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Abstract 

Meat production through cell culture has the potential to improve the environmental, nutritional, 

and ethical impacts of our food system. By decoupling from animal husbandry, cultured meat 

can maintain unprecedented control over products and processes in order to enhance their health, 

efficiency, safety, and sustainability. However, substantial scientific challenges remain before 

the potential benefits of cultured meat can be realized. Specifically, cultured meat must prove to 

be high quality and affordable in order to interest consumers. This will necessitate the 

development of delicious and nutritious cell cultured products at a scale and price that is 

unprecedented in the world of medical cell culture and tissue engineering. Here, we demonstrate 

how culture media optimization, genetic engineering and other strategies can help enable this 

goal by enhancing both the products (i.e., nutrition) and processes (i.e., culture systems) of 

cultured meat. First, genetic engineering is applied to induce the endogenous production of 

antioxidant phytonutrients in bovine muscle satellite cells. As lipid oxidation is one of the main 

mechanistic links between red meat and colorectal cancer, this effort demonstrates how cultured 

meat can be engineered to offer improved nutrition compared with conventional meats. Next, 

genetic engineering and media development strategies are applied to lower the cost of bovine 

satellite cell expansion. Non-genetic strategies for this include the development of a low-cost 

serum-free growth medium, and its subsequent cost reduction through the discovery of effective 

but low-cost plant derived protein extracts as replacements for expensive recombinant albumin. 

Genetic strategies include establishing an immortalized bovine satellite cell line, and 

subsequently engineering it to ameliorate media requirements for expensive recombinant 

fibroblast growth factor (FGF). These strategies combine to produce a system for scalable (i.e., 

immortalized) culture of bovine satellite cells in a serum-free medium that does not require 
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albumin or FGF, two factors which have to-date been the largest individual cost contributors to 

cultured meat production. Together, these two thrusts demonstrate how genetic strategies can be 

applied and combined with process development strategies to increase the quality and lower the 

cost of cultured meat, thereby advancing progress towards cultured meat that can facilitate 

widespread consumer adoption. 
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Chapter 1 ï Introduction  
 

1.1 Background 

Cellular agriculture is an emerging discipline which aims to produce through in vitro cell culture 

those products which are conventionally derived from animal agriculture. These can include 

meat, poultry, and seafood, as well as milk, leather, collagen, or other proteins. Meat products 

produced in this way are known as cultured meat, cell-based meat, or cultivated meat, and are a 

key target area of the broader field of cellular agriculture. The driving hypothesis behind these 

areas is that by decoupling meat and other products from animal husbandry, cellular agriculture 

and cultured meat can mitigate the environmental, food security, animal welfare, and human 

health concerns that stem from intensive animal agriculture1. 

 

While the concept of cultured meat has been around for over seventy years2, it was not until the 

turn of the 21st century that concrete methods for producing it were proposed and explored3ï6. 

While specific production processes may vary, an overview of the generalized cultured meat 

production process can be seen in Figure 1.1. In the first steps, cells are sourced from relevant 

tissues of relevant species, isolated into the desired cell populations, characterized, and banked 

for long term storage and usage. These cells can be tissue-specific stem cells (e.g., muscle 

satellite cells or preadipocytes), or else pluripotent stem cells (e.g., induced pluripotent stem cells 

(iPSCs) or embryonic stem cells), and they can be primary stem cells or immortalized stem cell 

lines. Once starting cell populations have been established, the cells are proliferated in expansion 

bioreactors to achieve high cellular biomass from a small starting population. A number of 
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possible bioreactor formats can be used for this, though which systems are optimal for 

production remain to be seen7,8. 

 

Once a sufficiently large mass of stem cells has been generated, these cells are seeded onto 

biomaterial scaffolds which provide 3D structure, topographical cues, and biochemical 

environments that encourage further cell development, either as additional proliferation, cell 

differentiation, or a combination of the two9. While scaffolding and differentiation steps may not 

be strictly necessary to achieve a cell-based meat product, it is possible that mature tissues and 

cells will positively impact product quality features, such as texture and taste10. Finally, cells 

and/or tissues are harvested and formulated into a final meat product. This can occur through 

simple harvesting of 3D, differentiated tissues, or else through the use of additional agents for 

binding, flavor, coloring, or otherwise11,12. 

 

 

 



3 

 

 

Figure 1.1: General cultured meat production process. (A) Tissues are sourced from species of 

interest. (B) Cell types of interest are isolated from the tissues. (C) Various expansion bioreactors 

are used to proliferate cells to a high cell density. (D) Biomaterial scaffolds are seeded with 

proliferated cells in order to promote differentiation and/or hierarchical organization of cells. (E) 

Resulting in vitro tissues are harvested and processed into food products if needed (e.g., through 

the addition of binding agents or plant-based filler components. 

As mentioned, the motivation for cultured meat development stems from the potential to address 

the negative effects of conventional animal agriculture in terms of sustainability, health and food 

security, and animal welfare. Specifically, for the first of these, animal agriculture is associated 

with substantial resource use and environmental degradation. The livestock sector contributes 

over 14% of anthropogenic greenhouse gases worldwide13, occupies 30% of the worlds ice-free 

land14, engenders 70% of total deforestation in the Amazon15, and accounts for more than 30% of 

the nitrogen and phosphorous eutrophication of water in the USA16. These metrics are likely to 

grow worldwide as rising meat demand results in an expected increase in meat consumption of 

1.2% annually through 205017. 

 

Regarding human health and food security, a major concern of animal agriculture is the 

evolution of antimicrobial resistant bacteria and their transfer from animals to humans18. Indeed, 
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while it has been shown that such transfer can happen, it is also projected that antimicrobial use 

in livestock would grow by nearly 12% from 2017 to 203019. The use of antibiotics to treat and 

control disease in animal agriculture therefore poses a substantial risk to human health, 

particularly in intensive farming operations, where high animal density poses an increased risk 

for disease. This risk of disease can also result in food security concerns, whereby outbreaks can 

seriously impact food supplies. Additionally, the consumption of certain types of meatsð

particularly red or processed meatsðhas been associated with increased incidence of diseases 

such as colorectal cancer and various cardiovascular diseases20,21. 

 

Finally, regarding animal welfare, intensive animal agriculture presents a host of issues. First, 

concentrated operations that result in disease outbreaks can result in large scale animal death. 

During the first year of the African swine fever in 2018, for instance, over 13,000 pigs had 

reportedly died from infection of the disease, while an additional 1.2 million had been culled to 

prevent its spread22. Next, a changing climate can seriously impact the welfare of farmed 

animals, which can be more susceptible to drought and heat stress than non-domesticated 

animals23,24. Finally, a system based on animal slaughter is inherently at odds with farm animal 

welfare, particularly in large-scale, industrialized operations. 

 

In contrast with these negative externalities of animal agriculture, cellular agriculture is projected 

to offer substantially more favorable outcomes. Preliminary life-cycle assessments of cultured 

meat production are still in their early stages, but consistently suggest that cultured products 

could dramatically reduce land and water use, eutrophication, particulate matter formation, and 

overall global warming potential compared with conventional products, though could increase 
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the energy requirements of production25ï27. From an animal welfare perspective, cultured meat 

would drastically reduce or completely eliminate the need for animal slaughter28,29. And from a 

human health perspective, the use of sterile culture environments would simultaneously 

ameliorate the risk of contaminating pathogens and the use of antibiotics in meat production30. 

Additionally, certain harmful nutrients found in conventional meats such as trans-fatty acids 

would be absent from cultured meat due to their typical origins from bacterial synthesis in 

animal microbiomes31. 

