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Summary

The global population will tend to grow to almost 10 billion by the year 2050, the demand for animal
protein is likely to more than double during the same time span. Traditional animal farming practices,
which account for 14 percent of world‘s greenhouse gas emissions, one-third of the world's freshwater
consumption, significant deforestation in the tropics, are not able to satisfy the requirement in a
sustainable manner. Of the protein alternatives currently being developed, cultivated meat is the only
one that can be used to provide the full sensory and structural experience of a conventional whole-
cut meat, but it needs a three dimensional structure to enable muscle cells to grow and organise
themselves into meat-like tissue. Since this scaffold needs to be eaten as a food product, synthetic
polymers, which are employed in the medical tissue engineering industry, are not a possibility, and
the only viable option is a plant material.

The thesis aims to explore the potential use of electrospinning to create zein fibrous scaffolds, which
is a food-grade prolamin protein from maize, for cultivated meat. A series of seven experimental sets
was systematically investigated to observe the influence of solvent ratio, rate of flow, voltage, the
distance between needle-to-collector, additive composition, and also zein concentration on the fibre
morphology, fibre diameter, and pore size. The 70:30 ratio of ethanol:water was determined to be
optimal, resulting in stable ribbon fibres without beads and with an open porous structure. Glucose
alone resulted in the most compacted fibres and glycerol-glucose combination gave the best fibre
diameter and pore size. Chemical integrity of zein protein matrix was confirmed by FTIR in all
conditions, while the XRD showed a major amorphous structure which is desirable for an edible
scaffold. The optimized conditions elaborated here could serve as a reproducible platform for scaffold
fabrication for future cell seeding and tissue formation studies in a food-grade medium.
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Santrauka

Prognozuojama, kad iki 2050 mety pasaulio gyventojy skaicius priartés prie 10 milijardy, o gyvininés
kilmés baltymy paklausa per ta patj laikotarpi daugiau nei padvigubés. Tradiciniai gyvulininkystés
metodai, kurie sudaro apie 14 % pasauliniy Siltnamio efekta sukelianciy dujy emisijy, sunaudoja
tre¢dalj pasaulio gélo vandens istekliy ir reikSmingai prisideda prie tropiniy misSky naikinimo, negali
tvariai patenkinti augancio poreikio. IS Siuo metu kuriamy alternatyviy baltymy Saltiniy kultivuota
mésa yra vienintel¢ technologija, galinti uztikrinti visapusiska tradicinés vientisos meésos jusling ir
struktiiring patirtj. Taciau tam butina trimaté struktiira, leidzianti raumeny lasteléms augti ir
organizuotis ] mésg primenant] audinj. Kadangi Sis karkasas turi biiti vartojamas kaip maisto
produktas, medicininéje audiniy inZinerijoje naudojami sintetiniai polimerai néra tinkami, todél
vienintele perspektyvia alternatyva iSlieka augalinés kilmés medziagos.

Sio darbo tikslas buvo istirti elektroverpimo technologijos potencialg kuriant kultivuotai mésai skirtus
pluostinius karkasus 1§ zeino — maistiné€s paskirties kukuriizy prolamino baltymo. Siekiant jvertinti
tirpiklio santykio, srauto greiio, jtampos, atstumo tarp adatos ir kolektoriaus, priedy sudéties bei
zeino koncentracijos poveik] pluosty morfologijai, pluosty skersmeniui ir pory dydziui, buvo
sistemingai atliktos septynios eksperimenty serijos. Nustatyta, kad optimalus etanolio ir vandens
santykis yra 70:30, nes tokiomis saglygomis susidaro stabillis juostiniai pluostai be defektiniy laseliy
(beady), pasiZzymintys atvira poréta struktiira. Glikozés naudojimas vienos priedo forma lémé
labiausiai sutankintg pluosty struktiira, o glicerolio ir glikozés derinys uztikrino palankiausius pluosty
skersmens ir pory dydZio rodiklius. FTIR analizé patvirtino, kad visomis tirtomis saglygomis buvo
1Ssaugotas zeino baltyminés matricos cheminis vientisumas, o rentgeno difrakcijos (XRD) tyrimai
parodé vyraujanéia amorfine struktiira, kuri yra pageidautina valgomiems karkasams. Siame darbe
nustatytos optimizuotos elektroverpimo salygos gali biti naudojamos kaip atkuriama platforma
maistinés paskirties karkasy gamybai ir sudaryti pagrindg bisimiems lgsteliy s¢jimo bei audiniy
formavimo tyrimams maistinés terpés salygomis.
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Introduction

There is a tipping point for the world food system. By the year 2050, the world will have about 9.7
billion people, and by about 100% more demand for animal-based protein will be placed on it. But
the environmental costs of current animal protein consumption are already unsustainable. The
livestock sector accounts for about 14 percent of all human induced greenhouse gas emissions, uses
almost one third of the global freshwater footprint in livestock production and is one of the main
causes of deforestation in tropical areas, especially in Latin America, where 65% of forest losses are
attributed to the cultivation of soya beans and the production of livestock feed [1-3]. In 2023, 733
million people would faced starvation, and more than 2.33 billion people are speculated to face
moderate or severe food insecurity, while traditional agriculture has not solved the overproduction
and under-distribution problem.

