiation and formation of myotubes is expected to occur in pure SC populations but also
in heteregenous populations. Fibroblasts do not survive in myogenic differentiation medium,
and will therefore not intervene with the myogenic development. The formation of 3D muscle
fibres will be dependent on the cell type ratio of the isolated sample likewise. A 3D control
model will be established with C2C12 cells. It is expected that the C2C12-laden hydrogels will
compact into myosin expressing muscle fibres.
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Methods and Materials 3
The goal of this research is to determine the potential of ovine cells for cultured meat applica-
tions. Cells will be isolated from ovine and assessed in terms of their proliferation capacity in 2D
and their differentiation capacity in 3D. This chapter provides an overview of the experimental
approach.

3.1. Cell isolation

Cell isolations were performed following the protocol of Ding et al. with a few alterations
[67]. Ding et al. used collagenase type 2 for SC isolation of bovine. The study confirmed
that the cells were myogenic, as they expressed Pax7 and could be induced to differentiate into
myosin expressing cells by culture in myogenic differentiation medium consisting of DMEM
supplemented with 2% FBS (fetal bovine serum). This protocol was followed by Mosa Meat to
isolate the ovine and bovine SCs that were provided for the research presented in this thesis. A
study solely focusing on ovine for SC isolation used collagenase type 1 [70]. The study confirmed
that the isolated cells were myogenic cells, as they could be induced to differentiate into cells
expressing myogenin and myosin, by culture in myogenic differentiation medium consisting of
DMEM supplemented with 2% horse serum. The research presented here has isolated cells of
two biopsies, by enzymatic and explant isolation. Enzymatic isolation of biopsy 1 was performed
with collagenase type 1, while isolation of biopsy 2 was performed with collagenase type 2. The
ovine cells were isolated twice from post mortem biopsies. Biopsies were performed at the Large
Animal Unit of the University of Auckland, New Zealand.

3.1.1. Collagenase type 1 satellite cell isolation - biopsy 1

A biopsy was taken from a female ovine. The ovine was between 3 and 5 years old and was used
as a control animal in an animal study. It had not received drug treatments, but it did undergo
a thoracotomy surgery to implant probes around the heart. The ovine was euthanised with
pentobarbital overdose through an intravenous line in the jugular vein. This is not expected to
affect the cell population at the place of biopsy. Five minutes after euthanisation, the leg was
shaved and the locations of the m. semimembranosus (SM) and m. semitendinosus (ST) were
identified. The skin was cleared with 70% ethanol, and a 5 centimetre long vertical incision
was made. After cutting through the skin, subcutaneous tissue, and fascia, the fascia was lifted
and separated from the muscle. Fascia was pulled back by tweezers, exposing the muscle and
allowing space for the biopsy. Biopsy punches of 10 mm diameter were used to obtain the
muscle samples, and transferred to PBS (Gibco, 10010-023) supplemented with 1% antibiotic-
antimycotic solution (A-A) (Sigma-Aldrich, A5955) on ice for one hour. The weight of the
biopsies was not logged. After rinsing the muscle samples with PBS supplemented with 1%
antibiotic antimycotic solution once, any traces of fat and connective tissue were removed. The
muscle samples were dissected into pieces of around 3 mm ∗ 3 mm ∗ 3 mm. This procedure was
performed for both the SM as the ST. See figure 3.1 for a visual overview of the cell isolation
process.
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Figure 3.1.: Visualization of the main steps of the cell isolation process. The tissue samples were
obtained by punch biopsies of the m. semimembranosus and m. semitendinosus.
The tissues were dissected into smaller fragments of ± 3 mm, followed by enzymatic
or explant isolation. For long term storage cells were preserved at below -196 ◦C.

Explant isolation was conducted by placing the dissected pieces of tissue on 35 mm tissue cul-
ture Petri dishes, one piece per dish. Three different types of Petri dishes were used: uncoated,
coated with collagen coating solution (type I rat tail collagen (3447-020-01, Cultrex, Biotechne)
diluted to 0.5 mg/ml in 0.02 M acetic acid), and coated with Matrigel coating solution (Matrigel
(356234, Corning, Life Sciences) diluted 1:200 in phosphate buffered saline (PBS) (10010-023,
Gibco). Around 1 ml of growth medium was added to the tissue, less if needed to avoid floating
of the tissue. Explants were stored at 37 ◦C and 5% CO2 for 1-3 hours, allowing attachment
of the tissues to the dishes. After attachment, tissue was flooded with growth medium (Ham’s
F-10 (11550043, Gibco), supplemented with 20% fetal bovine serum (FBS) (10091-148, Gibco),
1% A-A, and 5 ng/ml recombinant human bFGF (13256029, Gibco) until just covered, or 5 ml
maximum. Explants were checked daily for migration of cells out of the tissue. After cells were
migrating out and reaching 50% confluency around the explants, cells were passaged into flasks.
As no difference in migration rate, confluency, or morphology was seen between the different
coatings, all cells of each muscle type were passaged into one flask. The cells were expanded
to reach 70% confluency and were subsequently frozen in freezing medium (80.1% DMEM (4.5

g/L D-Glucose, GlutaMax
TM

supplement, 10569-010, Gibco), 9% FBS, 0.9% A-A, 10% DMSO
(AJA2225, Univar)) at -80 ◦C for 1-3 days and in liquid nitrogen below -196 ◦C for long term
storage.

Enzymatic isolation was conducted by enzymatic digestion with 400 units/ml collagenase type
1 (17018029, Gibco) in DMEM, supplemented with 2% A-A, in a shaking water bath at 37 ◦C
for one hour, after mincing the dissected pieces in smaller pieces of approximately 1 mm3. After
digestion, the tissues were broken down by titration with a serological pipette and digestion
was stopped by addition of growth medium (Ham’s F-10 (11550043, Gibco), supplemented with
20% FBS, 1% A-A, and 5 ng/ml recombinant human bFGF) and PBS. The mixture was filtered
through a 100 µm strainer, and spinned down for 5 minutes at 800 g. Erythrocyte lysis buffer
was added for 1 minute at room temperature, and stopped by adding PBS. The mixture was
centrifuged for 5 minutes at 800 g, the pellet resuspended in growth medium, and the suspension
was filtered through a 40 µm strainer. The cells were plated in culture flasks or frozen in freezing
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medium (80.1% DMEM, 9% FBS, 0.9% A-A, and 10% DMSO) at -80 ◦C for 1-3 days and in
liquid nitrogen below -196 ◦C for long term storage.

3.1.2. Collagenase type 2 satellite cell isolation - biopsy 2

The difference of biopsy 1 and biopsy 2 was the type of collagenase used. Collagenase type 2
was used during cell isolation of the second biopsy. The biopsy for this cell isolation was taken
from a pregnant ovine, between 3 and 5 years old, and used for an animal study. Surgery was
performed on the fetus, the mother only had a maternal vein catheter. The experiment was
hypoxia-ischemia in the fetus, followed by hypothermia. The animals were not treated with
drugs. The ovines were euthanised with a pentobarbital overdose through an intravenous line
in the jugular vein. This is not expected to affect the cell population at the place of biopsy.
The rest of the procedure was performed as described in section3.1.1. The biopsy of the ST and
SM weighed 4 and 1 gram, respectively.

Explant isolation was conducted following the protocol described in section 3.1.1.

Enzymatic isolation was conducted following the protocol described in section 3.1.1, with the
only difference that collagenase type 2 was used instead of collagenase type 1.

3.2. Cell identification

As described in section 2.6.2, a common approach to identify what cell types are present in
the isolated samples is by using FACS. However, the process of designing a FACS panel and
titrating the antibodies can be quite time consuming. It was therefore attempted to distinguish
the different cell types by cell analysis without the use of antibodies. This is not used to
separate the cells, only to distinguish different cell populations. The technique is based on
forward and side scatter, where forward scatter provides information about the size of the cells
and side scatter provides information about the granularity of the cells. If the different cell
types in a sample have an evident variation in cell size and granularity, this technique can be
sufficient to determine a ratio between cell populations within the sample. However, the cell
types showed such similarity in size and granularity that different cell populations could not
be distinguished. Therefore, antibodies were included in the analysis and a FACS panel was
designed nevertheless. This section describes the how cell analysis without antibodies and with
antibodies was performed, including the titration of the antibodies.

3.2.1. Cell analysis without antibodies

Cells were washed with PBS and detached from culture flasks by covering the surface with tryplE

(TryplE
TM

Express, 12605-028, Gibco) for 5 minutes at 37 ◦C. After cells were detached, an
equal amount of tryplE neutraliser solution (TNS) (PBS supplemented with 2% FBS) was
added to neutralize the cell suspension. The cell suspension was centrifuged for 5 minutes at
350 g at 24 ◦C, after which the supernatant was discarded and the cells were resuspended in

growth medium (DMEM (4.5 g/L D-Glucose, GlutaMax
TM

supplement, 10569-010, Gibco),
supplemented with 10% FBS (10091-148, Gibco), and 1% A-A (Sigma-Aldrich, A5955)) at a
temperature of 37 ◦C. Two million cells were collected per sample and resuspended in 2 ml of
wash buffer (WB) (PBS (10010-023, Gibco) supplemented with 1% FBS and 1% 0.2 M EDTA
(0.5 M EDTA (AM9260G, Thermo Fisher Scientific) diluted with D-PBS (14190-250, Gibco))).
The cell suspension was centrifuged for 5 minutes at 350 g, supernatant was discarded and cells
were resuspended in 400 µl FACS buffer. The samples were stored on ice until acquisition.
Acquisition was performed by the BD FACS Aria II cell sorter (BD Biosciences).
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3.2.2. Titration of antibodies

Making use of antibodies to identify the cell types in a mixed population gives a more accurate
result. When incorporating antibodies in analysis techniques, the optimal working concentration
needs to be determined by titration. Using suboptimal concentrations of antibodies can result
in poor separation of the different cell populations and it increases the chance of non-specific
staining [148, 149]. The outcomes of titration are the separation dose and saturation dose.
When deciding on the optimal working concentration, these two need to be taken into account.
The separation dose is the dose with the clearest separation between the positive and negative
population, and the saturation dose is the dose with the highest staining index value. Staining
index (SI) value is calculated by the using the mean fluorescence intensity (MFI) [161]:

SI =
MFIpos −MFIneg

2 ∗ SDneg
(3.1)

with MFIpos as the mean fluorescence intensity of the positive population, MFIneg as the
mean fluorescence intensity of the negative population and SDneg as the standard deviation of
MFIneg. The ideal combination of separation and saturation dose depends on the application.
However, for this research it is of uttermost importance to have a clear separation between
positive and negative colonies and therefore separation dose is prioritized over saturation dose.

Antibodies were titrated to determine the optimal working concentration. The highest con-
centration for the titration was the recommended working concentration, and serial dilution
was performed five times to obtain six different concentrations. The dilutions were stored in
round bottom polystyrene test tubes (Corning, 352058) on ice, protected from light. Cells were
washed with PBS and detached from culture flasks by covering them with tryplE for 5 minutes
at 37 ◦C. After cells were detached, an equal amount of TNS was added to neutralize the cell
suspension. The cell suspension was centrifuged for 5 minutes at 350 g at 24 ◦C, after which the
supernatant was discarded and the cells were resuspended in flow staining buffer (FSB) (PBS
supplemented with 4% FBS and 1% 0.2 M EDTA) at a concentration of 2 million cells per 50
µl. 50 µl of cell suspension was transferred to the dilution tubes prepared by serial dilution
and the cells were vortexed and incubated on ice for 30 minutes, protected from light. After
incubation, 1 ml of WB was added and the tubes were centrifuged for 5 minutes at 350 g at
4 ◦C. Supernatant was discarded, and cells were resuspended in 0.5 ml of WB. Tubes were
centrifuged for 5 minutes at 350 g at 4 ◦C once more, followed by discarding the supernatant
and resuspending the cells in 100 µl of WB. Cell suspensions were stored on ice and protected
from light until acquisition. Right before acquisition, DAPI was added and the cell suspension
was vortexed.