 

Ultimately, the potential of cultured meat lies in decoupling meat production from animal 

husbandry in order to overcome the low trophic efficiency and high external costs of 

conventional animal agriculture. This process leverages technologies that were born from 

medical tissue engineering, but it must also adapt these technologies towards a new set of design 

constraints and priorities. While medical tissue engineering places function, in vivo mimicry, and 

medical safety (e.g., implantability) at the forefront, tissue engineering for food must focus on 

cost, scale, quality (e.g., taste and nutrition), food safety (e.g., edibility), and other metrics 

detailed in Figure 1.2. 
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Figure 1.2: Shared and disparate priorities for tissue engineering for food vs. tissue engineering 

for biomedical applications. While safety, regulatory approval, and certain parameters are shared 

between these two fields, there are many differences in what they must priorities. 

 

It is important to recognize that the realization of the benefits of cultured meat is entirely 

dependent on convincing consumers to buy and consume cellular agriculture products instead of 

conventional animal agriculture products, something that plant-based meat alternatives have not 

yet been able to achieve32. While environmental and ethical considerations may be one of the 

driving motivators for pursuing cultured meat research, quality and price will ultimately decide 

consumer purchasing decisions33. As such, it is essential that cultured meat products can compete 

on quality and price in a way that is scalable and sustainable in order to realize the promising 

potential of these novel foods. 
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1.2 Cultured meat products: nutrition and food quality 

Meat quality can be broken down into two main categories: food quality (e.g., taste, texture, 

color, smell, etc.) and nutrition. Mimicking or surpassing conventional meat in both of these will 

be necessary for cultured meatôs widespread adoption, and has been a limitation so far for plant-

based meat alternatives34,35. Towards this end, cultured meat has a range of advantages and 

disadvantages that should be considered when developing products. 

 

1.2.1 Food Quality 

In terms of food quality, cultured meat has the advantage of being comprised of the same 

fundamental building blocks as conventional meat (i.e., muscle and fat cells). These cells contain 

innate features that provide food functionality to conventional meat products and would do the 

same for cultured meat products. For instance, contractile muscle proteins offer fibrillar texture 

as well as unique water- and fat-binding properties that confer meatôs fibrous texture and 

juiciness36. Similarly, fatty acid profiles of animal fat cells and tissues are responsible for 

imparting species-specific flavors to meats37. 

 

It is reasonable to assume that if cultured meat can mimic these cellular features (muscle proteins 

and lipid profiles), then high organoleptic mimicry of conventional meats can be achieved. For 

instance, the same actin and myosin protein complexes form during in vitro muscle 

differentiation as those which impart functional properties on meat, and similar fatty acid profiles 

are seen in vitro during fat cell culture as those which are present in fat tissue of the 

corresponding species12. 
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At the same time, cultured meat likely faces many hurdles in terms of food quality which must 

be addressed in order to achieve substantial market presence. Many of the specifics of these 

hurdles are still unknown, though knowledge of differences between in vitro and in vivo biology 

can infer possible areas. For instance, while differentiated muscle cells contain myosin and actin 

filaments in vitro, and while differentiated fat cells accumulate lipid droplets in vitro, these cells 

often demonstrate immature differentiation more similar to fetal tissues than adult tissues, which 

could have implications for food quality12,38. From a texture perspective, it is likely that added 

binders or biomaterial scaffolds will be needed to generate structured tissues which can mimic 

meat texture. It remains to be seen which scaffold systems will best marry biological function 

(e.g., cell adhesion, growth and differentiation) with food function, and how the food quality of 

these scaffolds will compare with conventional meat tissue9. From an appearance perspective, 

coloring agents will also be required to match meatôs redness (due to the lack of iron-binding 

blood proteins in cell culture systems). Here, adding those same blood proteins or other coloring 

agents can both improve appearance and potentially improve nutrition and bioprocess metrics11. 

Finally, from a taste perspective, metabolomic analysis of cultured muscle satellite cells and 

conventional meat products has revealed differences in flavor compounds associated with umami 

and bitterness, which could indicate that, without optimization, cultured meat would not match 

the flavor profile of conventional meat39. 

 

It is also important to consider the changes that meat undergoes upon animal death, and how 

these might or might not translate to in vitro tissue harvest. Specifically, upon death, muscle 

tissue undergoes an irreversible contraction (rigor mortis) which requires subsequent ageing to 

allow for protein degradation and tissue loosening to achieve the desired texture. At the same 
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time, the loss of blood flow and oxygen delivery results in a brief but important period of 

increased glycolytic metabolism of muscle cells, which acidifies the tissue through lactic acid 

production, imparting important functional changes to the meat40. This conversion of muscle to 

meat is essential for flavor and texture, but it remains to be seen how the same conversion 

happens in vitro, and whether processing steps will be needed to mimic this chemical conversion, 

or at least achieve its functional outcomes. 

 

1.2.2 Nutrition 

The nutritional potential of cultured meat also has the advantage of its fundamental similarity 

with conventional meat products. Indeed, many of the nutritional deficiencies of plant-based 

meat analogues (such as high sodium content) are required in order to achieve quality metrics 

that can accurately recapitulate conventional products41. It is possible that cultured meat would 

require less post-processing or functional augmentation than plant-based products, and so could 

avoid these nutritional sacrifices while maintain high quality. Indeed, studies have shown good 

(though not perfect) similarity between conventional and cultured meat products for nutritional 

factors such as amino acid and fatty acid ratios12,42. 

 

At the same time, conventional meat productsðwhile a valuable source of proteins and certain 

micronutrientsðalso offer distinct health disadvantages. In order to ensure high nutritional 

value, cultured meat could aim to embrace the nutritional positives of meat, while avoiding the 

negatives. A clear option here is to look at those nutrients which are not actually produced by the 

muscle or fat cells, themselves, but instead come from other tissues or dietary processes. As 

mentioned above, cultured meat is unlikely to contain trans-saturated fats that are generated by 



10 

 

ruminal bacteria31. Cultured meat can leverage this fact to offer nutritional advantages over 

conventional meat. On the other hand, vitamin B12 is a flagship micronutrient of meat that is 

also produced primarily by ruminal bacteria43. As such, cultured meat will need to be 

supplemented with vitamin B12 at some point during production. One possible option is to 

include vitamin B12 in the culture mediaðand, indeed, it is a vital component of many basal 

media formulationsðthough the retention of this vitamin by cells remains to be evaluated. 

 

Beyond trans-fatty acids, red and processed meat consumption has been associated with 

numerous pathologies, including type II diabetes, cardiovascular disease, and colorectal cancer44ï

49. Indeed, the World Health Organizationôs International Agency for Research on Cancer 

(IARC) has deemed red and processed meat to be óprobably carcinogenicô and ócarcinogenic,ô 

respectively20,50. While the mechanisms behind these associations are yet to be fully elucidated, 

several components of meat are known to contribute to disease onset. Carnitine is one such 

component, which is prevalent in muscle tissue and is converted to trimethylamine (TMA) i n the 

gut, and subsequently trimethylamine N-Oxide (TMAO) in the liver. TMAO the increases risk 

for adverse cardiovascular events and decreases kidney function51. Other pathogenic components 

of red and processed meat are reactive oxygen species or their antecedents, which include heme-

bound iron, nitrosamines, advanced glycation end-products, and others20. These reactive oxygen 

species can interact with tissue in the colon, inducing mutations and ultimately cancer. In light of 

these associations, it is possible that cultured meat could be engineered to avoid the negative 

health effects of meat products while maintaining high levels of beneficial nutrients. 
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Ultimately, cultured meat will need to compete on quality and nutrition for wide-spread adoption 

of products, and so early research efforts should focus on these areas to ensure that products are 

attractive to consumers. This means a focus on flavor, texture, color, shelf-life, cooking, 

packaging, macronutrients, micronutrients, and a host of other factors. Without meeting 

consumer needs on all of these fronts, the environmental, ethical, and human benefits of cultured 

meat cannot be realized. 