Cultivated meat is considered a technologically fascinating protein substitute, both from a scientific
and commercial perspective. Unlike plant-based alternatives that can't fully match the sensory and
structural richness of whole-cut meat, or the cultivated meat is grown directly from animal cells,
potentially creating a more environment-friendly means to produce real meat [4]. Since the
breakthrough cultured beef demonstration by Mark Post in 2013, more than USD 3bn has been
invested in the sector and regulatory approvals are granted in countries like Singapore in 2020, in
2023 the United States was accepted, Israel and Australia in 2024 [5, 6]. In spite of this, there remain
significant unsolved issues to address when scaling up cell culture, cost of media, and most
importantly, when targeting structured meat products, the development of scaffolding systems that
are biocompatible, structurally sound, and safe to eat by humans [7, 8]. One enabling challenge for
structured cultivated meat is scaffolding. Muscle cells will live, grow and develop if they are provided
with a physical substrate. To provide cells with nutrients and oxygen throughout the thickness of the
construct, any construct thicker than 200 um needs to be porous and perfusable [8].

Perhaps more crucially, the scaffolds for cultured meat cannot be synthetic polymers as is the focus
of most medical research in scaffold development, but must be digestible as part of their food product.
In line with the overall sustainability concept of the technology, a polysaccharide based on plant
resources like cellulose, alginate, starch and a protein like soy, pea or zein is a highly promising food
grade, biocompatible and scalable alternative [9, 10]. In the plant protein fraction, zein, the prolamin
storage protein of maize, is especially suitable for use in the fabrication of scaffolds using
electrospinning: it is soluble in aqueous ethanol; solidifies under high-voltage electric field conditions
to form continuous fibres; is classified as a food additive by the FDA, and has been proven to have
biocompatibility with mammalian cell culture systems [11, 12].

Aim and objectives
Aim:
The aim of this study is to develop electrospun zein-based fibrous scaffolds for cultivated meat

applications and to investigate how solution composition and electrospinning process parameters
affect fibre formation, scaffold morphology, chemical integrity and structural properties.

11



Objectives:

1.

To develop a literature based research plan for the fabrication of edible plant protein fibrous
scaffolds for cultivated meat production, with emphasis on zein.

To prepare zein electrospinning solutions containing food compatible solvent systems and
additives, and to investigate the influence of ethanol to water ratio, zein concentration, glycerol,
glucose, PEO and NaCl on solution electrospinnability.

To fabricate zein fibrous scaffolds by electrospinning and investigate the effect of key process
parameters, including flow rate, applied voltage and needle to collector distance, on process
stability and fibre formation.

To characterize the obtained zein scaffolds in terms of fibre morphology, fibre diameter, pore
architecture, chemical composition and structural organization using optical microscopy, SEM,
FTIR and XRD, and to identify the most suitable fabrication conditions for further cultivated meat
scaffold studies.

12



1. Literature Review
1.1. Global protein demand and the challenge of feeding the growing populations

Protein is a vital component of the functional and structural sustenance of all biological systems of
the human body. Reasonable world protein demand is not only a challenge for agriculture but also an
issue to question the food security, well-being of the population and the sustainable development. It
is presumed that by the close of the year 2050, the number of human beings would exceed nine billion,
which will once again add to the demand for protein excess [13]. People's eating habits have changed
as a result of the low- and middle-income countries' economies and population growth.

It is projected that the necessity of protein is striking, as it is evident that the data collected from an
analysis of 50-plus global food security forecasts. It claims that the worldwide protein demand would
increase from 35% to 56% over the period 2010-2050 [14]. Another analysis shows that the total food
demand would be growing from 50% to 60% by the year 2050, and particularly animal-based protein
is likely to double [15].

1.1.1. Environmental cost of standard animal farming

The environmental footprint of the current livestock production methods puts a hard limit on the
ability of the global food system to satisfy this demand. Animal husbandry has extraordinary, and in
most instances, unsustainable pressures on land, water and the world climate. Regarding greenhouse
gas (GHG) emissions, the livestock industry is among the most important sources of anthropogenic
climatic change. According to FAO historical data, anthropogenic GHG emissions from livestock
supply chains are 7.1 gigatonnes of CO2 equivalent each year, which represents 14.5% of the global
anthropogenic GHG emissions. The three main sources of emissions are manure decomposition
(10%), enteric fermentation (mostly from ruminants) (39%) and feed production and processing (45%
of the total) [1].