3.2.3. FACS

The antibodies of interest were added to one solution containing all antibodies. The optimal
concentration per antibody was determined by titration, see section 4.2.2. The antibody cock-
tail consisted of: 10 µl ITGA7 conjugated with PE-Vio 770 (130-103-357, Miltenyi), 10 µl CD31
conjugated with FITC (MCA1097F, BioRad), 10 µl CD45 conjugated with R-PE (MCA2220PE,
BioRad), 0.3125 µl CD56 conjugated with BV711 (563169, BD), and 0.15625 µl CD29 conju-
gated with APC (303008, Biolegend), topped up to 100 µl with FSB. Cells were washed with
PBS and detached from culture flasks by covering them with tryplE for 5 minutes at 37 ◦C.
After cells were detached, an equal amount of TNS was added to neutralize the cell suspension.
The cell suspension was centrifuged for 5 minutes at 350 g at 24 ◦C, after which the supernatant
was discarded and the cells were resuspended in FSB at a concentration of 2 million cells per
50 µl. 50 µl of cell suspension was transferred to the dilution tubes prepared by serial dilution
and the cells were vortexed and incubated on ice for 30 minutes, protected from light. After
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incubation, 1 ml of WB was added and the tubes were centrifuged for 5 minutes at 350 g at
4 ◦C. Supernatant was discarded, and cells were resuspended in 0.5 ml of WB. Tubes were
centrifuged for 5 minutes at 350 g at 4 ◦C once more, followed by discarding the supernatant
and resuspending the cells in 100 µl of WB. Cell suspensions were stored on ice and protected
from light until acquisition. Right before acquisition, DAPI was added and the cell suspension
was vortexed. Acquisition was performed by the Cytek Aurora 3 laser (Cytek Biosciences).

3.3. Biomarker profile

As said in section 2.4.3, Pax3, Pax7, MyoD, myogenin, and myosin are important markers during
development of a satellite cell into a myofibre. To set up a biomarker profile, these markers are
used to indicate when the proteins come to expression. Ovine B1 ST enzymatic isolated cells of
passage 4 were used for this experiment. 3T3 cells of passage 5 were used as negative control,
and purified ovine satellite cells supplied by Mosa Meat were used as a positive control. Cells
were seeded at seeding density of 10,000 cells/cm2, in four different 96-wells plates. All three cell
types were included on one plate and proliferated in the same growth media: DMEM (4.5 g/L

D-Glucose, GlutaMax
TM

supplement) supplemented with 10% FBS and 1% A-A. On culture
day 5, proliferation media was replaced by differentiation media: DMEM supplemented with 2%
horse serum (HS) (26050088, Gibco) and 1% A-A. The plates were stained for all biomarkers at
the following time points: early proliferation, late proliferation, early differentiation, and late
differentiation, and each biomarker was stained in 4 wells per cell type. The cells were fixated at
day 2 and day 5 of proliferation, and on day 2 and day 7 of differentiation. Cells were analyzed
by immunofluorescence, as described in section 3.8.3. The expression of transcription factors
Pax3, Pax7, MyoD, and myogenin was determined by counting the marker expressing nuclei.
The expression of myosin was assessed by nuclei count in myosin expressing cells.

3.4. Proliferation in 2D

The isolated cells were proliferated in growth medium consisting of DMEM (4.5 g/L D-Glucose,

GlutaMax
TM

supplement), supplemented with 10% FBS and 1% A-A. The cells were prolifer-
ated and stored in liquid nitrogen to set up a cell bank.

Passaging of the cells was performed by aspirating the culture media and rinsing the cells with
PBS. Consequently tryplE was added and incubated at 37 ◦C for 5 minutes, or until cells were
detached. TryplE neutraliser solution (TNS) (2% FBS in PBS) was added in the same amount
as tryplE, and the cell suspension was transferred to a centrifuge compatible tube. The culture
flask was rinsed with PBS, which was added to the tube likewise. Cells were spinned down
in the centrifuge at 350 g for 5 minutes. Supernatant was aspirated and discarded, and the
cells were resuspended in growth medium to reach a concentration of approximately 1 million
cells per ml. The cells were counted with the automated cell counter Countess II (A27977,
Thermo Fisher Scientific). Cells were then seeded at preferred cell density and excess of cells
was discarded or stored in liquid nitrogen.

Liquid nitrogen enables long term storage of the cells. After counting the cells, the required
amount of cells was transferred to a separate tube and spinned down again at 350 g for 5
minutes. The supernatant was aspirated and discarded, and the cells were resuspended in
freezing medium (10% DMSO in growth medium) at a concentration of 1 million cells per ml.
The cell suspension was divided over the preferred amount of cryovials, followed by cryovial
storage in a freezing container (Mr. FrostyTM, 5100-0001, Thermo Fisher Scientific) at -80 ◦C
overnight. Cryovials were transferred to liquid nitrogen storage after 1-3 days.
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3.4.1. Population doublings

The proliferative capacities of the isolated ovine cells were determined by proliferating all isola-
tion samples for multiple passages and calculating their population doublings. At each passage,
the cells were seeded at a seeding density of 2,000 cells/cm2 (150,000 cells per T75 culture
flask) and passaged and counted after 3 days of incubation at 37 ◦C and 5% CO2. Cells were

counted with the an automated cell counter (Countess
TM

, A27977, Thermo Fisher). The time
of passaging was logged, so proliferation time per passage could be exactly calculated. This was
performed from passage 2 to 7 and the total passaging experiment was performed in duplicate.
The population doublings of the samples were meant to be measured for a longer period, but
in both instances an infection terminated the experiments.

3.4.2. Evaluating the effect of coating

Mammalian cells are often proliferated and differentiated on surface coatings, to improve cell
adherence and performance. Common coatings are collagen and Matrigel. Collagen has been
used to promote outgrowth during explant isolation [119], to promote myofibre formation [160],
and as a scaffold in hydrogels [162]. Matrigel has been shown to stimulate outgrowth of myo-
genic progenitors [119], and maintain differentiation capacity [162]. However, the batch-to-batch
variations in terms of adhesion receptors and growth factors make Matrigel unreliable, and is
therefore not ideal for continuous production processes. Literature is contradictory on whether
a collagen or Matrigel coating results in the biggest improvement on proliferation and differen-
tiation of skeletal muscle cells, as studies get different results when comparing the two coating
components [160, 162]. An experiment was performed to determine which coating works best
for ovine cells. The results on this can be used as a suggestion for future research on ovine cells,
for example to improve proliferation rate or as coating for microcarriers. Independently of the
results, all other experiments of the research presented here are performed without coating to
analyse the cells behaviour with minimal external influences.

Collagen and Matrigel coating solutions were prepared by diluting collagen (5 mg/ml, 3447-
020-01, Cultrex, Biotechne) 1:10 in 0.02 M acetic acid, and diluting Matrigel (356234, Corning,
Life Sciences) 1:200 in cold PBS, respectively. Subsequently, the coatings were adhered to 24-
wells plates by adding 0.25 ml coating per well, incubating it overnight, and aspirating the
remaining liquid afterwards. The coating was washed with room temperature PBS twice, after
which the plates were ready for cell seeding. A 24-wells tissue culture plate without additional
coating was used as control. All isolated cell samples were seeded in triple and all ovine cell
samples were passage 6. The cells were compared to C2C12s of passage 9. The cells were
seeded at seeding density 2,000 cells/cm2 (day 0) and proliferated in 0.5 ml growth medium

(DMEM 4.5 g/L D-Glucose, GlutaMax
TM

supplement, supplemented with 10% FBS and 1%

A-A) per well. The high-content analysis system Operetta
TM

(OPRT1134, Perkin Elmer) was
programmed to take 15 brightfield images at the exact same locations in each well on day 1,
2, and 3 of proliferation. Analysis of the images was carried out by the corresponding software
Columbus (Image Data Storage and Analysis System, Perkin Elmer). This experiment was per-
formed once. The experiment was aimed to perform twice more, and to also include analysis of
the effect of coating on differentiation, but due to sudden closure of the lab (due to COVID-19
restrictions) and contamination, no additional results were obtained.

3.5. Differentiation in 2D

When cells reached complete confluency, the cells were starved from serum to initiate differen-

tiation. Differentiation medium consisted of DMEM (4.5 g/L D-Glucose, GlutaMax
TM

supple-
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ment), supplemented with 2% HS and 1% A-A. The cells were monitored daily, and medium
was refreshed every 3 days. Cells were differentiated until multiple nuclei could be seen in
the swollen regions of the cytoplasm. This varied in time dependent on isolation sample and
confluency. Cells were analyzed by immunofluorescence as described in section 3.8.2.

3.6. 3D system and hydrogel

The 3D system to grow the myofibres in was based on the design of Capel et al., as described
in section 2.5. Their design and hydrogel composition were used during initial experiments.
However, due to a lack of hydrogel compaction, both the system design and hydrogel composition
were altered. This section provides a more detailed description of the experiments that were
performed with the system of Capel et al. and explains the motivation for the alterations.
C2C12 cells were used during experiments to set up a working model as a control for the ovine
cells.

3.6.1. 3D printed PLA systems

The design of Capel et al. is depicted in figure 3.2a and 3.2b. The systems were designed in
SolidWorks (Dassault Systèmes SolidWorks Corporation). They were 3D printed with PLA
(resolution of 0.2 mm nozzle diameter, by the Original Prusa i3 MK3, available in-house),
cleaned with 70% ethanol and attached to a 6-wells plate with a bioadhesive. The plate was
cleaned with ethanol, washed with PBS, and sterilized by UV light for 30 minutes. Two different
compositions of cell-laden hydrogels were seeded in separate systems, one based on collagen and
one based on both collagen and Matrigel, as per the study of Capel et al. [133]: (1) 85% v/v type
I rat tail collagen (at a protein concentration of 5 mg/ml) (3447-020-01, Cultrex, Biotechne),
10% growth medium, 1 M sodium hydroxide (NaOH) dropwise to neutralise the pH of the
solution (indicated by a colour change to pink), and C2C12 cells at a seeding density of 4 ∗ 106

cells/ml in 5% v/v growth medium (DMEM 4.5 g/L D-Glucose, GlutaMax
TM

, supplemented
with 10% FBS and 1% A-A); (2) 65% collagen, 10% growth medium, 1 M NaOH dropwise to
neutralise the pH of the solution, 20% Matrigel (356234, Corning, Life Sciences), and C2C12
cells at a seeding density of 4 ∗ 106 cells/ml in 5% v/v growth medium. The hydrogels were
seeded around the pillars in the systems and allowed to set for 1 hour at 37 ◦C and 5 CO2.
Growth medium was added and the gels were incubated at 37 ◦C and 5% CO2. Both hydrogels
were tested in triple. The hydrogels did not show full compaction and they certainly did not
compact around the pillars. This raised the question if the parts connecting the pillars to the
rest of the system, referred to as ‘pillar bridges’ in figure 3.2b, interfered with the hydrogel
compaction. The height of the pillar bridges was 0.4 mm in both systems. This could be too
high and withhold the hydrogel from ascending the pillar bridges and compacting around the
pillars. Therefore, the system was designed to be completely made of PDMS, with PDMS pillars
attached to a bottom of PDMS, as depicted in figure 3.2d, eliminating the requirement of pillar
bridges. Additionally, the initial process of 3D printing, adhering, and cleaning the systems was
experienced as labour intensive, and this process is simplified when producing the systems with
PDMS. The bioadhesive used to attach the systems of Capel et al. to the plates was silicone
aquarium glue (9300697100382, Glass Silicone Sealant, Selleys). Preliminary tests culturing
C2C12 cells directly on the adhesive had indicated that the cells attached to the silicon polymer
and survived on it. Further experiments were planned to confirm cell viability when using the
adhesive, however due to the alterations of the design no adhesive was required hereafter.

3.6.2. PDMS systems

PDMS systems can be sterilized by autoclaving, are reusable, and by making the whole system
of PDMS no pillar bridges are required. See figure 3.2d for the PDMS design. Additionally,
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Figure 3.2.: Overview of the 3D printed PLA systems and the PDMS systems, designed in
SolidWorks. ø indicates the pillar diameter, h indicates the pillar height, and v
indicates the hydrogel volume. (a - b) Systems mimicking the designs of Capel et
al. [133]; (c) one pillar system; (d) four pillar system; (e) pillar array system. l
indicates the length of the pillars and w indicates the width of the pillars.

the function of four pillars was questioned and two additional systems were designed: a system
containing one pillar, inspired by the study of Li et al. described in section 2.5, and a system
containing an array of pillars, inspired by the study of Bian et al. described in section 2.5 like-
wise. It was decided to proceed with a hydrogel volume of 50 µl instead of 500 µl for all systems,
to limit the amount of resources and cells needed. The system with one pillar is depicted in
figure 3.2c and was chosen because the cells in the hydrogel do not need to cross a distance to
connect pillars with one another. The system with a pillar array, as depicted in figure 3.2e, does
require the cells to cover a distance to connect the pillars. However, the distance is a 20-fold
smaller than in the design of Capel et al.. This short distance was expected to increase the
compaction of the hydrogels around the pillars. The three systems were designed with Solid-
Works and the negatives were created to function as molds for the PDMS. At first, the systems
were created by 3D printing PLA, but protrusions of the PLA got stuck in the PDMS pillars,
disrupted the smoothness of the pillars, and thereby disrupted the hydrogels. Alternatively, the
systems were made by laser etching multiple layers into acrylic acetate (resolution of 0.08 mm
laser diameter, with the Speedy 360, Trotec, available at Unleash Space (Centre for Innovation
and Entrepreneurship at the University of Auckland)) which provided the pillars with the re-
quired smoothness. Moreover, the hydrogel composition was adjusted and the major alteration
was a two-fold increase in seeding density: 8 ∗ 106 cells/ml. The hydrogel composition was
adjusted to be as follows: 65% collagen (dissolved in growth medium to a protein concentration
of 2.035 mg/ml), 10% growth medium, 1 M NaOH added dropwise until a colour change to
pink was observed to neutralize the pH, 20% Matrigel, and cells seeded at a seeding density of
8 ∗ 106 cells/ml in 5% growth medium.