 

1.3 Cultured meat production: inputs and engineering tools 

Along with needing products that compete on quality and nutrition with conventional meats, 

cultured meat needs to compete on price and scale in order to establish a significant market 

presence. Consumers may be willing to pay a small premium for healthier, tastier, and more 

environmentally friendly products, but this willingness will only go so far. In order to truly 

compete with conventional meats, cultured meat must ultimately reach price parity with them. 

This is an effort that will require the use of extremely low-cost inputs processed at extremely 

high scale and efficiency. Here, two inputs are perhaps the most important: the cells that are 

grown for the production of cultured meat, and the culture media that is used to feed them. 

 

1.3.1 Cells 

There are multiple possible cell types that can be used to generate both the muscle and fat 

portions of cultured meat. From a muscle perspective, cells can be pluripotent (able to 

differentiate into multiple cell types), such as embryonic stem cells or induced pluripotent stem 

cells (iPSCs). Muscle specific progenitors can also be used, including primary muscle stem cells 

(termed satellite cells) or immortalized muscle precursors, which can be obtained through 
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spontaneous immortalization over serial passages, or through targeted genetic engineering of 

primary satellite cells29,30. From a fat perspective, pluripotent cells can be used, as well as fat-

specific preadipocytes52. For both muscle and fat, it is also possible to generate differentiated 

tissues from other, unrelated cell types. For instance, genetic engineering can convert fibroblasts 

into myogenic precursors, and lipid-accumulating fibroblasts can be selected for to act as 

adipogenic precursors53,54. Additionally, it is possible to trans-differentiate muscle cells into 

lipid-accumulating cells, thereby using one of the tissue-specific cell precursors to generate the 

other53. 

 

Whatever the starting cells, their proliferative and differentiative capacities are key, as are the 

reliability, efficiency, and scalability of those processes. Along the first axis, the proliferative 

capacity of cells can be broken down into two metrics: population lifespan and growth rate. With 

primary cells, the population lifespan is limited to around fifty doublings, after which cellular 

senescence induces loss of growth and induction of apoptosis55. While a large amount of meat 

can theoretically be produced over even fewer doublings (e.g., 5,000 kg of tissue from a 500 mg 

biopsy over 35 doublings28), this limitation ultimately necessitates repeat biopsies, which can 

impart variability to cell populations that can complicate bioprocess control. In contrast, 

immortalized or pluripotent stem cells offer theoretically indefinite population lifespans, which 

would improve the long-term reliability and control of production processes. Cell 

immortalization can be achieved through spontaneous mutations accumulated over serial 

passaging, or through genetic engineering strategies (including primary cell immortalization or 

iPSCs induction)29,56. While the latter raises potential regulatory and consumer concerns that 

should be closely considered, the former depends on getting ñluckyò with the mutations that 
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randomly occur, and so might be difficult to achieve. Still, the utility of immortalized cells for 

research and product development is noteworthy. 

 

After proliferative capacity, another key metric for cell populations is growth rate. Faster cell 

growth can shorten bioprocess time, saving labor and potentially consumables cost, while 

increasing the production volume of a given bioreactor capacity per year. Looking at some 

relevant benchmarks, typical doubling times for muscle stem cells are around ~17 hours in vivo 

and between 14-24 hours in vitro, depending on whether one is using immortalized muscle cells 

(such as the C2C12 mouse muscle cell line) or primary satellite cells57,58. Other useful 

benchmarks include Chinese hamster ovary (CHO) cells and human embryonic kidney 

(HEK293) cells, which are the two main biopharmaceutical workhorse cell lines for recombinant 

protein production and are therefore the most scaled mammalian cell culture systems to-date. 

Doubling times for these cells range between 14-17 hours for CHO cells, and ~33 hours for 

HEK293 cells59,60. Achieving growth rates at or below these benchmarks (e.g., 14-17 hours per 

doubling) is a reasonable target for cultured meat to enable rapid, scalable production. 

 

Finally, along with proliferative lifespan and growth rate, an important metric for cells is their 

capacity to differentiate into mature tissues. For muscle, this means the fusion of cells into 

multinucleated myotubes. While it remains to be seen the degree to which muscle differentiation 

is necessary for food functionality of cultured meats, the importance of mature muscle proteins 

(e.g., actin and myosin filaments) for conventional meat quality and nutrition suggests that the 

same proteins will be required in vitro to achieve suitably mimetic texture and fat- and water-

binding capabilities. Here, primary cells or immortalized muscle-specific stem cells offer the 
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advantage of already being partway down the muscle-specific lineage, and so hold an innate 

inclination towards muscle differentiation. In contrast, because pluripotent stem cells can 

differentiate down multiple lineages, achieving reliable and reproducible muscle differentiation 

can be more challenging and complex61. Thus, advantages and disadvantages of various cell 

types in both proliferative and differentiative contexts should be considered carefully when 

designing cultured meat production processes, as should potential optimization strategies along 

both of these axes. 

 

1.3.2 Media 

While cells are the primary building blocks of cultured meat, the culture media are the primary 

inputs, and indeed provide the building blocks of those cells (sugars and amino acids). Along 

with providing these cellular constituents, culture medium provides an aqueous environment for 

cells which maintains osmolarity, pH, and dissolved gases, and which contains signaling 

molecules (e.g., proteins) and cofactors (e.g., vitamins and minerals) which are required for 

proper biochemical and metabolic activity. 

 

In addition to their importance on a cellular level, culture media are extremely consequential at a 

bioprocess and scale-up level. Indeed, it is expected that the majority of the cost of cultured meat 

production will lie in the media62,63. This media cost can be broken down into two categories: the 

basal media which contain macro and micronutrients required for cell metabolism, and the media 

supplements, which contain functional molecules such as carrier proteins and signaling 

molecules that are not actually consumed by cells in culture, but which are essential for their 

growth and differentiation. While basal media are essential for cell growth, and certainly non-
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negligible in terms of cost (particularly as processes scale), the functional molecules at-present 

contribute significantly more cost burden on culture media (>90% of total media cost)64,65. As 

such, efforts to reduce their cost are particularly urgent. 

 

Throughout the history of animal cell culture, it has been common practice to deliver these 

functional molecules to cells in vitro by adding undefined animal-derived components to media, 

such as fetal bovine serum (FBS)66. However, the use of bovine serum for cultured meat 

production is impractical, both due to the high variability and cost of FBS, as well as the inherent 

conflict between FBS and the aims of cultured meat development67. As such, it is necessary to 

develop animal serum-free media for use in cultured meat production. While such media have 

been developed previously for a range of cell types, they still rely on high-cost recombinant 

proteins which render them too costly for low-cost cultured meat production. As such, alternative 

inputs or culture strategies should be pursued. 