Animal farming is also very demanding in terms of water consumption. Agriculture contributes to 92
percent of the freshwater foot print of the human race and nearly a third of this is associated with
animal products [2].

1.1.2. Socioeconomic viewpoints and food security

Even in high income countries, large parts of the world are protein deficient and protein excess is
causing environmental problems. Animal-based products made on the land (meat, milk and eggs)
support the daily food requirement and food security of approximately 1.3 billion people, including
930 million in Africa and South Asia [3]. It is hence a paramount equity factor that alternative protein
solutions be nutritionally sufficient, affordable, and accessible to low- and middle-income groups.

1.1.3. Cultivated meat as an alternative

The combination of these forces: demographic, environmental, and those related to public health, and
ethical, has created significant scientific, commercial and policy interest in so called alternative
proteins: protein sources that are capable of satisfying human nutritional requirements and
functioning at a significantly reduced environmental cost than traditional animal agriculture [7].

13



It is estimated that the alternative protein market will be USD 17.97 billion in 2024 and USD 50.45
billion in 2035, as the current and potential investors and consumers are eager to find a solution to
the problem of decoupling protein production and its environmental and ethical impact . Protein-
derived strategies may be generally categorized into the following: plant proteins (soy, pea, wheat,
etc.), fermentation proteins (produced by microorganisms or fungi), insect proteins, algae and
microalgae, and cell-cultured or cultured meat - the production of animal muscle tissue directly using
cells, without the growth and slaughter of the entire animal [4, 16].

The literature review dwells specifically on the cultivated meat, and on the biological and material
engineering problems that need to be surmounted to make it a commercially viable enterprise, with
particular emphasis to the contribution of scaffold technologies as an enabling basis to showcase
structured meat products.

1.2. A way to resolve the world wide protein challenge

The world wide protein deficit and the consequences of its environmental impacts require a multi-
dimensional approach through technological innovation, agricultural system restructuring,
behavioural change, and the provision of enabling policy frameworks. It will not do to implement a
single intervention, but a portfolio approach will be needed that can both mitigate the environmental
footprint of the current food systems and scale new production methods to commercial viability [17].
This chapter explores the key solution categories and places the evolution of alternative proteins and
cultured meat.

1.2.1. Classification of alternative proteins

Alternative proteins and innovations in food processing technologies are crucial to solve the complex
challenges of global protein demand growth, climate change and resource limitation. Alternative
proteins refer to meals or ingredients rich in protein with sensory, nutritional and functional properties
comparable to those found in dietetic animal protein. This review includes plant proteins (soy, pea,
wheat gluten, pulses, and oilseeds), microbial proteins and fermentation proteins (mycoprotein,
microalgae, and single-cell proteins), as well as insect proteins and cultured (cell-based) meat, and
multi-protein hybrid systems [18].

1.2.2. Plant-based protein

The most developed and outstanding types of protein substitutes are plant protein. Due of the global
movement in consumer tastes for more sustainable and healthful food options, plant-based meat
substitutes—which are usually manufactured from soy, peas, wheat, rice, and mung beans—have
recently gained prominence [19]. Most dietary protein is already plant-based, with 57% of all protein
consumed globally coming from plant sources and total alternative protein (including plant-based)
consumption estimates 13 million metric tonnes in 2020 - about 2% market of the animal protein
[14]. These proteins are isolated, concentrated or extracted from their host crops and then further
processed - typically via extrusion - to create fibrous products that mimics the texture, feel and look
of meat products [17].

For both humans and plants, pulses are an essential source of nutrients and protein. Pulses are an
important source of protein in many parts of the world and for some individuals, the primary source
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of protein. Indeed, pulses are crucial in addressing the issue of protein-energy malnutrition in the
emerging and impoverished globe. The pulse crop cowpea (Vigna unguiculata) is present in East and
West Africa, for instance. It is rich in nutrients with carbohydrate content ranging from 60 to 65%,
crude protein content between 21 and 25%, lipids content 1 to 1.5%, moisture 10% and ash 2.5-4%.
Some pulses - such as lupin and soy beans - are reported to have 45-50% protein, but chickpeas are
an exception with 4-5% fat. There are trace amounts of protein in the seed coat, and cotyledon and
embryonic axis of the pulse seed. Cotyledons (which constitute the bulk of the pulse seed) are the
main source of protein. The protein concentration in pulse proteins, like cereals, is highly variable,
depending on cultural practices, environment and genetics. Concerns have been raised that a protein
imbalance leads to malnutrition in vegans (or in diets that have plant proteins as the primary source
of protein) [20]. This is because, unlike animal proteins, plant proteins may not have all the essential
amino acids [21].