PDMS was made by thoroughly mixing silicon elastomer and corresponding curing agent in
a ratio of 1:10 (SylgardTM 184 Silicone Elastomer Kit, 04019862, Dow). The PDMS was poured
in the moulds, and bubbles were removed by introducing the moulds to a vacuum environment.
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Figure 3.3.: Overview of the final 3D system designs. ø indicates the pillar diameter, h indicates
the pillar height. Hydrogel volume in all systems is 50 µl. (a-c) Four pillars, l
indicates the length distance between two pillars and w indicates the width distance;
(d) 16 pillars, l and w indicate the distance between two pillars (non-diagonal).

The PDMS was cured in an oven at 80 ◦C overnight. The systems were carefully removed
from the moulds and sterilized by autoclaving. The hydrophobicity of the PDMS withheld the
hydrogel of integrating in and around the small areas between the pillars of the pillar array
of the design in figure 3.2e. This could have been solved by treating the PDMS surface with
a solution containing a surfactant, such as Pluronic F-127 [163]. However, this product was
not available in-house and the results obtained with the designs of figure 3.2c and 3.2d were
promising enough to not proceed with this pillar array system.

The system containing one pillar was used as a stepping stone towards the final design. Com-
paction needed to be achieved and it was expected that compaction could be easiest achieved
with one pillar. When the first compaction was seen around one pillar, compaction was also
seen in the four pillar system. Monitoring the compaction of the hydrogel over time is easier to
monitor in a system with multiple pillars than one pillar. Therefore, it was decided to proceed
with the four pillar system. The system with four pillars was optimised: an extra deepening
was added where the growth medium could be added in. Moreover, the distance of the pillars
was shortened, to decrease the tension on the constructs, and the pillars were made taller, to
avoid the constructs floating off of the pillars. When cells compacted around all four pillars,
rupturing of the constructs around at least one pillar was common. This decreased the total
tension on the constructs which could affect the differentiation of the cells. Therefore, a system
was designed to intercept the rupturing of the constructs with extra ‘back up’ pillars. A system

29



of 16 pillars was designed with enough space in between to avoid impact of hydrophobicity of the
PDMS. See figure 3.3 for the altered designs. As the pillar size became significantly smaller, a
more accurate production method was required. The production of the systems was outsourced
to University of Auckland’s Technical Services Workshop, where the system was produced by
milling in teflon (PTFE) with a CNC machine. Different compositions of hydrogels were ex-
perimented with, varying the cell seeding density, amount of hydrogel, amount of collagen, and
amount of Matrigel. The hydrogel that worked best in the systems contained cells at a seed-
ing density of 32 ∗ 106 cells/ml, which is eight times the seeding density used by Capel et al.
The final hydrogel composition was: 65% collagen (dissolved in growth medium to a protein
concentration of 2.035 mg/ml), 10% growth medium, 1 M NaOH added dropwise until a colour
change to pink was observed to neutralize the pH, 20% Matrigel, and cells seeded at a seeding
density of 32 ∗ 106 cells/ml in 5% growth medium.

3.7. Medium composition

One of the primary challenges of cultured meat is the price. One component that is driving up
the costs is the culture medium. A standard solution of commonly used culture medium for
basic proliferation cell culture consists of DMEM supplemented with FBS and the antibiotic
mixture PenStrep. FBS is a standard component of culture medium as it maintains the cells
and stimulates proliferation [164, 165]. It is a complex mixture of a wide variety of components
like growth factors, proteins, vitamins, fatt acids, and hormones [164, 165, 166, 167]. How-
ever, it is indisputable that FBS should be eliminated from the culture medium of cultured
meat, as it is animal derived and a by-product of the meat industry [165, 166, 167]. Addition-
ally, the FBS composition has not been fully characterized and therefore shows batch-to-batch
variations, resulting in inconsistent results [164, 165]. Many cultured meat companies have
claimed to have developed culture medium without FBS, but their medium compositions are
not published. The research that is presented in this thesis was performed with culture me-
dia supplemented with FBS, as finding a replacement for FBS was not the scope of this research.

Another point of discussion is the use of antibiotics and fungostatics in culture medium. Stan-
dard cell culture protocols include them to prevent contamination [168]. It would be ideal to
completely eliminate antibiotics from the solution. The first reason being the health benefits of
antibiotics-free food, as described in section 1.3. Another reason is the effect of antibiotics on
cell behaviour. Ryu et al. investigated the effect of antibiotics on the 2D culture of HepG2 cells
(human liver cancer cells) [168]. The culture medium was supplemented with 1% PenStrep and
10% FBS. Their findings show that PenStrep responsive genes are involved in pathways related
to drug and insulin response, fatty acid activation, apoptosis, cell growth, and unfolded protein
response. This suggests that PenStrep can significantly affect cell behaviour of HepG2 cells, and
might have similar effects on other cell types. Additionally, Skubis et al. investigated the effect
of various antibiotic mixtures on human adipose-derived stem cells [169]. They found that an-
tibiotics alter the proliferation rate of the cells and that they can promote natural osteogenesis
and adipogenesis. They also concluded that the influence of antibiotics depends on the duration
of exposure and on the combination of the antibiotics compounds. This suggests that antibiotics
could actually enhance certain cell behaviour in a positive manner, if used properly. However,
setting up a suitable protocol for a single cell type would be very time consuming. Apart from
these publications that suggest certain effects of antibiotics, little is known about the specific
consequences of antibiotic supplementation in the culture process. This uncertainty, combined
with the health benefits, make a compelling argument for eliminating antibiotics during the
production process of cultured meat. Although cultured meat is aimed to be produced with a
lower amount of hormones and antibiotics, or even no hormones and antibiotics at all, this is
not implemented during the research presented in this thesis as it might cause complications

30



that distract from the scope of the research.

Dulbecco’s modified Eagle’s medium (DMEM) is a commonly used basal medium, consist-
ing of amino acids, vitamins, salts, and other components [170, 171]. The DMEM used in
this research contains 4.5 g/L D-Glucose, as studies showed that cells grow properly in this
level of glucose [170]. Furthermore, the DMEM is supplemented with GlutaMaxTM, which is
an alternative formulation of L-glutamine, designed to be stable in solution. This supplement
leads to an efficient energy metabolism and high proliferation rate, without excess ammonia.
Although DMEM is not the most expensive component of cell culture, it would be profitable to
reduce its costs. One bottle of 500 ml DMEM GlutaMaxTM, 4.5 g/L D-Glucose, costs around
e20, and a bottle of 500 ml DMEM without supplements costs around e19 [172, 173]. As one
T175 culture flask needs 35 ml of fresh culture medium every three days, the costs of a medium
refreshment of only the DMEM part already costs e1.25 for one flask, which yields around
4 million proliferated cells. To reduce the costs of the medium, alternatives for DMEM were
studied. An unconventional approach is investigated by the Shojinmeat Project: they propose
to replace DMEM, partly, by energy drink. The Shojinmeat Project is an open source research
collaboration, which is set up to enable individuals to contribute to cultured meat research. It
focuses on DIY cellular agriculture and education. The Shojinmeat Project does not have offi-
cial publications to refer to, but their experiments and protocols can be found on their website
[174]. Their theory is that energy drinks are similar to DMEM, as both are composed of sugars,
amino acids, vitamins, and minerals. The osmolarity and pH of the drink can be very different
from DMEM, however this can be adjusted by adding baking powder to increase the osmolarity,
and NaOH to increase the pH. Shojinmeat Project has presented comparable proliferation rates
of mouse L6 cells cultured in a mixture of 60% DMEM and 40% energy drink, and a control
group of 100% DMEM. An experiment to investigate the effect on the isolated ovine cells was
set up. Table 3.1 provides an overview of the selected energy drinks.

Osmolarity and pH of the selected energy drinks were measured (with the VAPROr Vapor
Pressure Osmometer, EliTechGroup, and the SevenCompact pH meter S220, Mettler Toledo).
Three drinks were selected for cell culture experiments: V-energy Original Guarana (V-energy)
for investigation of the effect of guarana, Persist LIVE+ (LIVE+) for investigation of the effect
of ginseng, and Gatorade Fierce Berry (Gatorade) because it is closest to DMEM in osmolarity.
The three selected drinks were adjusted in osmolarity by adding baking powder (and MilliQ
in case of an overshoot of baking powder), and adjusted in pH by adding NaOH (and MilliQ
in case of an overshoot of NaOH). The final adjusted values can be found in table 4.4. After
alteration of the energy drinks they were sterilised with a 0.2 µl filter. Both enzymatic isolated
ovine cells ST B1 passage 5 and C2C12s passage 6 were used for this experiment. The cells
were seeded in 96-wells plates at a seeding density of 1560 cells/cm2, according to MTT assay
recommendations of 500 cells per well. Per well, 100 µl of growth medium without energy drink
(DMEM supplemented with 10% FBS and 1% A-A) was added. The cells were incubated in
this medium overnight at 37 ◦C and 5% CO2 to allow the cells to attach to the surface. After
approximately 24 hours, the cells were washed with PBS and the mixtures of energy drink and
DMEM were supplemented with 10% FBS and 1% A-A, and added to the cells. Cells were
incubated at 37 ◦C and 5% CO2 and cell viability was analysed by MTT assays on day 4 and
day 10, as described in section 3.8.5. The medium was not refreshed.
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Table 3.1.: The selected energy drinks for partial replacement of DMEM, the contents, and the
reasons for selection.

Energy drink Contents Reason for selection

V-energy
Original
Guarana

Carbonated water, sugar, acidity
regulators (citric acid, sodium citrate),
taurine, guarana extract (0.12%), colour
(caramel), glucuronolactone, caffeine,
inositol, vitamins [niacin (B3),
panthothenic acid, B6, riboflavin (B2),
B12], flavours

It contains 0.12% guarana seed
extract and caffeine. One gram of
guarana is equivalent to 40 mg
caffeine and guarana is released at
a slower rate compared to pure
caffeine [175]. Caffeine is
suggested to have several effects
on cell behaviour [176, 177].

Persist
LIVE+

Carbonated water, sucrose, acidity
regulators (citric acid, sodium citrate),
flavour, potassium sorbate, caffeine,
colour (caramel 4), guarana seed extract
(0.005%), ascorbic acid, panax ginseng
extract (0.003%), vitamins [thiamin (B1),
niacin (B3)]

It contains 0.003% ginseng
extract, 0.005% guarana seed
extract, and caffeine. A primary
active ingredient of Panax ginseng
is ginsenoside Rg1. It is suggested
that ginsenoside Rg1 can
participate in the regulation of
protein synthesis and degradation
due to its structural similarity to
human steroid hormones [178, 179].

Mountain
Dew

Carbonated water, high fructose corn
syrup, concentrated orange juice, citric
acid, natural flavour, sodium benzoate,
caffeine, sodium citrate, gum arabic,
erythorbic acid, calcium disodium
EDTA, yellow 5

It contains caffeine, without
guarana seed or ginseng extracts.

Gatorade
Fierce
Berry

Water, sugar, dextrose, citric acid, salt,
sodium citrate, natural flavour,
monopotassium phosphate, gum arabic,
red 40, glycerol ester of rosin

Gatorade is reported in literature
to have an osmolarity of 348-362
mmol/kg [180], which is close
to the osmolarity of DMEM at
310-350 mmol/kg [181, 182, 183].
Moreover, it does not contain
caffeine in contrast to previously
mentioned energy drinks.