 

Here, it is important to think of the scale of cultured meat production, and how this compares 

with other mammalian cell culture efforts. For instance, conventional beef production is expected 

to grow to 75 million metric tons by 203068. For cultured meat to produce just 1 million metric 

tons (1.3% of that total), it is estimated that the industry would need a production capacity 

somewhere on the order of 100-500 million liters, while current mammalian cell cultured 

infrastructure for biopharma is estimated to be only around 5 million liters69ï71. While these 

estimates are inherently noisy and do not account for alternative or novel bioprocesses, it is clear 

that mammalian cell culture capacity will need to increase by orders of magnitude to meet even a 

small fraction of global meat demand. It is therefore also clear that culture media components 
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will need to be produced at orders of magnitude higher volumes than previously, and so even 

early-stage research should look into widely available or highly scalable input streams, such as 

agricultural byproducts. Solutions that keep this in mindðthe required scale of material inputs 

and bioprocess infrastructureðare better suited to meaningfully impact cultured meat production 

processes moving forward. 

 

1.3.3 Genetic engineering 

While a range of engineering tools and techniques exist for optimizing cultured meat products 

and production processes, one particularly promising strategy lies in genetic engineering of cells. 

Genetic engineering offers three distinct advantages in the context of cultured meat: first, by 

decoupling meat production from whole animals, cultured meat enables a degree of cellular 

engineering that has heretofore been impossible with animal agriculture. Specifically, animal 

husbandry depends on whole animal viability, so genetic modifications which may improve 

products or costs, but which compromise animal viability are impossible.  Second, genetic 

engineering of cell lines is much faster than generating genetically modified animals, and so 

optimization strategies can be tested and iterated on much faster in a cultured meat context. 

Finally, genetic engineering is a potentially ñfreeò method of product or process optimization. 

While the initial cell line development costs time and money, and while genetic engineering 

efforts must balance their targeted changes with potential collateral effects on factors like growth 

rate and differentiation capacity, once a cell line has been engineered, no further inputs are 

required to achieve the desired effect. This is in contrast to, say, media additives for enhanced 

proliferative or differentiative capacity, or post-harvest additives for nutritional enhancement. As 
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such, genetic engineering is a powerful tool for a field which must ultimately hold cost at 

paramount importance. 

 

The key limitation of genetic engineering is one of perception, which affects both regulatory 

approval and consumer acceptance. Indeed, research shows that consumers are still concerned 

about genetically modified food, despite continued evidence of the safety of these foods72,73. 

However numerous studies have shown that increased information and the information context 

around genetic engineered can increase consumersô willingness to purchase genetically modified 

foods, as can the context within which those genetic modifications were made72,74,75. Here, 

genetic engineering of cultured meat faces some unique and important realities. The first is that 

cultured meat is itself a novel food for consumers, and so early adopters will likely have low 

food neophobia by nature, and might therefore worry less about genetic modifications relative to 

those who would be unwilling to try cultured meat anyways76. The second is that, unlikely in 

crops, there is no concern that genetically modified cell cultures would escape containment and 

disrupt natural ecosystems. Genetically modified cultured meat might therefore pose fewer 

environmental concerns than other forms of genetically modified foods. 

 

From a regulatory standpoint, approval of genetically modified foods is highly dependent on 

jurisdiction. The United States, for instance, has a relatively positive regulatory environment, and 

has approved for human consumption two genetically modified animal breeds, as well as 

numerous crops77ï79. This is in contrast to the European Union, which has a much stricter 

regulatory framework for genetic engineering. A key difference between these two frameworks 

is that the US has a ñproductò driven system, while the EU has a ñprocessò driven system. In the 
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first, genetically modified products are regulated based on how they differ (or not) from 

conventional products, and so products can be deemed ñsubstantially similarò to conventional 

products, thereby avoiding extra regulation. In contrast, the EUôs system requires that the act of 

genetic engineering itself triggers additional regulatory scrutiny79. It is unclear how these 

frameworks will integrate cultured meat, as to-date these jurisdictions have no ñconventional,ò 

non-genetically modified cultured meat product to compare with. However, it is likely that the 

United States will take a significantly more favorable approach to genetic modification than the 

EU, at least in the near future. 

 

Lastly, it is important to note that not all genetic engineering strategies are equal, and different 

approaches might fare better or worse in the eyes of regulators and consumers. For instance, the 

use of viral transduction for transgene insertion may concern both regulators and consumers, 

while non-viral strategies may fare better. Further, precision gene-editing techniques (such as 

CRISPR/Cas9), which are able to generate small alteration to native DNA, may be more 

favorable than the transgenic insertion of ñforeignò DNA. Indeed, many jurisdictions currently 

exclude small base-pair changes or mutations from their definitions of genetically modified 

organisms, and consumers also show a preference for these targeted changes over transgene 

integration72,79. 

 

While the hurdles facing genetic engineering of cultured meat from a regulatory and consumer 

standpoint are impossible to ignore, the unprecedented level of cell culture optimization that is 

required for these products makes it equally impossible to ignore their potential advantages. As 

such, it is worthwhile to investigate how genetic strategies might be used to maximize cultured 
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meat products and processes. Indeed, these strategies may prove to be fundamentally enabling to 

cultured meat, allowing faster market entry with more affordable, more sustainably, and more 

nutritious products. 

 

1.4 Project overview 

As mentioned, the fundamental requirements of cultured meat are that it must be high quality, 

low cost, and environmentally sustainable. Without these, the potential of this emerging 

technology cannot be realized. This work aimed to explore how genetic engineering and other 

strategies can be used to advance all three of these goals by increasing the nutritional value of 

cultured meat, reducing the cost of production, and increasing the sustainability of culture media 

inputs. 

 

1.4.1 Engineering nutrition 

In the first portion, the nutritional value of cultured meat was enhanced through transgenic 

expression of enzymes responsible for the synthesis of dietary antioxidants called carotenoids. 

These antioxidants were then synthesized by bovine satellite cells (BSCs) in vitro, and were able 

to reduce lipid oxidation that occured during cooking of the cultured cells. As lipid oxidation is 

the key mechanistic link between red meat and colorectal cancer, this work offers a proof-of-

concept for how genetic engineering of cultured meat can overcome some of the nutritional 

deficiencies of conventional meat products, thereby offering consumers a healthier product. This 

could in turn encourage consumers to purchase cultured meat products, thereby enabling 

increased adoption. In this way, genetic engineering was used to enhance cultured meat along its 

first axis: quality. 
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1.4.2 Engineering low-cost cell culture 

After enhancing cultured meat along the axis of quality, genetic strategies and media 

optimization were used to enhance cultured meat production processes along the second axis: 

cost and scale. This was ultimately achieved by lowering the cost of serum-free culture media 

through genetic and non-genetic strategies, though several enabling technologies were first 

required.  

 

Enabling technology #1: Defined serum-free media 

The first enabling technology was a defined serum-free medium for BSCs, as no such media 

previously existed with demonstrated efficacy for bovine satellite cells over long-term culture. 

This media was shown to be effective and low-cost compared with FBS-containing medium, but 

it also relied on high-cost recombinant proteins, particularly recombinant albumin, and fibroblast 

growth factor 2 (FGF-2).  

 

Enabling technology #2: Immortalized bovine satellite cells 

The next enabling technology that was established was a line of immortalized bovine satellite 

cells (BSCs), which both increased the proliferative capacity of these cells, and enabled more 

robust genetic engineering techniques for addressing serum-free media costs. These cells were 

genetically modified to overexpress two proteins: telomerase reverse transcriptase (TERT) and 

cyclin-dependent kinase 4 (CDK5), which together prolonged the proliferative lifespan of cells 

and promoted their proliferation. These cells were demonstrated to proliferate rapidly for over 

120 doublings, and to achieve a doubling rate of 15 hours. 
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Low-cost serum-free media 

With these enabling technologies in place, media costs were brought down by replacing the two 

most expensive components of the established serum-free medium: albumin and FGF-2, which 

together comprised over 75% of the cost of the serum-free media. 