Soy protein isolate is one of the best balanced plant proteins in terms of nutrition (Protein
Digestibility-Corrected Amino Acid Score (PDCAAS) of 1.0 (equivalent to animal protein) because
it contains all amino acids [20].

1.2.3. Insect-based protein sources

Because of their high feed conversion ratio, minimal greenhouse gas emission, and ability to add
value to organic wastes, insect proteins have garnered a lot of interest as alternative proteins [22].
Some of the most popular insects raised include mealworms, crickets, and black soldier fly larvae,
which are claimed to have a relatively high protein, fat, mineral, and vitamin content. Further, they
can be ground up to produce flour and protein concentrates that can be incorporated into diverse foods
[23].

In particular, insects like black army fly, house fly, beetle, mealworms, silkworms, earthwormes,
crickets and grasshoppers are being promoted because they have been recognized as a good and
sustainable source of animal protein for chicken feed. Insect meals are nutritionally adequate for
poultry and contain all essential amino acids. These are well-digested and are accepted by the birds.
In addition, they are rich in antimicrobials and other bioactive molecules, which enhance human
health [24].

Insects are rich in minerals such as iron and zinc, and vitamin B complex (B1, B2, B3) as well as
important amino acids. The fatty acid composition of their product also has value, as the ratio of the
three types of fat (SFA, MUFA and PUFA) falls within the recommended range for health [25].

Furthermore, compared to other animal foods, insects have a significant amount of dietary fibre, and
this makes insects a well-balanced food. The potential of insects as a valuable food has been
acknowledged. Insects have been proposed by the World Health Organisation as an adequate food to
satisfy the protein demand of malnourished people. It also has a good nutritional impact in HIV
positive people, who need to improve their nutritional well-being to prevent immunological
deterioration [25].
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1.2.4. Fermentation-derived proteins

There are two variants in biotechnology based fermentation, the biomass fermentation and precision
fermentation. Microbial biomass is the result of direct fermentation of biomass, which is a direct
fermentation based protein manufacturing method. A type of edible microbial biomass produced
using microorganisms including bacteria, fungus, archaea, yeasts or algae is called as single cell
protein (SCP). There is no need for cultivable land or fresh water and the process of SCP
manufacturing is continuous, which can accommodate agricultural wastes and byproducts. The first
and most widely known case of biomass fermentation is the production of mycoprotein. The most
well known case of biomass fermentation is continuous fermentation of the filamentous fungus
Fusarium venenatum. Mycoprotein has a protein content of around 45% (dry matter), a good amino
acid profile. It is a rich source of dietary fibre from the fungal cell walls, imparting a naturally fibrous
meat-like texture, thereby avoiding the need for costly mechanical treatments [26].

On the other hand, precision fermentation involves programmed microorganisms to create functional
proteins (like bovine whey proteins and caseins) that are then extracted from the microbial biomass
and in turn used as protein ingredients for food. Precision fermentation produces animal ingredient
proteins in microbes, and is purely independent from outdoor farming in terms of food production. It
comes with an added benefit of removing the risks associated with the market dynamics that drive
current energy and food markets. Examples include Perfect Day (animal-free whey protein in
Trichoderma reesei) and Remilk (recombinant milk proteins in yeast) [27].

1.2.5. Algae and microalgae proteins

Algae (seaweed and microalgae) are a good protein source with unique nutritional properties and a
small land footprint. Microalgae generally contain 35-70% protein (dry biomass), 10-30%
carbohydrates, and 5-28% lipids, depending on the microalgae species, cultivation conditions such as
light, temperature and pH, and nutrients) and the growth stage of the culture [28].

The best-known microalgae used for human food are Spirulina (Arthrospira platensis) and Chlorella
vulgaris, which are approved as food supplements and ingredients in the European Union and the US.
Algae is also better than many other types of plant proteins as they contain a significant amount of
the necessary amino acids, carbs, lipids, and minerals. They also contain bioactive chemicals with
anti-hypertensive (blood pressure reducing) and antioxidant (free radical scavenging) properties [29].

1.2.6. Comparative summary and positioning of cultured meat

A recent review compared various alternative protein production options under four key parameters
(environmental impacts, scalability, consumer acceptance, and animal welfare) and found that plant
based meats were the most promising due to the existing infrastructure, high consumer acceptance,
and adequate environmental benefits; cultured meat, less technically and economically viable, was
showing potential; single cell proteins, with unknown scalability, were also promising; and products
derived from insects, were not yet ready for large-scale production [30]. This reveals that while not
all alternative protein sources are created equal, they have different, but potentially complementary,
roles and applications. Importantly, plant and fermented food proteins can be possibly used as
alternate for meat for minced and processed meat products, but are yet to match the sensory and

16



nutritional quality and textural structure of the most valuable meat products, whole muscles. This is
where cultured meat is set to target and the focus of our current review [31].