Powerade
ION4 Berry
Ice

Water, sucrose, minerals (potassium
citrate, magnesium sulphate, calcium
chloride, sodium citrate, sodium
chloride, potassium phosphate), food
acid (330), flavour, colour (129),
sweetener (955)

The ingredients are similar to
Gatorade, but it is lower in cost.

Monster
Energy
Original

Carbonated water, sugar, glucose,
citric acid, natural flavours, taurine,
sodium citrate, color added, panax
ginseng extract, L-carnitine L-tartrate,
caffeine, sorbic acid, benzoic acid,
niacinamide (B3), sucralose, salt,
D-glucuronolactone, inositol, guarana
extract, pyridoxine hydrochloride
(B6), riboflavin (B2), maltodextrin,
cyanocobalamin (B12)

It is an energy drink with a large
market share [175], suggesting
that many people experience an
increase in energy after drinking
this beverage. This raises the
question how cells would perform
on this drink.
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3.8. Cell analysis

This section describes the read-out methods used to analyse the cells.

3.8.1. Brightfield microscopy

To observe the cells in the cell culture lab, a brightfield miscroscope was available (Leica DM
IL). This microscope was not equipped with a camera function. Microscopes with camera
function were available in other labs in the building. The explant isolation tissues and the
engineered tissue constructs were sensitive to movement and this could potentially disrupt the
experiments. Therefore, these were not transported to other labs to obtain pictures, and pictures
of the constructs were taken by phone (13mp, aperture: f/2.0, shutter speed: 1/172, ISO100)
the the Leica microscope lense.

3.8.2. Immunofluorescence in 2D without serum

The cells were washed with PBS three times, for 5 minutes each time. Subsequently, the cells
were fixated with 4% paraformaldehyde (PFA) for 30 minutes at room temperature. The cells
were washed with PBS twice, for 5 minutes each time. The cells were incubated in permeabil-
isation solution (0.1% Triton X-100 in PBS) for 15 minutes, followed by three washing steps
with PBS, for 5 minutes each. Blocking solution (2% BSA and 0.1% Triton X-100 in PBS)
was added and aspirated after 30 minutes, followed by addition of primary antibody solution
(MF20 (AB2147781, Developmental Studies Hybridoma Bank) at 2 µg/ml in blocking solution)
for overnight incubation at 4 ◦C. The cells were washed with PBS three times, for 5 minutes
each. Subsequently, secondary antibody solution (Alexa Fluor 488 (A-11030, Thermo Fisher
Scientific) in blocking solution, 1:500) was added for 30 minutes. Cells were washed with PBS
twice, for 5 minutes, after which DAPI (62247, Thermo Fisher Scientific) was added for 2 min-
utes. Cells were washed with PBS twice, for 5 minutes, and were visualised with fluorescent
microscopy (inverted fluorescence microscope, Nikon Eclipse Ti). The plates were wrapped in
parafilm and protected from light, while stored at 4 ◦C.

3.8.3. Immunofluorescence in 2D using serum

The cells were rinsed with PBS three times, for 5 minutes each, followed by fixation in 4% PFA
for 40 minutes. Subsequently, the cells were washed with PBS twice, for 5 minutes each, and
permeabilized in permeabilization solution (0.1% Triton X-100 in PBS) for 15 minutes. After
removal of permeabilisation solution, blocking solution (50% BSA stock solution (2 wt% BSA
in PBS), 40% PBS, and 10% goat serum) was added for 30 minutes. Primary antibody solution
was prepared at a concentration of 5 µg/ml in blocking solution. The blocking solution was
removed, primary antibody solution was added, and the cells were incubated overnight at 4 ◦C.
The cells were washed with PBS three times, for 5 minutes each. Secondary antibody Alexa
Fluor 488 (A-11030, Thermo Fisher Scientific) was diluted 1:500 in PBS and was added to the
cells for 2 hours at room temperature. The cells were washed with PBS twice, DAPI was added
for 2 minutes, the cells were washed with PBS twice more, and the cells were visualised with
a fluorescent microscope. The plates were wrapped in parafilm and protected from light, while
stored at 4 ◦C.

3.8.4. Immunofluorescence in 3D constructs

3D constructs were stained with primary antibody MF20 to target myosin and visualise my-
otubes. The 3D constructs were rinsed with PBS three times, for 5 minutes each time. Sub-
sequently, the cells were fixated with 4% paraformaldehyde (PFA) for 50 minutes at room
temperature. The cells were washed with PBS twice, for 5 minutes each time. The cells were
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incubated in permeabilisation solution (0.1% Triton X-100 in PBS) for 15 minutes, followed by
three washing steps with PBS, for 5 minutes each. Blocking solution (50% BSA stock solution
(2 wt% BSA in PBS), 40% PBS, and 10% goat serum) was added for 40 minutes, followed by
addition of primary antibody solution (MF20 (AB2147781, Developmental Studies Hybridoma
Bank) at 3 µg/ml in blocking solution) for overnight incubation at 4 ◦C. The cells were washed
with PBS three times, for 5 minutes each. Subsequently, secondary antibody solution (Alexa
Fluor 488 (A-11030, Thermo Fisher Scientific) in PBS, 1:500) was added for 2 hours. Cells
were rinsed with PBS after which DAPI (62247, Thermo Fisher Scientific) was added for 2
minutes. Cells were washed with PBS twice, for 5 minutes, and were visualised with fluorescent
microscopy and confocal microscopy (live cell confocal microscope, Andor Revolution, Nikon
Ti-E). The dishes were wrapped in parafilm and protected from light, while stored at 4 ◦C.

3.8.5. MTT assay

The colorimetric assay MTT is widely used to indicate cell viability, proliferation, and cyto-
toxicity [184]. It measures cellular metabolic activity, as the technique involves reduction of a
water-soluble yellow tetrazolium salt thiazolyl blue (MTT) dye to insoluble purple formazan
crystals, by metabolically active cells [185]. Subsequently, the formazan is solubilized and the
concentration of formazan is measured by absorbance at 590 nm. Although it is suggested that
that the amount of formazan is linearly correlated to the number of living cells, this has not
been conclusively proven. Therefore, the results of MTT analyses will serve as an indication. In
this research, the MTT assay is applied to measurements of proliferation rate and cell viability.

MTT assays were performed by seeding the cells at a seeding density of 15,000 cells/cm2 in
96-wells plates. Cells were incubated for 3 days at 37 ◦C and 5% CO2. Culture medium was
aspirated, cells were washed with PBS, and a combination of 50 µl of serum free medium and
10 µl of MTT labeling reagent was added to each well. The plates were incubated for 3 hours
at 37 ◦C, followed by aspiration of medium-reagent mixture. 150 µl of MTT solvent was added
to each well. The plates were wrapped with aluminium foil, to protect it from light, and shaked
until MTT crystals were dissolved. The absorbance was read by a plate reader (SpectraMax
iD3, Molecular Devices, Bio-Strategy) at OD = 590 nm.
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Results 4
The aim of the research presented in this thesis is to determine if ovine is a suitable cell source
for cultured meat applications. This chapter presents the results of the experiments performed.
An overview of the experiments is displayed in figure 4.1. The first step was to isolate cells
from muscle biopsies of ovines, aiming for satellite cells. Two biopsies were obtained and cells
were isolated by enzymatic and explant isolation. Enzymatic isolation was performed with
collagenase type 1 during the first biopsy, and collagenase type 2 during the second biopsy.
Six cell samples were obtained. As second step the cell types in the samples were identified.
Through FACS three cell types were distinguished. The six cell samples presented significant
variations in ratios of cell types. The proliferation rate was determined by population doublings,
the differentiation capability was initiated by serum starvation, and the cells metabolic activity
was measured by MTT assays for multiple passages. A 3D system was designed for formation
of myofibres. Additional experiments were performed to determine coating preferences and to
test cell metabolism with a cost effective DMEM alternative.

Figure 4.1.: Overview of the experimental approach.

4.1. Cell isolation

Cells were isolated from two post mortem biopsies by both explant isolation and enzymatic iso-
lation. Explant isolation during biopsy 1 and 2 was performed following the identical protocol.
The risk of contamination is high in environmental samples, and explant isolation of biopsy 1
was terminated due to contamination. Explant isolation of biopsy 2 was successful. The goal
of explant isolation is to obtain activated cells that are migrating out of the tissue. See figure
4.2 for pictures of the explant and the cells migrating out. Explant isolation was performed
on tissue culture dishes without coating, with collagen coating, and with Matrigel coating. No
visual difference was observed in morphology or amount of cells by brightfield miscroscopy. It
was decided to combine the cells from the identical muscle isolated on different coatings to
minimise the number of samples. The cells obtained by explant isolation of the ST and SM
during biopsy 2 will hereafter be referred to as ‘B2 ST explant’ and ‘B2 SM explant’, respectively.

Enzymatic isolation was performed with collagenase type 1 during biopsy 1, and collagenase
type 2 during biopsy 2. Both collagenase type 1 and collagenase type 2 resulted in successful
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Figure 4.2.: Picture of a B2 SM explant cultured in a Matrigel coated Petri dish, scalebar 5 mm
(left). Microscopic image of cells migrating out of the explant, indicated by black
arrows, scalebar 500 µm (right).

cell isolation. Cell counts after enzymatic isolation from the ST and SM during the first biopsy
were 9.9 ∗ 106 and 8.7 ∗ 106 cells, respectively. Cell counts after enzymatic isolation during the
second biopsy were 14.5 ∗ 106 and 7.9 ∗ 106 cells for the ST and SM, respectively. Cells attached
to the plates after approximately five days on average. The observed amount of attaching cells
was lower than expected when compared to the cell count after isolation. Cells attachment did
not occur simultaneously and it was therefore not possible to determine the amount of viable
and attaching cells before cells initiated proliferation. It is noteworthy that cluster growth
were observed during proliferation. See figure 4.3 for pictures of cell clusters that formed after
enzymatic isolated cells of passage 0 were seeded. The cluster growth suggests that all cells in a
cluster are derived from one cell, which suggest that a small amount of isolated cells attached.
If isolation results in a higher cell yield, more cells will attach and more cells can contribute to
expansion of the cell sample, enabling the sample to retain its stemness for longer. Although
the amount of cells from these isolations was sufficient to set up a cell bank, it would therefore
have been preferred to obtain a higher cell yield. Four cell samples were obtained: enzymatic
isolated cells of the ST and SM by collagenase type 1, and by collagenase type 2. Samples will
hereafter be referred to as ‘B1 ST enzyme’, ‘B1 SM enzyme’, ‘B2 ST enzyme’, and ‘B2 SM
enzyme’, respectively.

Figure 4.3.: Ovine B1 ST enzymatic isolated cells growing in clusters during proliferation at
passage 1. Scalebar: 250 µm.
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4.2. Cell identification

As described in section 2.6.2, it is essential to identify the cell types present in heterogeneous
samples when investigating the properties of the isolated samples. Cell types that are expected
in the samples are SCs and fibroblasts, and cell types that might be present are endothelial
cells and immune cells. Identification of the cell types based on morphology is not accurate,
as satellite cells and fibroblasts look eminently similar. Figure 4.4 depicts brightfield images of
3T3 cells (which are mouse fibroblasts), enzymatic isolated ovine B1 ST cells, and Mosa Meats
purified bovine SCs for comparison. The cells in figure 4.4a and 4.4c are hard to distinguish
from one another, and when presented with a mixed population as in figure 4.4b it is extra
complicated. Therefore, other identification methods were explored.

(a) 3T3 (b) Ovine B1 ST enzyme (c) Bovine satellite

Figure 4.4.: Brightfield pictures for comparison of morphology. Scalebar: 100 µm.

4.2.1. Cell analysis without antibodies

Cell analysis without antibodies was performed, to investigate if the cell types in the isolated
samples could be distinguished based on size and granularity. This would have been possible
if two clearly separated colonies would have been visible in the analysis plots. However, as
depicted in figure 4.5, the cells are highly similar in cell size and granularity, and there is no
clear separation between cell types visible. The 3T3 cells of figure 4.5a and the bovine satellite
cells of figure 4.5c slightly differ, however not sufficient enough to identify cells in the plot of
figure 4.5b. It was therefore decided to include antibodies in the analysis.