 

To overcome the high-cost of albumin, plant-derived protein isolates from rapeseed protein meal 

were extracted and shown to fully replace albuminôs functionality (and indeed to improve BSC 

growth). This change enabled dramatic cost-savings compared with recombinant albumin. More, 

as rapeseed protein meal is a low-cost and abundant byproduct of canola oil production, this 

strategy offers a highly scalable and sustainable media input. To overcome the cost of FGF-2, 

immortalized BSCs were engineered to overexpress FGF-2 along with a mutated form of the rat 

sarcoma virus protein (Ras-G12V). This resulted in autocrine signaling capable of overcoming 

requirements for exogenous growth factors. Together, these two approaches substantially 

decrease the cost of expansion media for BSCs and advance the field towards sustainable, 

scalable, and economically viable cultured meat production.  

 

To summarize, herein are presented various strategies for enhancing cultured meat products and 

production processes through genetic and non-genetic strategies. In the first thrust, cultured meat 

nutrition is enhanced through endogenous antioxidant synthesis. In the second thrust, cultured 

meat production processes are enhanced through cell immortalization, media supplementation 

with low-cost plant-derived albumin alternatives, and the use of ectopic autocrine signaling to 
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overcome requirements for expensive growth factor components. An overview of these efforts 

can be seen in Figure 1.3. 

 

Figure 1.3: Overview of projects. Both genetic engineering and culture media optimization 

strategies were used to optimize the production cost and sustainability, as well as nutritional 

value of cultured meat. 
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Chapter 2 ï Engineering carotenoid production in mammalian cells for 

nutritionally enhanced cell-cultured foods 

Stout, A. J., Mirliani, A. B., Soule-Albridge, E. L., Cohen, J. M. & Kaplan, D. L. Engineering 

carotenoid production in mammalian cells for nutritionally enhanced cell-cultured foods. 

Metabolic Engineering 62, 126ï137 (2020). 

Reprinted here with permission of the publisher. 

 

2.1 Introduction  

Synthetic biology and metabolic engineering have become major tools across numerous 

disciplines80. However, broad use in mammalian systems has been slow to develop, and progress 

within these systems has been largely isolated to applications such as therapeutic protein 

production (e.g., monoclonal antibodies) or the study and treatment of disease (e.g., metabolic 

reprogramming)81,82. In these efforts, apart from genetic tools such as viral or bacterial editing or 

regulatory systems, little attention has been given to heterologous engineering of mammalian 

cells using genes from other taxa (i.e., bacteria or plants)83,84. In contrast, metabolic engineering 

efforts in bacteria, yeasts or plants have exploited diverse taxonomic transgenes for applications 

from medicine and cosmetics to energy and agriculture85ï87. Recent advances in tissue 

engineering have expanded our perspective about possible applications of animal cell culture to 

food and nutrition, robotics, and biosensors88,89. This shift provides the opportunity to revisit 

mammalian metabolic engineering and expand efforts to include cross-taxa engineering for 

broad applications. 
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One such application is the production of meat through cell culture (known by various termsð

this paper will use ñcultured meatò), which has been proposed as a means of addressing the 

environmental, ethical, and public-health concerns of animal agriculture25,90. The cell-level 

control inherent to cultured meat enables the use of metabolic engineering to tune composition 

towards diverse aims, and the uncoupling of products from whole animal viabilityðwhich 

inherently constrains livestock transgenesisðexpands possible targets. Specifically, 

incorporating complete pathways for plant nutrient synthesis into animal cells offers a 

particularly promising approach due to these nutrientsô bioactivities towards a range of 

bioprocess or food features. For instance, lipid and protein oxidation are key mechanistic links 

between red or processed meat consumption and colorectal cancer, as well as major contributors 

to meat quality loss during storage20,91 Incorporating metabolic pathways for the synthesis of 

antioxidants not native to animals could therefore enhance both nutrition and meat-quality 

features. 

 

Here we demonstrate this with a biosynthetic pathway for antioxidant phytonutrients 

(carotenoids), which are native to plants and some prokaryotes, but not animals. These nutrients 

confer multiple benefits through their status as antioxidants, provitamins, and free radical 

scavengers92. Using non-viral Sleeping Beauty transposon-mediated transgenesis of phytoene 

synthase (CrtB), phytoene desaturase (CrtI), and lycopene cyclase (CrtY) from the bacterium 

Pantoea ananatis, we convert native geranylgeranyl pyrophosphate (GGPP) into phytoene, 

lycopene, and ɓ-carotene in immortalized mouse myoblasts and primary bovine muscle stem 

cells92,93. This work builds on previous crop engineering efforts and evidence for CrtB efficacy 

in mammalian cells94,95. We confirm the endogenous production of all three carotenoids and 
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show that cellular myogenicity is maintained following modification. We then quantify and 

optimize carotenoid production through increased enzyme expression and induced precursor 

accumulation, obtaining yields substantially higher than reported levels for beef (1.6 to 2.9 ɛg/g 

protein, depending on animal feeding diet) 96. Finally, we validate the antioxidant capacity of 

endogenous carotenoids in vitro, which points towards nutritional and food-quality functionality. 

This work represents the first case of nutritional engineering for cultured meat and demonstrates 

how cross-taxa transgenesis can broaden the scope of metabolic engineering in mammalian cells 

to applications beyond the clinic. 

 

2.2 Materials and methods 

C2C12 cell culture 

C2C12 mouse skeletal myoblasts (ATCC #CRL-1772, Manassas, VA, USA) were grown on 

tissue-culture plastic in DMEM Glutamax (ThermoFisher #10566024, Waltham, MA, USA) 

supplemented with 10% fetal bovine serum (FBS; ThermoFisher #26140079) and 1% antibiotic-

antimycotic (ThermoFisher #15240062)97. For regular cell maintenance, cells were cultured to a 

maximum of 70% confluence, and then either passaged using 0.25% trypsin-EDTA 

(ThermoFisher #25200056) or frozen in FBS with 10% Dimethyl sulfoxide (DMSO, Sigma 

#D2650, St. Louis, MO, USA). Cells were incubated at 37°C in 5% CO2. Throughout the study, 

cells were counted using a standard hemocytometer or with an NC-200 automated cell counter 

(Chemometec, Allerod, Denmark) following the manufacturerôs instructions. 
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Primary bovine satellite cell isolation and culture 

Primary bovine satellite cells (BSCs) were isolated using previously described methods11. 

Briefly, a small muscle excision (~0.5 cm3) was taken from the semitendinosus of a <60-day-old 

Simmental bull raised at the Tufts Cummings School of Veterinary Medicine according to 

methods approved by the Tufts University IACUC (Protocol #G2018-36). Muscle tissue was 

dissected from fat and connective tissue, minced into a paste, and digested in 0.2% collagenase II 

(Worthington Biochemical #LS004176, Lakewood, NJ, USA; 275 U/mg) for one hour with 

regular trituration. Digestion was halted with growth media comprised of DMEM Glutamax 

supplemented with 20% FBS, 1 ng/mL human FGF-basic (ThermoFisher #68-8785-63), and 1% 

Primocin (Invivogen #ant-pm-1, San Diego, CA, USA), and cells were filtered and plated at a 

density of 100,000 cells/cm2 onto uncoated tissue-culture flasks. After 24 hours of incubation at 

37°C with 5% CO2, the plated suspensions (containing slowly adherent satellite cells) were 

transferred to new flasks coated with 1ɛg/cm2 mouse laminin (Sigma #CC095). These flasks 

were left untouched for three days, at which point growth media was changed, and cells were 

cultured using standard practices on tissue-culture plastic coated with iMatrix recombinant 

laminin-511 (Iwai North America #N892021, San Carlos, CA, USA). After two weeks of 

culture, Primocin in growth media was replaced with 1% antibiotic-antimycotic. Cell passaging 

and cryopreservation was performed as with C2C12s. To induce myogenic differentiation, cells 

were cultured to confluency, and then incubated for one week without changing medium. 