1.3. Cultured Meat
1.3.1. Cultured Meat: from concept to strategy

Cultured meat has various terminology in scientific literature, such as cultivated meat, sometimes as
cell-based meat, also as in-vitro meat. It is defined as animal muscle and fat tissues that are produced
in-vitro growth and differentiation of animal cells, without having to raise and slaughter animals.
Cultured meat harnesses cultured animal cells to produce meat or meat proteins and fat tissue for
human consumption, based on the principle of mammalian tissue development and regeneration [32].

The term artificial meat is commonly employed in the media but it is typically not popular among the
scientific and industry communities due to the harm that a laboratory-scale and experimental setting
would cause, which is not consistent with the purpose of industrial-scale production. Terminology
choice has regulatory implications for classification and labelling, and has been a subject of intense
policy debate, especially in the United States, the European Union and also in Singapore [33].

1.3.2. Concept of developing Cultivated Meat

Cultivated meat has been an idea for many decades before our current understanding of cell biology.
It has long been speculated about by British politician Winston Churchill in his essay Fifty Years
Hence (1931). His visionary statement was written at a time when Alexis Carrel's tissue culture of
chicken heart muscle, begun in 1912, was already growing in the laboratory at the Rockefeller
Institute for nearly 20 years, and demonstrated for the first time the possibility of keeping animal cells
alive out of the body for extended periods of time [5].

The Dutch scientist Willem van Eelen, who had himself suffered hunger as a prisoner of war,
independently envisioned meat production using the use of cell culture, in 1950s; and in 1997, he put
the first general patent on meat production using cell culture, and led a team, including professor
Mark Post, to investigate the potential of cultivated meat products. NASA scientists created one of
the earliest proofs of concept of seafood cultivation in the form of a tiny strip of goldfish muscle
tissue in March 2002, in research to supply alternative food to astronauts on long space missions.
Moreover, the design of an edible cultivated beef patty by Dr. Mark Post made the concept of
cultivated meat popular. The first country to authorise the cultivated chicken meat sale was by Eat
Just is Singapore that recently did it. Recently, the US followed the example of Singapore, receiving
pre-market approval of the produced chicken meat of the Eat Just. [5].

1.3.3. Scaling up and Investment on Cultivated Meat

Over $3 billion in funding has been invested in privately-owned companies focused primarily on
cultured meat since 2013. Mosa Meat (Netherlands - bovine beef, established by Post himself),
UPSIDE Foods (USA - poultry and beef), GOOD Meat / Eat Just (USA / Singapore - cultivated
chicken, the first product to gain approval in the world), Aleph Farms (Israel - beef steaks, including
a thin-cut steak prototype), SuperMeat (Israel - chicken), BlueNalu (USA - cultivated seafood), and
Vow (Australia - cultivated quail, now in manufacturing in a 15 major conventional food industry
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companies such as JBS, Tyson, Cargill, Nestlé¢, and Danone have maden several provisions such as
investments, partnerships, acquisitions, and R&D agreements in the cultivated meat area [6].

1.3.4. Production strategies: right from minced to structured products

One of the strategic distinctions in the cultured meat sector is the two categories of products minced
or unstructured products and structured or whole-cut products which are considerably different in
terms of the technical complexity and technologies they require.

Minced and unstructured foods such as sausages, meatballs, patties and nuggets represent the short
term commercial route. These products incorporate existing food production methods (extrusion,
molding, mixing with plant-based binders) to process, texture and shape cultured cell biomass that
has been fermented into a paste or slurry. These products simply need sufficient cell biomass of the
appropriate composition; they do not need intricate scaffolding, vascularization, and three
dimensional tissue structure [34].

The long-term strategic objective of the field and the most consumer-valued and technical market
segment are structured and whole-cut goods, i.e., steaks, fillets, and chops. Three-dimensional
scaffolding, multi-cell-type co-culture, nutrient perfusion, mechanical stimulation are all necessary
to replicate the hierarchical organisation of whole muscle tissue, parallel myofibre bundles,
intramuscular fat (marbling), connective tissue, and blood vessel architecture. Creating structured
cultured meat with a texture and taste reminiscent of traditional chicken breasts, beefsteaks or fish
fillets is a very difficult endeavor, given that such are still very new technologies that must find a
solution to vascularisation, scaffold architecture and cell density that are not currently available at
commercial scale [7].

1.4. Technologies used to Produce Cultivated Meat
1.4.1. Production Process of Cultivated Meat

The cultivated meat is made by a sequence of bioprocesses using a small animal biopsy to produce
food-grade tissue. The cultivated meat production using satellite cells can be summarized in 4
sequential actions: Satellite cell isolation of a muscle biopsy, isolation cell expansion, formation of
myotubes and mature muscle fibres, assembly of the formed myotubes into a structured food product
using food processing methods such as mixing and moulding [35].