(a) 3T3 (b) Ovine B1 ST enzyme (c) Bovine satellite

Figure 4.5.: Results of cell analysis without antibodies.
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4.2.2. FACS

As mentioned in section 2.6.2, it is expected that CD29 targets SCs and fibroblasts, CD56
and ITGA7 target SCs, CD31 targets endothelial cells, and CD45 targets immune cells. When
designing a FACS panel, the antibodies need to be titrated to optimise the working concentra-
tion. The results of the titrations can be found in Appendix A. All ovine isolated samples were
analysed with FACS, however only the enzymatic isolated B1 ST sample at passage 4 (P4) is
presented in this chapter. Remaining FACS results can be found in Appendix B. Figure 4.6
presents the FACS results of the enzymatic isolated ST sample of biopsy 1. The graphs will
be explained in this section. Graph 4.6a depicts a plot of the cell size to granularity. The
area of interest is selected, to eliminate debris from the analysis, and analysed in graph 4.6b to
select the single cells and remove double cells of the analysis. In graph 4.6c the living cells are
selected and the cells positive for DAPI are removed. Graph 4.6e displays the living cells and
their expression of CD31 and CD45. The whole population is negative for both CD31 as well
as CD45. This indicates that endothelial cells and immune cells are not present in the sam-
ple. Graph 4.6d displays the living cells and their expression of ITGA7. It presents a negative
ITGA7 population of 24% (green) and a positive ITGA7 population of 76% (red and blue). In
graph 4.6g the ITGA7+ population is plotted presenting the CD56 to CD29 expression. The
ITGA7+ population is clearly separated into a population that is negative for both CD56 and
CD29 (red), and a population that is positive for both CD56 and CD29 (blue). The ITGA7-
population (green) is positive for CD29 and is both positive and negative for CD56. Based
on the theory that ITGA7 targets satellite cells, it is indicated that the ITGA7- population of
graph 4.6d is not satellite cells. As the whole ITGA7- population is positive for CD29 in graph
4.6f, these cells are identified as fibroblasts.

Table 4.1.: FACS results expressed as expression percentages of all samples. P indicates the
passage number. Three passages of the identical sample are in bold.

Cell type
ITGA7- CD29+
CD56-/+

ITGA7+ CD29+
CD56high

ITGA7+ CD29-
CD56-

IGTA7+

Biopsy 1
fibroblasts
(green)

satellite cells
(blue)

maturing myogenic
cells (red)

total
myogenic

B1 SM P4 enzyme 84.3 15.1 0.0 15.4

B1 ST P3 enzyme 48.4 11.3 39.1 51.4

B1 ST P4 enzyme 24.0 8.4 66.0 75.9

B1 ST P5 enzyme 11.2 2.1 85.2 88.8

Biopsy 2

B2 SM P4 enzyme 92.6 6.6 0.0 6.9

B2 SM P4 explant 92.5 7.0 0.0 7.2

B2 ST P4 enzyme 99.3 0.7 0.0 0.7

B2 ST P4 explant 99.6 0.4 0.0 0.4

According to literature, ITGA7 can be expressed during both proliferation and differentiation
of satellite cells [155]. Therefore, the ITGA7+ population might be satellite cells in quiescent
state, active state, or a later stage. The ITGA7+ population clearly separates in two colonies
in graph 4.6g, which could indicate a separation of myogenic cells at different points of matura-
tion. Similar to ITGA7, CD56 should express in SCs, but the specific time point of expression
is questioned [155]. It is suggested that the ITGA7+/CD29+/CD56high population is satel-
lite cells and that the ITGA7+/CD29-/CD56- population is myogenic cells in a later stage of
maturation. Additional experiments are required to identify the cell types with more certainty.
Interestingly, the population expected to be fibroblasts also partly expresses CD56, which is
unexpected.
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Figure 4.6.: FACS plots of enzymatic isolated ovine B1 ST P4 cells. Graphs are explained in
the text.

The antibodies were not tested on pure satellite cell populations or pure fibroblast populations,
due to a lack of time. Results of these experiments would have been useful as controls. To
improve identification of the cells, the populations could be separated and assessed by Pax7
immunofluorescence and a differentiation assay. Pax7 indicates if the cells are myogenic. Pax7
is expressed during a certain time frame, so optimisation of the staining timing is advised. The
aim of the differentiation assay is to starve the cells of serum and assess if the cells initiate dif-
ferentiation by cell alignment and fusion into myotubes. Immunofluorescence with myosin will
provide a clear indication of which populations are myogenic and which are not. Nevertheless,
both assessments will not distinguish expression in quiescent satellite cells and expression in
satellite cells at a certain stage of maturation.
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Summarising the results: it is suggested that the ITGA7-/CD29+/CD56-+ population is fi-
broblasts, the ITGA7+/CD29+/CD56high population is satellite cells, and the ITGA7+/CD29-
/CD56- population is myogenic cells in a later stage of maturation than satellite cells. Building
on these assumptions, the FACS results of the other samples are analysed similarly and an
overview of the expression percentages is presented in table 4.1. Enzymatic isolated B1 ST cells
of passage 3 to 5 are in bold, because something interesting is observed. It can be seen that
the fibroblast and SC populations are decreasing, while the maturing myogenic cell population
is increasing. This is interesting, as the cell type ratio was not expected to change. The change
might be caused by culturing the cells above 70% confluency and thereby activating the SCs to
start the maturation process. The reason of decrease in fibroblast population might be caused
by overgrowing of the satellite cells or in general not doing well on the ECM excreted by the
myogenic cells, but this is only speculation. The decrease in fibroblasts contradicts literature,
as fibroblasts are regularly seen to grow faster than myogenic cells, resulting in potential over-
growth by fibroblasts [186]. It is moreover observed that none of the SM samples or samples of
biopsy 2 contain maturing myogenic cells and that both B2 ST samples contain mostly fibrob-
lasts. The B2 SM samples contain a small amount of SCs, but the general SC yield of biopsy 2
is significantly lower than observed in biopsy 1. The enzymatic isolated samples were tested on
differentiation capability by serum starvation and, although the samples of biopsy 2 are low in
myogenic marker expression, all enzymatic isolated samples were capable of differentiation. See
figure 4.7. The difference in amount of satellite cells could be due to the enzyme type, however
it could be also be due to differences in the biopsies. Collagenase type 1 was used for biopsy
1, collagenase type 2 was used for biopsy 2. The biopsies were taken from different ovines, and
therefore individual physiology can have caused variety in tissue samples. There is not enough
data to conclude the influence of the collagenase type on the isolated cell populations.

(a) B1 ST enzymatic isolated cells, passage 4. (b) B1 SM enzymatic isolated cells, passage 4.

(c) B2 ST enzymatic isolated cells, passage 4. (d) B2 SM enzymatic isolated cells, passage 4.

Figure 4.7.: Differentiation of the enzymatic isolated cell samples. Scalebar: 200 µm.

40



To increase the chances of enriching the satellite cell population, the isolated samples could be
pre-plated on collagen coated dishes [129]. Fibroblasts are known to adhere faster than myogenic
cells. Therefore, seeding the hetereogenous cell samples on a collagen coated dish for 24 hours,
followed by transferring the supernatant containing myogenic cells to a fresh dish has shown
to reduce the percentage of fast adhering fibroblasts in the population [160]. Additionally, the
growth of satellite cells could be enhanced by growth factors like IGF and FGF, which might
support the satellite cells to overgrow the fibroblasts [187].

4.3. Biomarker profile

Expression of the proteins Pax3, Pax7, MyoD, myogenin, and myosin was analysed in the
enzymatic isolated B1 ST ovine cells at passage 5 and the purified ovine SCs at passage 4. The
time line of expression of these proteins can be found in figure 2.2. Pax3, Pax7, and MyoD are
expected to express from early proliferation to early differentiation. Myogenin is expected to
express from late proliferation to late differentiation, and myosin is expected to express during
late differentiation. The protein expression of the enzymatic isolated B1 ST cells at passage
5 is presented in table 4.2 and figure 4.8, and the protein expression of purified ovine SCs for
control is presented in table 4.3 and figure 4.9. Pax3 is not expressed during proliferation or
differentiation of both the isolated sample and the purified SCs. As mentioned in section 2.4.3,
not al SCs express Pax3, so this is not unexpected. Contrarily, Pax7 is clearly expressed during
all stages. The highest expression of Pax7 is seen during late proliferation, and a significant
decrease is seen during early differentiation. Expression during late differentiation is higher
than early differentiation, which is unexpected, but the error at this stage is relatively large.
However, a similar expression pattern is presented by the purified SCs. Moreover, Pax7 is
expressed in 81.9% of the isolated cells during late proliferation, which approaches the 88.8% of
ITGA7+ cells presented by the FACS results of B1 ST P5 enzyme in table 4.1. This suggests
that the ITGA7+ cells are myogenic. It is noteworthy that the purified SCs have an expression
of Pax7 during late proliferation of more than 100%, which is not possible. This indicates that
the results of this experiment can not be treated as conclusive.

Table 4.2.: Percentages of protein expressing cells of the total amount of cells, for enzymatic
isolated ovine B1 ST cells at passage 5. Percentages higher than 0.00 are in bold.

Ovine B1 ST P5 Pax3 Pax7 MyoD myogenin myosin

Early P 0.0 21.3 4.0 0.0 0.0

Late P 0.2 81.9 0.0 5.4 0.0

Early D 0.0 3.7 0.0 1.6 1.1

Late D 0.0 12.7 0.0 10.0 10.3

Table 4.3.: Percentages of protein expressing cells of the total amount of cells, for purified ovine
satellite cells at passage 4. Percentages higher than 0.00 are in bold.

Ovine SCs P4 Pax3 Pax7 MyoD myogenin myosin

Early P 0.0 65.4 0.6 0.0 0.0

Late P 0.0 109.7 0.0 3.5 0.0

Early D 0.0 20.1 0.0 9.9 2.7

Late D 0.0 46.1 0.0 12.0 8.3
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Figure 4.8.: Expression of proteins in enzymatic isolated ovine B1 ST cells at passage 5, during
early proliferation (Early P), late proliferation (Late P), early differentiation (Early
D), and late differentiation (Late D).

Figure 4.9.: Expression of proteins in purified ovine satellite cells at passage 4, during early
proliferation (Early P), late proliferation (Late P), early differentiation (Early D),
and late differentiation (Late D).
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Figure 4.10.: Immunofluorescent images of marker expressions in the enzymatic isolated ovine
B1 ST cells at passage 5. Scalebar: 200 µm. (a) Pax7 expression (green) and
DAPI (blue) during late proliferation; (b) myogenin expression (green) and DAPI
(blue) during late differentiation; (c) myosin expression (green) and DAPI (blue)
during late differentiaton.

A small amount of MyoD is expressed only during early proliferation in the isolated sample,
which is similar to the expression of the purified SCs. As described in section 2.4.3, early ex-
pression of MyoD indicates activated SCs. Furthermore, upregulation of MyoD is generated
by Pax7, followed by coexpression of Pax7 and MyoD, which could explain the expression of
MyoD during early proliferation. However, the low percentage of MyoD expressing cells during
early proliferation (4%) and the corresponding error make this result insignificant. Unexpect-
edly, MyoD is not expressed at a later time point of analysis. The lack of expression could
be caused bynon-optimal time points of analysis, with MyoD being expressed in between time
points. However, even if this would be the case it would be expected to see a small amount of
expression in the measurements of late proliferation and early differentiation.

Myogenin is expressed from late proliferation to late differentiation, as expected. The sud-
den decrease in expression during early differentiation is unexpected, and this phenomenon is
not seen in the expression of purified SCs. Myosin is slightly expressed during early differentia-
tion and late differentiation. Similarity is seen between the expression percentage of myogenin
and myosin during late proliferation. It is expected that the difference between myogenin and
myosin would be larger if the analysis of late differentiation was performed after longer differen-
tiaiton of the cells. 3T3 cells were used in this experiment as a negative control and expression
of the markers was 0% at all time points. This confirms that the used markers do not express
in fibroblasts and that all cells expressing the markers are myogenic.
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4.4. Proliferation

During proliferation, cells were cultured in growth medium (DMEM 4.5 g/L D-Glucose, GlutaMax
TM

supplement, supplemented with 10% FBS and 1% A-A) and analysed by brightfield microscopy
on a daily basis. See figure 4.11 for two brightfield microscopy images that were taken two days
apart, at the same location, of ovine B1 ST enzymatic isolated cells of passage 1. The cells were
capable of proliferation and grew into a confluent culture.

(a) Picture taken on day 4 of proliferation. (b) Picture taken on day 6 of proliferation.

Figure 4.11.: Ovine B1 ST enzymatic isolated cells passage 1, pictured 2 days apart at the same
location. Scalebar: 250 µm.