Throughout the study, cells were counted as with C2C12s. 
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Immunofluorescence and cell characterization 

To confirm the identity of isolated primary BSCs, cells were stained for Pax7 and Myosin Heavy 

Chain (MHC) before and after differentiation, respectively. These markers confirm the primary 

and terminal states of satellite cell myogenesis and therefore act to verify the nature and 

myogenicity of isolated cells. Proliferative cells and cells after one week of differentiation were 

fixed with 4% paraformaldehyde (ThermoFisher #AAJ61899AK) for 30 minutes, washed in 

PBS, permeabilized for 15 minutes using 0.5% Triton X (Sigma # T8787) in PBS, blocked for 45 

minutes using 5% goat serum (ThermoFisher #16210064) in PBS with 0.05% sodium azide 

(Sigma #S2002), and washed with PBS containing 0.1% Tween-20 (Sigma #P1379). Primary 

Pax7 antibodies (ThermoFisher #PA5-68506) were diluted 1:100 in blocking solution and added 

to proliferative cells. Primary MHC antibodies (Developmental studies hybridoma bank #MF-20, 

Iowa City, IA, USA) were diluted to 4 ɛg/mL in blocking buffer containing 1:100 Phalloidin 594 

(ThermoFisher #A12381) and added to differentiated cells. Primary antibodies were incubated 

overnight at 4°C. The following day, cells were washed with PBS + Tween-20, incubated with 

secondary antibodies for Pax7 (ThermoFisher #A-11008, 1:500) and MHC (ThermoFisher #A-

11001, 1:1000) for 1 hour at room temperature, washed with PBS + tween-20, and mounted with 

Fluoroshield mounting medium with DAPI (Abcam #ab104139, Cambridge, UK) before 

imaging. 

 

Molecular cloning and Sleeping Beauty construct design 

Amino acid sequences for CrtB, CrtI, and CrtY from Pantoea ananatis were obtained from 

UniProt (accession numbers P21683, P21685 and P21687, respectively). Gene sequences for 

these proteins were optimized for expression in Bos taurus using codon optimization software 
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(IDT, Coralville, IA). Self-cleaving 2A peptides were added to the ends of each gene to facilitate 

multi-cistronic expression, and all genes were flanked with multiple cloning sites98.  Final gene 

constructs were ordered through ThermoFisherôs GeneArt gene synthesis service (Table 2.1). 

Next, three Sleeping Beauty transposon vectors were constructed using synthesized genes and 

based on plasmids available through Addgene (Watertown, MA, USA): pCMV-GFP was a gift 

from Connie Cepko (Addgene #11153)99, pSBbi-GP and pSBbi-Pur were gifts from Eric Kowarz 

(Addgene #60511 & #60523)100, and pCMV(CAT)T7-SB100 was a gift from Zsuzsanna Izsvak 

(Addgene #34879)101. Transposon construction was performed using standard cloning 

techniques. Briefly, CrtB was cloned into pCMV-GFP using EcoRI-HF and XmaI restriction 

(NEB #R3101S & # R0180S, Ipswich, MA, USA) followed by T4 DNA ligation (NEB 

#M0202S) to generate pCMV-CrtB-P2A-eGFP, a plasmid for the transient bi-cistronic 

expression of CrtB and green fluorescent protein (GFP) under the cytomegalovirus (CMV) 

promoter. Next, the CMV-CrtB-P2A-GFP portion of this plasmid was cloned into pSBbi-Pur via 

Gibson assembly (SGI-DNA #GA1100, San Diego, CA, USA) while excising the backboneôs 

EF1Ŭ promoter in preference for the insertôs CMV promoter. This produced pSBbi-(CMV-CrtB-

T2A-GFP)-pur, a Sleeping Beauty transposon vector carrying the same bi-cistronic CrtB and 

GFP expression cassette under the CMV promoter, as well as a puromycin resistance gene under 

a synthetic promoter oriented counter to CMV102. Subsequent Gibson assemblies inserted CrtI 

and CrtY into this vector to create three final Sleeping Beauty transposon carotenoid-producing 

vectors: pSBbi-(CMV-CrtB-T2A-)-pur (pCrtB), pSBbi-(CMV-CrtB-T2A-CrtI-P2A-GFP)-pur 

(pCrtB/I), and pSBbi-(CMV-CrtY-T2A-CrtB-T2A-CrtI-P2A-GFP)-pur (pCrtB/I/Y) (Figure 2.1). 

A control Sleeping Beauty transposon vector containing only GFP (pGFP) was generated by 

removing the carotenoid synthesis enzymes and 2A sequences from pCrtB/I/Y, leaving only the 
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GFP under CMV promotion (Figure 2.1). All constructs were maintained in 5-alpha high-

efficiency chemically competent E. coli (NEB #C2988J), verified with Sanger sequencing 

(Genewiz, Cambridge, MA, USA), and purified via GeneJet miniprep (ThermoFisher #K0503). 

For Gibson assembly, polymerase chain reactions were performed using Q5 high-fidelity 

polymerase (NEB #M0492S), run through 1% agarose gel-electrophoresis, and purified via 

GeneJet gel extraction (ThermoFisher #K0692). 

 

 

 

Transfection and selection 

C2C12s and BSCs were cultured to 80-90% confluency in 6-well plates and transfected with 

Lipofectamine 3000 (ThermoFisher #L3000015) according to the manufacturerôs protocol 

adapted for simultaneous transfection of two plasmids. Briefly, 2.5 ɛg of the carotenoid 

producing vectors or the pGFP control vector were combined with 0.25 ɛg of pCMV(CAT)T7-

 

Figure 2.1: Gene constructs and their corresponding terminal product in the carotenoid 

biosynthesis pathway. All gene constructs contain a puromycin resistance gene and genes of 

interest simultaneously promoted by a bidirectional synthetic RBPSA/CMV promoter. All gene 

of interest regions contain a green fluorescent protein (GFP) sequence produced in isolation or as 

part of a multi-cistronic mRNA transcript. The constructs are designated (from top to bottom) 

pGFP, pCrtB, pCrtB/I, and pCrtB/I/Y. 
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SB100 in a solution of 250 uL Opti-MEM medium (ThermoFisher #31985088), 7.5 uL of 

Lipofectamine 3000 reagent, and 5 uL of p3000 reagent. This mixture was incubated at room 

temperature for 15 minutes. During incubation, cells were rinsed once with PBS and covered 

with 2 mL of Opti-MEM before adding lipofectamine mixtures. After 4 hours at 37°C, 2 mL of 

growth media was added to wells, and cells were incubated at 37°C overnight. The next 

morning, media was replaced with appropriate growth media, and cells were cultured for two 

days before observing GFP expression with a fluorescent microscope. After two days, media 

was changed to growth media with 2.5 ɛg/mL puromycin to begin selection. Over one week, 

cells were passaged, and media was replaced as necessary due to cell death from selection. Once 

cells were observed to stably express GFP, cultures were expanded and cryopreserved for later 

use. To determine transfection efficiency in C2C12s and BSCs, cells were transfected in 

triplicate, as described, with pGFP, pCrtB, pCrtB/I, and pCrtB/I/Y, as well as with 0.25 ug of 

pCMV(CAT)T7-SB100 alone as a negative control. Two days after transfection cells were 

harvested, washed once in PBS, and analyzed using a NucleoCounter NC-3000 advanced image 

cytometer (Chemometec, Allerod, Denmark), and following the GFP Transfection Efficiency 

Assay according to the manufacturerôs instructions and gating against pCMV(CAT)T7-SB100 

control cells and previously puromycin-selected pGFP cells. 