The nature of the biological and engineering problems involved in each stage is unique, and the
efficiency with which each stage is performed has an effect on the cost and quality of the final product.
It has been studied that to produce 10-100 kg of cultured meat, 10'? and 10*? cells are utilized [36].

Measurements, orders of magnitude larger than typical cell biology laboratory equipment, are
required, and special, food-grade bioprocess infrastructures are required. These four main
technologies include source of cells, culture media, scaffolds, and bioreactor systems which
collaborate to produce cultured meat [7].
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1.4.2. Isolating the cells and storing

It begins with a minimally invasive muscle biopsy of a donor animal (usually under local anaesthesia)
in which target cells (usually muscle satellite cells or mesenchymal stem cells) are isolated by enzyme
digestion of the sample and then selected or sorted. They then grow these early cells in small scale
culture vessels and assay them in order to identify, purify and sterilize after which they are frozen
and stored in a functional cell bank. An important quality control measure which is very crucial for a
commercial scale, is cell banking. It ensures uniformity between manufacturing batches and does not
require repeated animal biopsies at a commercial scale [8, 37, 38].

Short replicative life of the primordial cells is consider as one of the major challemge. Normal diploid
cells can survive a limited number of population doublings, called the Hayflick limit, and go into
senescence, no longer able to reproduce. Researchers have studied cell immortalization method,
including telomerase reverse transcriptase (TERT) overexpression and expression of certain
oncogenes to create cells capable of endlessly multiplying. There are several steps that can be
followed in order to make the expansion stage more efficient, which should work on the level of
optimization of the environmental conditions, as well as direct control over the genetic and molecular
factors influencing the regulation of the cell division. However, genetic modification presents
regulatory and consumer acceptance problems to a large degree in countries such as the European
Union where genetically modified foodstuffs (GMOs) are already highly regulated [8].

1.4.3. Expansion of cells

After a sufficient cell bank has been established, cells enter the proliferation. In this stage cells are
induced to divide rapidly to produce the very large cell numbers needed to produce food. A small
sample of cells is prepared to grow into large biomasses in the cell expansion stage, then cell
differentiation and tissue maturation, such as formation of muscle fibres and lipid accumulation [39].

In proliferation, cells are grown in a defined growth medium with growth factors (most importantly
fibroblast growth factor 2 and insulin-like growth factor 1, which prevent differentiation and induce
rapid division [7].

In the case of adherent cell types like myoblasts and satellite cells, it is not directly possible to use a
physical attachment substrate to suspend cell culture in standard bioreactors. In order to solve this
issue, microcarriers were developed. Microcarriers are microspheres (with a diameter of
approximately 100-300 um) which are coated with cells to give them a larger surface area for cell
growth. Micro porous microcarriers are manufactured by a range of materials such as dextran, gelatin,
collagen, and cellulose and used with both attached and floating cells. The microcarriers are then
mixed with the culture medium and cells in a 3D bioreactor to create a microcarrier-cell complex.
Microcarriers are thereby a bridging technology that lies between the 2D culture environment of
typical cell biology, and the fully 3D environment of a scaffold-based culture necessary to produce
structured meat. One of the major difficulties related to the microcarrier culture method is that shear
stress created in the continuous mixing process involving the cell-microcarrier complex inhibits cell
activity and proliferation [40].

Balancing the optimisation of adequate mixing that is mandatory to deliver oxygen and nutrients and
tolerable hydrodynamic shear has become a major bioprocess engineering concerns during the
expansion phase. Computational fluid dynamics (CFD) modelling has become one of the major tools
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used to predict the shear stress distributions in bioreactor vessels and to guide the design of impeller
and vessel geometry to minimise the damage of cells and to maintain mass transfer efficiency [41].

1.4.4. Phases of differentiation and maturation

The mitotic growth factors in the culture media are eliminated to prevent the proliferation phase, and
replaced with a differentiation medium when sufficient cell populations have been obtained, typically
at cell densities of 10° to 107 cells per mm in a bioreactor. This leads to cell cycle arrest in myogenic
cells followed by cell fusion, myotube formation and gradual production of contractile proteins such
as titin and myosin heavy chain (MHC), which are properties of adult, striated muscle fibres [8].

Mechanical stimulation, which is regulated by signalling channels, regulates the growth and
differentiation of muscle stem cells and adipogenic progenitor cells. Mechanically induced stress of
bioreactors in muscle cells can be used to control the development of myoblasts converting into
mature myotubes and myofibres, which determine the outcomes such as texture of cultured meat.
Differentiation is conducted on 3D scaffolds to facilitate the support of structured and whole-cut
products instead of being in suspension or on flat microcarriers. Expanded cells differentiates on 3D
structured scaffolds, after it is done, if entire meat cuts are required, it is extracted out by 3D printing
technology [36].