Visual analysis gives an indication of the performance of the cells, however these results are not
quantifiable. To obtain quantifiable data, the population doubling rate of all isolated samples
was determined. All six isolated samples were included in this experiment. Purified bovine
SCs were used as control. These cells are currently used for research and development of cul-
tured meat at cultured meat company Mosa Meat, and can therefore indicate the expected cell
performance of cells for cultured meat applications. C2C12 cells were also used as control, as
these are elaborately studied for cell culture and tissue engineering applications. The popula-
tion doubling rates are presented in figure 4.12, where the cumulative population doublings are
set out to the proliferation time in days. The population doublings were logged from passage
2 to passage 7, including exact times of seeding and harvesting. The process was performed
in duplicate, but the duplicate had to be terminated early due to contamination. Data points
including error bars are averages of the duplicates. Bovine was terminated prior to the other
samples, as it showed contamination likewise. The results present that sample ‘B1 ST enzyme’
demonstrates the most cumulative population doublings of all isolated ovine samples after 18
days of proliferation, approaching the number of doublings of the C2C12 cells. Surprisingly,
the bovine SCs demonstrate a relatively low amount of cumulative doublings. It can be argued
that the bovine SCs were affected by the contamination vested in the sample before termi-
nation, however this seemingly low proliferation rate could be a property of the cells as well.
The bovine cells are purified SCs, while the isolated ovine cells are heterogenous samples of
myogenic cells and presumably fibroblasts. The heterogeneity might influence the population
doubling rate, as co-culture of myoblasts and fibroblasts can increase myoblast proliferation,
according to literature [188, 189]. Long term passaging and replicates are advised for more
complete representation of the cumulative population doublings.

As mentioned in the previous alinea, heterogeneity might influence the population doublings
rate. According to literature, fibroblasts can increase myoblast proliferation. However, the
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population doubling rates presented here suggest that an excess of fibroblasts will inhibit pro-
liferation. When relating the cumulative population doublings to the identified cell types in
the samples, presented in table 4.1, it stands out that the enzymatic isolated B1 ST sample
produced the highest amount of population doublings and also contains the highest number of
myogenic cells. The enzymatic isolated B1 SM sample produced the second highest amount
of population doublings and contains the second highest number of myogenic cells. The sam-
ples isolated from biopsy 2 have produced the lowest amount of population doublings and also
demonstrate the lowest percentage of myogenic cells. This indicates that the myogenic cells
are responsible for the speed of the population doublings. More data needs to be obtained
to confirm this. Additionally, if the cells were cultured to a confluency above 70%, it might
be possible that the SCs were activated to start maturation, leading to loss of stemness and
decreasing the population doubling rate in the samples demonstrating relatively low population
doubling rates.

Figure 4.12.: Population doubling rate of the enzymatic isolated B1 ST cells, started at passage
2 for ovine cells and bovine SCs and passage 5 for C2C12 cells. Cumulative
population doublings are set out to the proliferation time in days.

4.4.1. Metabolism

During one of the population doubling experiments, depicted in figure 4.12, the metabolism rate
of all isolated samples was measured by an MTT assay at every passage. As described in section
3.8.5, the metabolism rate of a cell population is not inherently correlated with proliferation
rate of the population. However, it does provide an indication of population growth, as it is
assumed that the cells present in the isolated samples are comparable in speed of metabolism,
and an increase in speed of metabolism therefore suggests an increase in cells. At every passage,
all samples were seeded at a seeding density of 2,000 cells/cm2 and proliferated for 3 days before
the MTT assay was performed. As the cells had 3 days to proliferate before the metabolism rate
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was measured, a higher absorbance during the MTT assay is assumed to be related to a higher
proliferation rate. The MTT assay was included to support the measurements of the population
doublings experiment. Figure 4.13 presents the results of the MTT assay, where the passage
numbers are set out to the measured absorbance. The experiment was performed once, with each
plotted point being the average of 6 wells. Some points include a large margin of error. Taking
this into account, the results will not be treated as conclusive but as an indication. It stands out
that the enzymatic isolated B1 ST sample presents a higher absorbance than the other isolated
samples. This supports the population doubling results, presented in figure 4.12, where the
enzymatic isolated B1 ST sample presented a higher proliferation rate than the other samples.
C2C12 cells were included as a control group but were measured at different passages, which is
indicated by the labels in the graph. The enzymatic isolated B1 ST sample approaches C2C12
cells in metabolism rate, which supports the results of the population doublings experiment.
Bovine SCs demonstrate the lowest metabolism rate of all samples, supporting the results of the
population doubling experiment likewise. The bovine SCs were terminated one passage prior
to the other samples, due to an infection.

Figure 4.13.: Cell metabolism measured by an MTT assay. The C2C12 cells were started at a
different passage, which is indicated by the additonal labels in the graph.

4.4.2. The effect of coating

Cells were cultured on collagen and Matrigel coating, to determine the effect on the proliferation
rate. All isolated samples were cultured on non-coated tissue culture plates, collagen coated
plates, and Matrigel coated plates. Figure 4.14 presents the average of all ovine isolated samples
combined. Results of the individual samples can be found in Appendix C. Figure 4.14 demon-
strates a strong cell preference for the collagen coating, as it results in the highest cell count
after 3 days during proliferation. The Matrigel coating results in a slightly lower cell count
when compared to uncoated tissue culture plates. This experiment was performed once with
three wells per sample. Although more data should be included to be able to treat the results
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as conclusive, these results indicate that proliferation of ovine cells is supported by a collagen
coating. It should be noted that a different coating might be preferred during differentiaton.

Figure 4.14.: Proliferation of the ovine cells on tissue culture plates without coating, with col-
lagen coating, and with Matrigel coating. This graph represents the average of all
isolated ovine samples. Cells were counted on day 1, 2, and 3 of proliferation.

4.5. Differentiation

To determine if the cells were capable of differentiation, the cells were proliferated into complete
confluency and subsequently starved from serum in medium containing 2% horse serum. Cell
alignment and fusion was observed by brightfield microscopy, as presented in figure 4.15. To
confirm myogenic differentiation, enzymatic isolated B1 ST cells were stained for myosin. Figure
4.16 presents pictures of the immunofluorescent staining with myosin and DAPI. Myosin has
clearly come to expression proving that the cells are capable of differentiation. This inherently
provides an additional confirmation that myogenic cells are present in the sample. The other
enzymatic isolated samples were likewise starved from serum and cell alignment and fusion
was observed, as presented in figure 4.7, however these samples were not analysed on myosin
expression.

Figure 4.15.: Ovine B1 ST enzymatic isolated cells at passage 3. Pictures taken at different
wells, on day 8 of differentiation. Scalebar: 200 µm.
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Figure 4.16.: Ovine ST B1 enzymatic isolated cells at passage 5, differentiated and stained for
myosin (green) and DAPI (blue). Pictures taken at different wells. Scalebar: 200
µm.

4.6. Tissue constructs

A crucial aspect of cultured meat production is the capability of cells to form 3D muscle con-
structs. Therefore, the cells were introduced to a 3D environment that supports formation of
myofibres. As described in section 3.6, the cells were seeded in a hydrogel containing collagen
and Matrigel. Gradually increasing cell densities were experimented with before proper cell
compaction was seen at a cell seeding density of 16∗106 cells/ml. The cell-laden hydrogels were
seeded in the four pillar system presented in figure 3.3b. Figure 4.17 provides an overview of the
development of one of the 3D constructs over time, containing enzymatic isolated B1 ST cells
at passage 5. On day 1 and 2 a compacted 3D construct is observed. However, the construct is
visibly experiencing tension and some parts of the construct appear to be translucent, indicating
uneven distribution of the cells. Growth medium (DMEM supplemented with 10% FBS and 1%
A-A) was replaced by differentiation medium (DMEM supplemented with 2% horse serum (HS)
and 1% A-A) on day 3. On day 4, the tension caused the construct to detached from the upper
right pillar. A high level of tension can be seen in the tissue around the lower right pillar. On
day 5, the construct is detached from three of the four pillars. At this point, no more tension
is excerted on the tissue and myofibre formation is unlikely.

The translucent patches and the detaching of the tissue presented in figure 4.17 suggest that
the constructs might benefit from a higher cell density. This motivated the decision to double
the cell seeding density to 32 ∗ 106 cells/ml. Figure 4.18 provides an overview of the devel-
opment of one of the constructs containing this seeding density over time. The cells have
compacted and the construct is less translucent. On day 2 and 3 it was observed that the
construct decreased slightly in width, due to further compaction of the cells. Growth medium
was replaced by differentiation medium on day 3. Although the tension on the construct is less
clearly visible than in figure 4.17, the construct detached from three of the pillars on day 4,
resulting in a non-structured cluster of cells similar to the previous results with 16∗106 cells/ml.
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Figure 4.17.: 3D constructs made with enzymatic isolated ovine B1 ST cells at passage 5. Cell
seeding density: 16∗106 cells/ml. Scalebars: 1 mm. Camera settings are described
in section 3.8.1.

Figure 4.18.: 3D constructs made with enzymatic isolated ovine B1 ST cells at passage 5. Cell
seeding density: 32 ∗ 106 cells/ml. Scalebars: 1 mm.

As the cell density was relatively high compared to literature, it was decided not to increase
the cell density further. Instead, the system was tested with C2C12 cells to investigate if the
constructs stay intact when using this cell line, as described in literature. An overview of the
development of one of the C2C12 constructs over time is presented in figure 4.19. Slower com-
paction was observed in the C2C12 constructs, compared to the ovine constructs. Additionally,
the constructs stayed intact for a longer time. Detachment of the pillars occured after 19 days of
culture. Moreover, the constructs exercised spontaneous contraction from day 7 onwards. The
contractions occured without any external stimulation and when removed from the incubator
and kept at room temperature for over 15 minutes, frequent contractions were mintained. The
contractions started small and locally, but developed into full construct contractions on day 19.
Due to time constraints, it could not be investigated what was causing the contractions, however
they are expected to result from myosin and actin interaction. After culturing the constructs
for 23 days in total, of which 20 days in differentiation medium, the constructs were stained for
myosin following the protocol described in section 3.8.4. Myosin was expected to be expressed
throughout the whole construct, but no clear expression of the protein was observed by confocal
microscopy. As it is unlikely that myosin is not expressed by the cells, it is expected that the
antibodies for immunofluorescence were not fully permeated into the constructs. Unfortunately,
optimisation of the staining protocol was not successful during the limited amount of time.

The spontaneous contraction of the C2C12 constructs motivated the investigation of the dif-
ference between the C2C12 constructs and ovine cell constructs. Fresh ovine constructs were
made with the aim to closely monitor all constructs during the developmental process and to
investigate if a part of the developmental process could be correlated with cell differentiation.
For comparison, the goal was to assess the width of the constructs over time. Moreover, if the
constructs would stay intact for at least 4 days the cells in the constructs would be analysed on
myogenin and myosin expression. Unfortunately, all six constructs detached from the pillars on
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Figure 4.19.: 3D constructs made with C2C12 cells at passage 9. Cell seeding density: 32 ∗ 106

cells/ml. Scalebar: 1 mm.

day 3. Figure 4.20 presents an overview of three of the ovine constructs. It was observed that
the ovine constructs compacted faster than the C2C12 constructs and that the width of the
constructs was smaller. The ovine constructs display a construct width on day 1 that is only
seen in the C2C12 constructs on day 14. This indicates that the ovine constructs experience a
higher tension than the C2C12 constructs. A distinct difference between the two cell samples is
that the C2C12 sample is a purified myoblast population, while the ovine cell sample is expected
to be 89% myogenic cells and 11% fibroblasts. An interesting additional experiment would be to
create 3D constructs of purified ovine SCs for comparison. Moreover, it would be interesting to
investigate the effect of fibroblasts in the culture, by preparing constructs with different ratios
of SCs and fibroblasts.

Figure 4.20.: 3D constructs made with enzymatic isolated ovine B1 ST cells at passage 5. Cell
seeding density: 32 ∗ 106 cells/ml. Scalebar: 1 mm.

The system of figure 3.3a was initially used while optimising the cell seeding density. However,
when the seeding density was increased it was concluded that a smaller distance between the
pillars and a smaller diameter of the pillars was preferred to limit the required amount of

50



hydrogel and cells. The system depicted in figure 3.3b was therefore used for the experiments
elaborated on above. Additonally, the systems depicted in figure 3.3c and 3.3d were tested. Due
to time constraints they were not as intensively studied as the other systems, however, construct
formation was observed in both systems when seeded with C2C12s or ovine cells. Figure 4.21
presents brightfield images of both systems. It was expectation that the cells would integrate in
and around the pillars of the 16 pillar system, and that a homogenous compacted tissue would
be formed. However, it was observed that the pillar array was treated as one large pillar and
most of the cells compacted around the outer bounds of the pillar array. For both ovine cells
and C2C12 cells it was observed that the pillars do not excert the expected tension on the tissue
and that the tissue compacts in clusters randomly distributed along the outside of the pillar
array, as demonstrated in figure 4.21a and 4.21b. The four pillar system with a smaller pillar
distance, presented in figure 4.21c and 4.21d, was designed to avoid construct detachment off of
the pillars. It was observed that the constructs stayed intact for longer and started detaching
on day 6 when seeded with ovine cells. When seeded with C2C12s, detaching started on day
22. The 16 pillar system and both the four pillar systems presented in this section were seeded
with the identical C2C12-laden hydrogel at the same moment. In all systems, spontaneous
contraction was observed from culture day 4 onwards.