 

Growth and development of engineered cells 

Growth of engineered BSCs and C2C12s was analyzed using a dsDNA quantitation kit 

(ThermoFisher #F2962) on days 1, 2, 4, 6, and 8 of culture. Cells were plated in 96-well plates 

for each time-point at a density of 1000 cells / well. At each time-point, media was removed 

from wells and plates were frozen at -80°C. After all time-points were frozen, plates were 
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thawed to room temperature, and 100 uL of UltraPure water (ThermoFisher #10977023) was 

added to wells. Plates were incubated at 37°C for one hour, re-frozen to -80°C, and re-thawed to 

room temperature. Wells were stained with 100 uL of Hoechst 33258 working solution. 

Fluorescence was measured with a Synergy H1 microplate reader (BioTek Instruments, 

Winooski, VT, USA) using excitation and emission filters centered at 360 and 460 nm, 

respectively. In parallel, a 96-well plate was seeded with a range of known cell densities, 

incubated for 12 hours, and measured using the same protocol to obtain a standard curve and 

convert fluorescence values to cell number. To analyze the effect of transfection on cellular 

phenotype, BSCs transfected with pCrtB/I/Y were differentiated and stained for Pax7 and MHC 

as previously described, with the exception that red (594 nm) fluorophore-conjugated antibodies 

were used to detect both Pax7 (ThermoFisher #A-11072) and MF20 (Abcam #ab150116), and no 

cytoskeletal counterstain was performed. 

 

Carotenoid extraction 

Cells were cultured to confluency in 175 cm2 flasks, harvested, and counted using a 

hemocytometer. Collected cells (~3-10 million for BSCs, ~10-20 million for C2C12s) were 

washed 1X with PBS, resuspended in 1 mL of a 50:25:25 solution of hexane (Sigma #270504), 

acetone (ThermoFisher #A18-500), and ethanol (Sigma #459836), vortexed for one minute, and 

incubated on a shaker plate at room temperature for 30 minutes. After 30 minutes, 150 ɛL of 

deionized water was added, and suspensions were again vortexed for one minute. Solutions were 

centrifuged at 3,000 g for 5 minutes at 4°C, and the carotenoid-containing upper layer was 

collected in a Pyrex tube. Another 1 mL of hexane:acetone:ethanol solution was added to the 

remaining pellet, and the extraction was repeated, pooling the two carotenoid solutions in one 
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tube. Extracts were dried at room temperature under flow of nitrogen gas, capped, and stored at -

80°C before analysis with HPLC. 

Quantitative HPLC 

 

Carotenoids were analyzed via HPLC following published techniques on an Agilent 1200 system 

(Agilent Technologies, Santa Clara, CA, USA)  with a C30 stationary phase (YMC #CT99S03-

1546WT, 3 ɛm, 4.6 x 150 mm, Allentown, PA, USA) and mobile phase solvents Aðmethanol 

(ThermoFisher #A454-1) containing 1% ammonium acetate (ThermoFisher), and Bðmethyl-

tert-butyl ether (MTBA, ThermoFisher #AC378720010)103. Briefly, carotenoid extracts were 

suspended in 150 ɛL of ethanol, vortexed, and injected (50 ɛL) into the HPLC system. Mobile 

phase solvents were pumped through the system at 1 mL/min with the following time-dependent 

gradients: t=0 min, 95% A, 5% B; t=15 min, 85% A, 15% B; t=30-37 min, 40% A, 60% B; t=40-

55 min, 30% A, 70% B; t=59-64 min, 90% A, 10% B; t=70min, 95% A, 5% B. Carotenoid 

standard curves were generated by dissolving (E/Z)-phytoene (Sigma #78903), lycopene (Sigma 

#SMB00706), and ɓ-carotene (ThermoFisher #AAH6010603) standards in hexane at a 

concentration of ~0.5 mg/mL. Exact concentrations were determined spectrophotometrically 

(SpectraMax M2, Molecular Devices, San Jose, CA, USA) by measuring absorbances in 1 cm 

path-length quartz cuvettes at 286, 472, and 453 nm for phytoene, lycopene, and ɓ-carotene, 

respectively, and calculating exact concentration using A1% = 915, 3450, and 2592 for phytoene, 

lycopene, and ɓ-carotene, respectively. Standards were dried under nitrogen and stored at -80°C 

until analyzed with samples following serial dilution. As FBS can contain trace carotenoids 

(from animal feed), endogenously-produced carotenoid content was captured by subtracting the 

area under any peaks found in extractions from pGFP cells (which have no mechanism for 
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producing carotenoids endogenously)104. Pre-correction quantities, including for pGFP cells, can 

be seen in Figure 2.8 and Figure 2.9. If samples showed no peak or a negative calculated quantity 

(i.e., below the analytical sensitivity of the method), then carotenoid concentrations were set to 

zero and indicated in plots. If sample quantities were below the standard curve range, then 

quantities were calculated based on extrapolation of linear standard curves and indicated in plots. 

Final values were converted to ng/cells*106 before normalizing to cellular protein. 

 

Protein quantification 

To normalize cellular carotenoid content under more food-relevant metrics than cell number, 

cellular protein content was measured. Briefly, engineered cells were cultured as previously 

described, harvested, and counted. One million cells were pelleted, washed 1x in PBS, and 

treated with 100 uL of RIPA buffer (Thermo Fisher #89900) containing 1% Halt Protease 

Inhibitor Cocktail EDTA-Free (ThermoFisher #78425) according to the manufacturerôs 

instructions. Resulting cell lysates were analyzed via Pierce BCA protein assay (ThermoFisher 

#23225) according to the manufacturerôs instruction. Absorbance at 562 nm was compared to a 

standard curve of known bovine serum albumin (BSA) concentrations and used to determine 

cellular protein per million cells (Figure 2.9). These values were then used alongside carotenoid 

quantification per million cells obtain carotenoid content per protein mass. 

 

Carotenoid optimization 

Two methods were explored for optimizing carotenoid production in pCrtB/I/Y cells. The first 

focused on increasing gene expression by increasing puromycin selective pressure. The second 

focused on increasing levels of the carotenoid pathway precursor farnesyl pyrophosphate (FPP) 
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by inhibiting downstream reactions in one of FPPôs alternative metabolic pathwaysðcholesterol 

synthesisðusing the small molecule ketoconazole105. By exploring these two approaches, the 

possibility for a single approach to fail to address a rate-limiting step in carotenoid production 

was reduced. Specifically, if FPP levels were completely limiting (i.e., there was enough enzyme 

to fully exhaust FPP levels), then increasing enzyme expression would fail to increase carotenoid 

levels. Similarly, if enzyme levels were completely limiting, then ketoconazole treatment would 

offer no increase in carotenoid production. To determine an appropriate puromycin concentration 

for increasing enzyme expression, engineered cells were cultured in media containing 2.5 ɛg/mL 

puromycin (1x puro), 5 ɛg/mL puromycin (2x puro) or 10 ɛg/mL puromycin (4x puro), and 

relative GFP expression was determined via flow cytometry as a proximate measure of enzyme 

expression. Briefly, cells were cultured, harvested, and GFP was analyzed using a BD 

FACSCalibur (BD Sciences) or Attune NxT (ThermoFisher) flow cytometer. Appropriate gating 

was performed using pGFP and unmodified cells as positive and negative controls, and mean 

fluorescent intensity was determined. Data were analyzed with the FlowJo software (v10). To 

determine an appropriate ketoconazole concentration for metabolic flux modulation, a growth 

curve was performed as previously described using a dsDNA quantitation kit and media treated 

starting on day 1 with 0, 2.5, 5, 10, or 20 ɛg/mL ketoconazole (KTZ, ThermoFisher 

#455470010) dissolved in DMSO. Final DMSO concentration was held constant (0.3%) in all 

conditions. Growth curves were performed in pCrtB/I/Y cells conditioned with 1x puro and 4x 

puro to confirm that Puromycin conditioning also did not significantly impact cell growth in the 

presence or absence of ketoconazole. Following the determination of appropriate concentrations 

of puromycin and ketoconazole for carotenoid optimization, pCrtB/I/Y cells were cultured in 
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media containing 1x puro plus 5 ɛg/mL ketoconazole, 4x puro without ketoconazole, or 4x puro 

plus 5 ɛg/mL ketoconazole, and carotenoid analysis was performed as previously described. 