1.4.5. Bioreactors used to produce Cultivated Meat

Bioreactors are the most crucial elements of the cultured meat production process as they are enclosed
and controlled spaces with constant monitoring and regulation of temperature, pH, dissolved oxygen
(DO), CO2 concentration, and nutrition delivery to maintain cell viability and facilitate effective
growth. The most common types are stirred and airlift/bubble column bioreactors, which are
imperative to achieve cell adhesion and multiplication. The demand to produce cultivated meat
technology has become the need of the hour, and it tends rise rapidly and steadily. The cultivation of
the cells is performed in a range of bioreactors both traditional and new with their peculiarities [41].

The most important bioreactor parameters that need to be controlled are: temperature (37C for
mammalian cells), pH (7.274), dissolved oxygen (2050% saturation), glucose concentration, and
lactate accumulation (toxic metabolic by-product) [8].

The industries standard for large-scale growth of animal cells is the stirred tank bioreactor (STR),
which is adapted from the pharmaceutical and biopharmaceutical industries. Stirred-tank bioreactors
are thought to be the most common type of bioreactor for producing cultured meat. They have proven
to be valuable tools to differentiate and culture cells in 25 mL or 100 mL STR, with or without
microcarriers [36].

Transfer rates of oxygen through sparging, well-developed scale-up techniques, well-characterized
hydrodynamics, and the ability to operate on either batch or continuous modes of operation are all
advantages of STRs at industrial scale. To achieve cell densities and cell volumes of scale suitable to
food-scale cultured meat, scale-up of bioreactor vessels will likely be required to increase in scale,
similar to bioreactor-scale animal cell cultures. The revolving impeller creates hydrodynamic shear
stress, which at high agitation rates can harm or lyse delicate anchorage-dependent cells is considered
to be the major drawback of STRs for cultured meat [41].
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Cells are planted onto a pervious concave fibre matrix in concave fibre bioreactors, which enables
the cells to stick to the face without gumming the medium's rotation. It's believed that this system is
best suited to be used in cells with a high metabolic rate, at low mechanical stress and easier access
to nutrients. Its crucial sins are low oxygenation, limited scalability, relative complexity, and reliance
on concave fibres. The parameters like limited oxygenation, lower scalability, relative complexity,
and reliance on concave fibres are its major excrescencies [42]. One of the research indicates that
hollow fibre bioreactors support centimetre-scale perfusable cultured meat structures that consists of
close and well aligned muscle fibres [43].

Wave bioreactors, are bioreactors that use a rocking platform as a system of mixing in a single
disposable use plastic bag with low shear. It has created a 1,000 L scale rocking stir bioreactor and a
2,000 L scale rocking stir bioreactor for cell culture. In terms of scalability, sterility, and functional
inflexibility, these bags' large capacity is relatively profitable. By doing down with the need for a
thorough washing, they also lower the possibility ofcross-contamination and streamline the
bioprocessing process [36].

The most promising, and developed type of large-scale cultured meat production that would be cost-
competitive is perfusion bioreactors. Perfusion mode In the perfusion mode, fresh medium is
continually fed to it, whilst spent medium, which has been emptied of nutrients and enriched with
metabolic waste, is continuously removed through a cell-retention system such as a tangential flow
filtration (TFF) membrane. In a pioneering study published in Nature Food (2024), it was shown how
the tangential flow filtration can be used to further produce cultured meat. It led to biomass growth
to 130 billion cells per litre, which is equivalent to 43% weight per volume yields. The constant
operation was possible to last more than 20 days to realize biomass harvests daily. Using this
perfusion technology, a techno-economic analysis of a hypothetical 50,000 L production facility
utilizing this type of perfusion revealed that the cost of cultured chicken could also decrease to USD
6.20 per pound. This discovery is a significant breakthrough because it has demonstrated, after many
years, that continuous production can make cultured beef prices a price range within the spectrum of
high quality conventional goods in the market [44].

1.4.6. Modes of bioreactor operations

The operation mode (batch, fed-batch or continuous) has a profound influence on the media
consumption, bioreactor productivity and the end up costs of production. The simplest process is the
batch operation which yields the lowest cell densities. All the nutrients are provided at the initial stage
and the cells grow until the nutrients run out. By continuing the growth phase and keeping the optimal
conditions by introducing more concentrated nutrient solutions during the run, larger cell densities
than batch are achieved in fed-batch operation. The pharmaceutical industry can be used to achieve
yields of approximately 20 million cells/mm in fed-batch [45]. Medium is added and removed
simultaneously at steady state in continuous (perfusion) mode, allowing extremely high cell densities
and the longest culture times. Parameters elevation such as cell densities, doubling times, and
bioreactor efficiency have shown significant cost reductions. A optimized continuous system
minimised costs by USD 437,000 to USD 1.95/kg [7].
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1.4.7. Challenges faced during scaling-up

To ensure cell viability, product safety, and batch to batch reproducibility, several important process
parameters need to be tightly controlled during the manufacturing process, irrespective of the type of
bioreactor. They include, temperature uniformity within the entire volume of the vessel; dissolved
oxygen concentration, acidification due to lactate buildup quickly leads to cell death, shear stress
which must be kept below cell damage thresholds of about 0.1-1 Pa in mammalian cells, and
prevention of microbial contamination which is the main cause of batch loss in open or semi-open
culture systems [8, 41].