Figure 4.21.: 3D constructs made in the (a-b) 16 pillar array system and (c-d) four pillar system
with decreased pillar distance. C2C12 cells at passage 9, enzymatic isolated ovine
B1 ST cells at passage 5. Cell seeding density: 32 ∗ 106 cells/ml. Scalebar: 1 mm.

The arrangement of the pillars did not affect the initiation of spontaneous contraction. However,
the four pillar system containing the smallest pillar distance, presented in figure 4.21c, resulted in
the longest time period of an intact tissue construct. Therefore, future research is recommended
to proceed with the smaller pillar system depicted in figure 3.3c.

4.7. A cost effective alternative for DMEM

Various energy drinks were selected as cost effective alternatives for DMEM. The osmolarity
and pH of the drinks were measured and are presented in table 4.4. Three drinks were selected
for the cell culture experiment and were adjusted to a similar osmolarity and pH of DMEM
by addition of baking powder, NaOH, and MilliQ. As described in section 3.7, V-energy was
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selected because it contains guarana extract, LIVE+ was selected because it contains ginseng
extract, and Gatorade was selected because it approaches the osmolarity and pH of DMEM.
The selected energy drinks and their final osmolarity and pH are presented in bolt in table 4.4.

Table 4.4.: Osmolarity and pH of selected energy drinks, including the adjusted values for the
cell culture experiment.

Energy drink
Osmolarity

(mmol/kg)
pH

Final osmolarity

(mmol/kg)
Final pH

V-energy Original Guarana 521 3.33 324 7.45

Persist LIVE+ 582 2.60 327 7.71

Mountain Dew 611 3.12

Gatorade Fierce Berry 288 6.18 319 7.57

Powerade ION4 Berry Ice 234 3.40

Monster Energy Original 611 3.57

Other fluids

DMEM, 10569 333 7.67

MilliQ 0 6.93

Each energy drink was mixed with DMEM in gradually increasing amounts ranging from 10%
to 90% with intervals of 10%. 0% energy drink was used as control. The culture medium was
composed by supplementing these solutions with 10% FBS and 1% A-A. The experiment was
performed once with three wells per condition. An MTT assay was performed on day 4 of
culturing the cells in the medium, to measure the cell metabolism during proliferation. The
experiment was performed with enzymatic isolated B1 ST cells and C2C12 cells as control. Of
the three selected energy drinks, cells cultured in Gatorade performed best. Figure 4.22 presents
the results of the MTT assay performed on the cells cultured in Gatorade. The absorbance is
normalised to the control group of 0% Gatorade. The condition containing 10% of Gatorade
shows a large decrease in cell metabolism, and a continuous decrease is seen in cell metabolism
for the conditions containing 20% and 30% of Gatorade. Metabolism approaches zero when
50% or more of DMEM is replaced by Gatorade, which indicates low cell viability. C2C12 cells
are slightly more persistant at 20% and 30% of DMEM replacement, however the conditions
containing 50% and higher do not support cell metabolism.

An additional MTT assay was performed on day 10 of cell culturing, without medium refresh-
ment meanwhile. Cell alignment and fusion was observed by brightfield microscopy. Similar to
during proliferation, cells cultured in Gatorade performed best. Figure 4.23 presents brightfield
images of the cells cultured in medium containing 0-50% of Gatorade. The cells reached a high
confluency in the conditions containing 0-40% of Gatorade, indicating that the cells are viable
in these medium compositions. Cell alignment and fusion is observed, which is expected to be
caused by serum starvation or the high level of confluency. The cells are not assessed on protein
expression and it is therefore not possible to conclude at which stage of maturation the cells
currently are, and if they are capable of full differentiation into myotubes. Figure 4.24 presents
the results of the MTT assay after 10 days of culture. It can be seen that the conditions con-
taining up to 40% of Gatorade return a higher metabolism rate than after 4 days of culture. It is
expected that this is due to a longer period of time for proliferation, resulting in a larger amount
of cells and reaching the threshold of confluency, therefore yielding a higher metabolism rate of
the MTT solvent. However, more experiments should be performed to support this theory.

Although more experiments should be performed to draw a conclusion, these results indicate
that the cell performance is affected by replacing the DMEM with energy drinks. However,
partial replacement by energy drink seems to suppress some cell functions rather than being
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completely toxic. Therefore, potential in DMEM replacement is seen and further research is
recommended to investigate if more cost effective alternatives can be produced.

(a) Ovine cells (b) C2C12 cells

Figure 4.22.: MTT assay results of cells cultured in various percentages of Gatorade for 4 days.
The results are normalised to the control group of 0% Gatorade.

(a) 0% (b) 10% (c) 20%

(d) 30% (e) 40% (f) 50%

Figure 4.23.: Brightfield microscopy images of the cells cultured in growth medium where
DMEM was partially replaced by Gatorade. The subcaptions present the per-
centage of Gatorade. Scalebar: 200 µm.
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(a) Ovine cells (b) C2C12 cells

Figure 4.24.: MTT assay results of cells cultured in various percentages of Gatorade for 10 days.
The results are normalised to the control of 0% Gatorade.
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Discussion 5
The aim of the research presented in this thesis is to lay the groundwork for research to cul-
tured meat with an interest in ovine as a cell source. However, the research presented here
is not limited to cultured meat and is also applicable to muscle tissue engineering for clinical
applications. In this thesis, the whole process of isolation and characterisation of a cell sample
is described, proceeding to investigate the proliferation and differentation properties and ulti-
mately engineering 3D tissue constructs. This process can be applied to other mammalian cell
sources, although optimisation is advised. The model used to create the tissue constructs was
tested with the commonly used C2C12 myoblast cell line and construct formation was observed.
The spontaneous contraction of the tissue constructs suggests that the cells in the constructs
have differentiated and are expressing myosin. The expression of myosin has not been confirmed
by immunofluorescence protein expression, so further research is advised to confirm this theory.
Nevertheless, the spontaneous contraction indicates that the cells in the constructs are viable
and communicating which is important for tissue formation. Therefore, the presented 3D sys-
tem is interesting for muscle tissue engineering and could for example be explored for in vitro
modelling of cardiac tissue or as a stepping stone for development of a skeletal muscle tissue
regeneration system for muscular dystrophy research. The system provides a uniaxial tension
on the constructs and supports cell alignment and fusion, which are important steps before
reaching myofibre formation. The model allows for observation of compaction over time. Using
four pillars instead of two can be argued to be an advantage, as more pillars maintain the ten-
sion on the construct. If the construct detaches from one pillar, the construct does not instantly
transform into a tension-lacking cluster of cells. Ovine cells have shown potential regarding the
formation of myofibres in this system. Optimisation is required, but the observations presented
in this thesis indicate that this system could potentially result in successful myofibre formation
with ovine cells. This is relevant for clinical purposes, as humans are more closely related to
ovine than to mice.

5.1. Isolation

As the goal of cultured meat is to produce meat without the need of slaughtering animals, cells
are ideally isolated from biopsies taken from living animals, instead of post mortem biopsies
as described in this thesis. Due to regulations it was not possible to obtain a biopsy from a
living ovine. However, the biopsies were taken from euthanised ovines after they were used
for animal experiments and their bodies were categorised as waste. Therefore no animal was
harmed for the cause of cell isolation during this research. As the animals were not alive at
the time of biopsy retrieval, tissue samples could also have been retrieved more conveniently be
making a large cut and cutting a large piece of tissue out. However, taking a biopsy is more
accurately mimicking the approach of the cultured meat industry to create the least amount
of harm [50, 61]. Approaches for cell isolation that inflict even less harm on the animals are
to isolate cells from for example the umbilical cord [190, 191], hair follicles [192, 193], or urine
[194, 195]. These samples have demonstrated to produce myogenic and adipogenic cells. An
experiment was set up to isolate cells from an ovine umbilical cord and to induce myogenic
differentiation, but unfortunately sudden COVID-19 restrictions disrupted this. It would be
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interesting to explore the possibilities of isolating cells from other tissue samples than skeletal
muscle and to compare the properties of the isolated cells.

In section 1.4 it was mentioned that around 10,000 cells can be isolated from a 0.5 gram biopsy,
according to Post et al. [50]. The weight of the tissues obtained from the biopsies was logged
during the second biopsy. The isolated cells were counted directly after isolation and the cell
counts were 1.8∗106 and 4.0∗106 cells per 0.5 gram biopsy for the ST and SM, respectively. This
is a relatively high cell count, when compared to the cell count of Post et al. However, when the
cells were plated and cells attached, a lower amount of cells was observed than expected. As
described in section 4.1, it was not possible to determine the amount of attaching cells before
proliferation was initiated. Visual observations did not agree with the previously mentioned cell
count and therefore the cell count is not treated as reliable. Isolating more cells from a tissue
results in more proliferating cells, retaining the stemness of the cell sample for longer. Wu et
al. reported that freshly isolated ovine satellite cells have difficulty attaching to the bottom
of untreated culture plates [70]. Therefore, it could be beneficial to provide the plates with a
coating before seeding the cells. Another strategy is to increase the enzyme concentration and
investigate if this results in a higher cell yield, as various enzyme concentrations are reported
in literature [66, 69, 196].

Moreover, a large difference in myogenic cell percentage was observed between biopsy 1 and
2. The difference in protocol was the use of collagenase type 1 during the first biopsy and colla-
genase type 2 during the second biopsy. Collagenase type 2 was used for the second isolation due
to collagenase type 1 being out of stock. Furthermore, the tissues were obtained from different
ovine, which means that physiological differences are probable. Therefore, it is not possible to
conclude if the difference is caused by enzyme type or by the tissue isolated from. More data
needs to be obtained, by isolating cells from the ST and SM from different ovines, following the
identical protocol. The tissue biopsies should be retrieved from ovines in a similar age range. It
has been found that the fibre type composition and gene expression of ovine muscles can differ
significantly depending on the age of the animal [128]. For example, the fibre type composition
of the SM switches to a fast phenotype over the course of the first six months in age. This
could have an effect on the muscle texture of the ovine, resulting in cell population differences.
Additionally, it suggests a reason for the difference in taste of meat from a young lamb and an
older mutton. Future research is advised to determine the difference between cells isolated from
different age ranges. This could be relevant as it can affect cell stemness and taste.

5.2. FACS

Cell identification was performed by FACS using the markers CD29, CD56, ITGA7, CD31,
and CD45. All antibodies were titrated beforehand and the cells used for titration were the
enzymatic isolated ovine B1 ST cells. During titration, no expression was observed for CD31
and CD45. It was therefore expected that all cell samples came out negative for these markers
during FACS. CD31 targets endothelial cells and CD45 targets immune cells, and as these cells
are not necessarily expected in the samples it was assumed that they were successfully removed
during cell isolation. When combining the percentages of ITGA7+ and CD29+ cells, the total
approaches 100% in all samples. It is therefore save to assume that endothelial cells and immune
cells are not present in the sample. However, for future experiments with this FACS panel it
would be advised to titrate CD31 and CD45 on a sample containing the targeted cell types.
This was not possible during the research presented here, as ovine endothelial cells or immune
cells were not available. Moreover, for future research it is advised to optimise the whole FACS
panel, as the panel used in this research was a primary design. The presented FACS panel
is recommended as a panel used for preliminary experiments and can be optimised to specific
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species. Antibodies included in this panel are specifically tested against ovine and will therefore
be most relevant for ovine derived cell samples. FACS panels for skeletal muscle samples of
different species are advised to search for similar markers tested against the specific species.