All these properties change non-linearly as they are scaled up to commercial production out of the
lab bench. With increase in vessel volume, the rate of oxygen transfer (OTR) decreases and surface
aeration systems or sparging are necessary, posing further dangers of shear stress. Nutrient and
metabolic wastes are producted in the vessel as mixing time increases. Even though recent studies
have reported effective bioreactor expansions of above 50 L and a 90% cost savings in culture media,
there is limited industrial translation [46].

1.5. Types of cells used to produce Cultivated Meat

The type of cells used is pivotal in any dressed meat system, impacting the design of the downstream
bioprocess, the composition of the culture media, the necessity for pulpits, and the sensitive and
nutritive characteristics of the dressed meat. The named original cell type should be largely
proliferative and therefore suitable for large- scale product, able of isolation into the different cell
types set up in the mature meat [46]. The types of cells that are presently under disquisition for dressed
meat product are muscle satellite cells (MuSCs), convinced pluripotent stem cells (iPSCs),
mesenchymal stem cells (MSCs) and fibro- adipogenic ancestor cells (FAPs), myoblasts and
adipocytes or pre-adipocytes.

1.5.1. Satellite muscle cells

Muscle satellite cells are the resident adult muscle stem cells that lie sandwiched between the
sarcolemma and basal lamina of each muscle fibre. The satellite cells or myogenic stem cells or
myogenic progenitor cells can self-renew, regenerate, and hypertrophy between the sarcolemma and
the basal lamina of skeletal muscle fibres. After muscle damage, regulatory myogenic factors are
induced by the environment that stimulates satellite cell proliferation, differentiation and fusion to
form new multinucleated muscle cells [47].

1.5.2. iPSCs

The most common transcription factors found to be expressed in somatic cell reprogramming include
OCT4, SOX2, KLF4 and ¢c-MYC (Yamanaka factors). These factors have to be used to transform a
terminally differentiated somatic cell, typically from a skin biopsy or a biopsy of connective tissue,
into an induced pluripotent stem cell (iPSC). An important reason cultured meat has been developed
is its ability to derive cells with the characteristics of nearly any cell type, including pluripotent cells
like induced pluripotent stem cells (iPSCs) and embryonic stem cells (ESCs), which can grow into
almost anything and can be propagated indefinitely [46].
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The iPSCs' can reproduce in-vitro, makes them plastic and suitable for applied research. Pluripotent
stem cells (ESCs and iPSCs) allow generation of larger numbers of myogenic progenitor cells without
tissue sampling repeats [47].

1.5.3. Mesenchymal stem cells

Multipotent adult stromal cells, also called mesenchymal stem cells (MSCs), have been discovered
in skeletal muscle, adipose tissue, bone marrow and umbilical cord. The sources of cells for cultured
meat are mesenchymal stem cells from tissues, self-renewal muscle progenitor stem cells in muscle
tissues (most common), and induced pluripotent stem cells which are terminally differentiated cells
that are transformed [48].

1.5.4. Fibro-adipogenic progenitor cells

A unique type of multipotent cells are called fibro-adipogenic progenitor cells (FAPs). They have the
ability to transform into adipocytes and fibroblasts. These are the primary contributors to
intramuscular fat, which is very important for the flavor, juiciness and eating quality of premium beef
products. The cells derived from muscle-derived fibro-adipogenic progenitor cells are a good source
for cultured bovine AT (adipose tissue). Fat tissue is necessary to precisely imitate conventional meat
and is crucial to the flavor and texture of meat [49].

1.6. Types of culture media

Culture medium: nutritional medium that provides all molecular needs for cell survival, proliferation,
and differentiation: energy sources, amino acids, vitamins, mineral salts and bioactive signalling
molecules. Formulating the media is a commercially critical challenge in cultured meat production,
accounting for at least 50% of the operating costs in cultured meat production [50].

These are added to standard basal media (most commonly DMEM or DMEM/F12) to provide key
growth factors including FGF2, EGF, IGF1, NRG1, TGFB1 and PDGFB, and serum proteins
(albumin, insulin and transferrin) [51].

The traditional cell culture supplement, fetal bovine serum (FBS)), is, as it h