CD56 and ITGA7 were both expected to target SCs. Uncertainty about the exact moment
of expression during maturation of the cells was raised in literature, but the cells were expected
to target approximately the same cell population. Instead, three different populations were ob-
served in the FACS results: ITGA7-/CD56-/+, ITGA7+/CD56high, and ITGA7+/CD56-. As
elaborately discussed in section 4.2.2, it is suggested that the ITGA7-/CD56-/+ population is
fibroblasts, the ITGA7+/CD56high population is satellite cells, and the ITGA7+/CD56- pop-
ulation is myogenic cells in a later stage of maturation than satellite cells. If this observation is
confirmed, it is relevant for skeletal muscle engineering of any species. For confirmation, Pax7
expression and a differentiation assay can determine if the cells are myogenic. To confirm the
moment of expression during maturation, ITGA7 and CD56 could be analysed on co-expression
with markers that are known to express at certain points of maturation. This could be applied
to the biomarker profile markers. The unexpected difference in expression of ITGA7 and CD56
supports the observations of Castiglioni et al. and raises the question if ITGA7 and CD56 are
reliable markers [155]. Validation of the markers for skeletal muscle FACS purposes is required,
as the purity of cell populations can be severely affected by unreliable markers.

5.3. Tissue constructs

If time had allowed, the spontaneous contraction of the C2C12 constructs would have been
investigated. The contraction is expected to be caused by calcium spikes [197, 198, 199]. An
ad-hoc experiment to confirm if calcium plays a crucial role in the process could be to closely
monitor a spontaneously contracting construct while mixing or partly replacing the culture
medium with an EGTA solution at similar pH. EGTA chelates calcium ions and is therefore ex-
pected to instantly disrupt the process of spontaneous contraction if it relies on calcium. If this
process is understood and appears to support myogenesis, it might be an option to artificially
mimic the process when forming myofibres containing mammalian cells other than C2C12s.

An approach that could be investigated to keep the ovine constructs intact for longer, is in-
cluding fibrinogen in the hydrogel. As mentioned in 2.5, Bian et al. showed with C2C12-laden
hydrogels that detaching of the constructs occured 6 days later when fibrinogen was included.

It should be noted that collagen and Matrigel are both animal derived. The aim is to ex-
clude animals from the meat production process, and therefore no animal derived products
should be included in the hydrogel. Excluding animal products from a hydrogel for skeletal
muscle tissue engineering purposes is an extensive research on its own and was therefore not
included in the scope of this research. However, it is an important subject for future cultured
meat research. Multiple plant-based hydrogels are being studied, such as cellulose, starch, or
pectin based hydrogels [200]. A benefit of using plant-based hydrogels is that most plant-based
content is already approved for consumption. The tissue construct system presented in this
thesis is suitable for research and development of a cell-laden plant-based hydrogel.

The tissue construct system is applicable to muscle tissue engineering in general. The pil-
lars provide anchor points to the cells, and by using PDMS as material the pillars are flexible
and potential bending can be monitored, which can be useful for cardiac tissue engineering
research [201]. However, the relatively high cell seeding density of 32 ∗ 106 cells/ml is not ideal.
It is therefore advised to test the system with a lower seeding density or to alter the hydrogel
composition.
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5.4. A cost effective alternative for DMEM

The effect of partially replacing DMEM by cost effective alternatives was measured by MTT
assays. It should be noted that the results of MTT assays must always be interpreted with cau-
tion. For example, in the case of assessing cytotoxicity, some drugs can directly affect the MTT
measurements [184]. In this experiment, where DMEM was partly replaced by energy drinks, it
is assumed that no component of the drinks directly interacts with the MTT. However, this has
not been tested or confirmed. The osmolarity of the energy drinks was increased by addition
of baking soda. Lab grade sodium bicarbonate was available, however baking soda is more cost
effective. As the aim of the experiment was to explore cost effective alternatives for medium
composition, it was decided to use baking soda. The experiment based on partially replacing
DMEM with energy drinks was performed once and the data is therefore not conclusive. How-
ever, the results indicate that energy drinks affect cell performance, as replacing 10% of DMEM
results in at least a 30% decrease of cell metabolism. It is not determined if the decrease is
caused by lower proliferation rate, lower cell activity, or lower cell viability. Although a decrease
in cell metabolism is not preferred, it is promising that energy drinks are not instantly toxic to
the cells. Labs performing cell culture could greatly benefit from a cost effective alternative.
It is not advised to replace DMEM by energy drink, however these results are relevant as they
suggest that potentially a cost-effective alternative for DMEM could be developed to be suitable
for primary cells. Moreover, a solution could be developed to be used for educational purposes
not requiring long term culture.

5.5. Future outlook

An important goal of tissue engineering for cultured meat applications is to scale up the pro-
duction process. The 3D system presented in this thesis is currently designed to grow a small
individual myofibre around four pillars. Expansion of the design into a pillar array, maintaining
the same pillar distances as in the current design, could potentially result in the formation of
a sheet-like structure. It should be confirmed if the current pillar distances and an increased
hydrogel volume allow the hydrogel to integrate into the array, instead of the disintegrating as
observed in the 16 pillar system in figure 4.21a and 4.21b. If a sheet structure could be obtained,
it would be interesting to combine this with the stacking method presented in the research of
Furuhashi et al., described in section 2.5. Experiments could be performed to determine the
best composition of hydrogel in between the stacked sheets; non cell-laden, satellite cell-laden,
or adipogenic cell-laden. Combining the sheet-structure with the stacking method of Furuhashi
et al. could potentially be a step towards development of larger constructs of cultured meat.

The texture, appearance, and flavour of the 3D constructs were not assessed in this research,
as the constructs did not reach that stage of development. When formation of a 3D construct
expressing myosin is achieved, it is recommended to assess the texture of the construct by
measuring the Young’s modulus of the tissue. Subsequently, a more complete texture analysis
can be performed by a method called texture profile analysis. Through a double compression
cycle aspects as cohesiveness, adhesiveness, resiliency, fracturability, guminess, and chewiness
can be assessed [202]. The appearance of cultured meat can be enhanced by growing the cells
in the presence of myoglobin, which is reported to result in a colour similar to meat, while
meanwhile increasing proliferation and metabolic activity of cells [203]. To identify food flavour
components in cultured meat, the products can best be assessed by combination of olfactometry
(measurements of smell based on sensory analysis by human participants) and gas chromatog-
raphy. This combination is an appropriate approach, as odour-active components in complex
mixtures can be assessed through specific correlation with the chromatographic peaks of interest
[204].
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Conclusion 6
The research presented in this thesis lays the groundwork for tissue engineering research with
interest in ovine as a cell source. Cells were successfully isolated from post mortem biopsies of
two ovines from the m. semitendinosus and m. semimembranosus. Explant isolation and enzy-
matic isolation performed with collagenase type 1 and collagenase type 2 resulted in six ovine
cell samples. Cell identification was performed with the markers CD29, CD56, ITGA7, CD31,
and CD45, and the cells in the samples were identified to be fibroblasts, satellite cells, and myo-
genic cells in an undefined stage of maturation. Myogenic properties of the cells were confirmed
by starving the cells from serum and thereby initiating differentiation. The cells aligned, fused,
and expressed the myogenic marker myosin. The sample used for all experiments was enzymat-
ically isolated by collagenase type 1 from the m. semitendinosus (sample B1 ST enzymatic)
and was mostly used at passage 4. This sample contained 24% fibroblasts and 76% of myogenic
cells (8.4% satellite cells and 66% myogenic cells in an undefined stage of maturation). By
tracking the population doublings of the cells, it was observed that the samples with a higher
percentage of myogenic cells presented a higher population doubling rate. Moreover, all ovine
samples were proliferated on non-coated, collagen coated, and Matrigel coated tissue culture
plates. It was observed that all ovine samples achieved highest cell growth on collagen coated
plates and lowest cell growth on Matrigel coated plates. It is noteworthy that this data is not
conclusive and repeatability should be confirmed.

A four pillar system was designed for formation of a myofibre. A cell-laden hydrogel containing
collagen and Matrigel was seeded in the system. Optimal compaction was observed at a cell
seeding density of 32∗106 cells/ml. Ovine cells isolated by enzymatic digestion with collagenase
type 1 from the m. semitendinosus were observed to form constructs around the pillars in one
day of culture. A visual tension was seen in the construct, excerted by the cells itself, and the
constructs detached after three days. C2C12 cells were likewise observed to form constructs in
one day of culture, but less tension was observed in the constructs. Instead of detaching from
the pillars, the constructs expressed spontaneous contraction from day 4 onwards.

According to the results presented in this thesis, ovine is an eligible cell source for cultured
meat applications. The proliferation rate and differentiation capacity are comparable to puri-
fied bovine cells that are currently used for cultured meat development. Ovine isolated myogenic
cells are therefore expected to meet the requirements of cultured meat research. Moreover, the
cells were capable of forming a 3D tissue construct. However, optimisation of the 3D system
should be performed to maintain the constructs for a longer time. The 3D construct system
presented in this research is suitable for skeletal muscle research in general, and can therefore
also be used for clinical applications.
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Titration A

The titration results of CD56, CD29, and ITGA7 are presented in this Appendix. Expression of
CD31 and CD45 was not observed in the titration sample and therefore no results are presented.
Titration of antibodies is an essential step to undertake when designing flow cytometry panels. It
is required to validate the activity of the antibodies, and to optimize the antibody concentration
[149]. Use of a suboptimal concentration enables excess antibody to bind at low afinity, resulting
in an increased chance of non-specific background staining [148].

Figure A.1.: Titration of CD56.

Table A.1.: Concentrations with corresponding
stain index. One test denotes a to-
tal volume of 100 µl staining 1 ∗ 106

cells.

Tube no.
Concentration
[µl/ test]

Stain index

1 5 42.9

2 2.5 43.8

3 1.25 52.0

4 0.63 47.2

5 0.31 45.1

6 0.16 41.4
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Figure A.2.: Titration of CD29.

Table A.2.: Concentrations with corresponding
stain index. One test denotes a to-
tal volume of 100 µl staining 1 ∗ 106

cells.

Tube no.
Concentration
[µl/ test]

Stain index

1 5 85.1

2 2.5 97.2

3 1.25 73.6

4 0.63 52.4

5 0.31 34.9

6 0.16 16.8

Figure A.3.: Titration of ITGA7.

Table A.3.: Concentrations with corresponding
stain index. One test denotes a to-
tal volume of 100 µl staining 1 ∗ 106

cells.

Tube no.
Concentration
[µl/test]

Stain index

1 5 59.7

2 2.5 37.3

3 1.25 21.9

4 0.63 13.1

5 0.31 5.77

6 0.16 3.4
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FACS results B

Figure B.1.: FACS plots of enzymatic isolated ovine B1 SM P4 cells.
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Figure B.2.: FACS plots of enzymatic isolated ovine B1 ST P3 cells.

63



Figure B.3.: FACS plots of enzymatic isolated ovine B1 ST P5 cells.
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Figure B.4.: FACS plots of enzymatic isolated ovine B2 SM P4 cells.
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Figure B.5.: FACS plots of explant isolated ovine B2 SM P4 cells.
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Figure B.6.: FACS plots of enzymatic isolated ovine B2 ST P4 cells.
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Figure B.7.: FACS plots of explant isolated ovine B2 ST P4 cells.
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The influence of coating C
The graphs of figure C.1 present the individual results of all ovine isolated samples. It is
demonstrated that all ovine cell samples, regardless of the specific cell type ratio in the samples,
favour the collagen coated surface over the other conditions, as the highest cell count and
therefore proliferation rate is observed on the collagen coating. C2C12 cells likewise demonstrate
this preference.

Figure C.1.: Cell count of all isolated samples and C2C12 cells on non-coated, collagen coated,
and Matrigel coated tissue culture plates.
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A cost effective alternative for DMEM D
In this Appendix the MTT assay results of V-energy and LIVE+ are presented.

D.1. Proliferation

(a) C2C12 cells cultured in various percentages of
V-energy.

(b) Ovine cells cultured in various percentages of
V-energy.

Figure D.1.: MTT assay results normalized to the control of 0% V-energy. Cells are cultured
for 4 days.
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(a) C2C12 cells cultured in various percentages of
LIVE+.

(b) Ovine cells cultured in various percentages of
LIVE+.

Figure D.2.: MTT assay results normalized to the control of 0% LIVE+. Cells are cultured for
4 days.

D.2. Differentiation

(a) C2C12 cells cultured in various percentages of
V-energy.

(b) Ovine cells cultured in various percentages of
V-energy.

Figure D.3.: MTT assay results normalized to the control of 0% V-energy. Cells are cultured
for 10 days.
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(a) C2C12 cells cultured in various percentages of
LIVE+.

(b) Ovine cells cultured in various percentages of
LIVE+.

Figure D.4.: MTT assay results normalized to the control of 0% LIVE+. Cells are cultured for
10 days.
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