 

Lipid oxidation 

To analyze the antioxidant functionality of carotenoids in cells, a thiobarbituric acid reactive 

substances (TBARS) assay was performed. This assay measures malondialdehyde (MDA), a 

byproduct of unsaturated fatty acid oxidation, and so serves as a measure of lipid oxidation in 

cells. As lipid oxidation is often catalyzed by the processes that generate oxidative pressure, such 

as storage and cooking of meat, the TBARS assay was performed on cells after one day and eight 

days of refrigeration (4°C), and on both ñrawò cells, and cells that had been heated to mimic 

cooking. Briefly, engineered BSCs (including optimized BSCs treated with 4x puromycin and 

ketoconazole) were cultured as previously described, harvested, and counted. Aliquots of 1.5 

million cells were transferred to tubes, washed 1x in PBS, pelleted, and the supernatant PBS was 

removed. Collected cell pellets were stored overnight or for eight days at 4°C. After storage, 

samples designated for heating were incubated for 10 minutes in a 100°C heat block, cooled to 

room temperature, and placed on ice. Unheated samples were transferred directly to ice. All cells 

(heated and unheated) were suspended in 500 ɛL of PBS, incubated for 2 hours on ice, and 

sonicated on ice using a probe sonicator (Branson, St. Louis, MO, USA) at 15% intensity for 5x 

15 second pulses, with 20 second intervals between pulses. Next, the TBARS assay (Cayman 

Chemical #700870, Ann Arbor, MI, USA) was performed with 100 ɛL of sonicated cell lysates, 

following the manufacturers protocol and determining MDA by measuring absorbance at 535 nm 

compared to a standard curve of known MDA concentrations. The remainders of the cell lysates 

were frozen at -80°C until protein quantification was performed via Bradford assay 
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(ThermoFisher #23200) following the manufacturers protocol. Briefly, 5 ɛL of cell lysates were 

incubated for 10 minutes with 250 uL of Coomassie reagent, and the absorbance was measured 

at 595 nm and compared to a BSA standard curve. TBARS measurements were normalized with 

protein content for each sample in order to obtain corrected cellular MDA (mg/g protein). 

 

Statistical analysis 

Statistical analysis was performed with GraphPad Prism 8.0 software (San Diego, CA, USA). 

Carotenoid content, flow cytometry, and ketoconazole growth were analyzed via one-way 

ANOVA. Growth curves and TBARS assays were analyzed via two-way ANOVA. Multiple 

comparisons of all analyses were performed with Tukeyôs HSD post-hoc test. In converting 

carotenoid and MDA quantification to per-protein values, propagation of error was considered 

using ů_(A/B) = (A/B)ã((ů_(A/A)^2+(ů_(B/B)^2), where ů_Aʎͅ! is the standard deviation of the 

data A. P values <0.05 were treated as significant. Outlier detection was performed by Grubbôs 

test with an alpha of 0.01. Unless otherwise stated, errors are given as ± standard deviation. 

 

2.3 Results and discussion 

Primary bovine skeletal muscle stem cells 

Immunofluorescent staining for early markers of satellite cell identity and terminal markers of 

myogenic differentiation were used to characterize primary bovine satellite cells (BSCs). 

Proliferative cells showed ubiquitous staining for Pax7, the key marker of muscle stem cells and 

the satellite cell phenotype (Figure 2.2a), indicating that the cell isolation protocol was 

successful in generating a highly consistent population of myogenic stem cells106. Following one 

week of differentiation, cells stained for myosin heavy chain (MHC) showed long, 
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multinucleated myotubes (Figure 2.2b). Actin and MHC staining of these myotubes revealed 

striated architecture indicative of sarcomere formation, and the presence of a contractile 

apparatus was further supported by the observation of spontaneous contractions in differentiated 

cultures. Together, these data indicate the isolation of a highly myogenic population of bovine 

skeletal muscle precursors, and the ability of these cells to undergo robust differentiation in vitro. 

 

 

 

Figure 2.2: Bovine satellite cell characterization. (A) Immunofluorescent staining for Pax7 

(green), a transcription factor and satellite cell marker, along with counter-stains for cellular 

actin (Phalloidin (red) and nuclei (DAPI, blue). (B) Immunofluorescent staining for myosin 

heavy chain (MF20, green), a contractile protein of skeletal muscle, along with counter-stains for 

cellular actin and nuclei. High-objective staining of differentiated cells reveals striated patterns 

in both actin and myosin heavy chain, indicating skeletal muscle sarcomere formation. Scale bars 

are 100 ɛm. 
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Stable transgene expression in cells 

BSCs and C2C12 immortalized mouse precursor cells were engineered with multicistronic 

vectors for producing a range of protein conversations. These were green fluorescent protein 

(GFP) alone (pGFP) which did not produce any carotenoids, CrtB and GFP (pCrtB) which could 

produce phytoene, CrtB, CrtI and GFP (pCrtB/I) which could produce phytoene and lycopene, or 

CrtB, CrtI, CrtY and GFP (pCrtB/I/Y) which could produce phytoene, lycopene and ɓ-carotene 

(Figure 2.1). The multi-cistronic nature of these vectors allowed the use of GFP expression as an 

indicator of vector integration and gene expression. Specifically, 2A sequences between genes 

allowed for near stoichiometric expression of enzymes and GFP98. After transfection followed by 

one week of selection in puromycin-containing media, cells stably expressed their respective 

gene cassettes, as was visible through GFP fluorescence (Figure 2.3a). Fluorescence intensity 

was heterogenous, which was likely due to the randomness of transposition. No obvious 

morphological differences were seen between control pGFP cells and cells expressing 

carotenoid-synthesis enzymes. 
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Figure 2.3: Engineered cell growth and development. (A) Brightfield and fluorescence images of 

GFP expression in C2C12s and BSCs engineered with all four constructs (three carotenoid-

producing and one control). GFP expression implies successful expression of other enzymes in 

gene constructs, due to the structure of the constructs. Scale bars are 200 ɛm (B) Growth curves 

C2C12s and BSCs engineered with all four constructs (carotenoid-producing and control) over 

eight days. n = 3 distinct samples; statistical significance was calculated by two-way ANOVA 

comparing carotenoid-producing cell growth with GFP-producing control cells, and is indicated 

by asterisks, in which p < 0.05 (*), p <0.01 (**), p < 0.001 (***), and p < 0.0001 (****). (C) 

Immunofluorescent staining for Pax7 (red) and Myosin Heavy Chain (red) in pCrtB/I/Y BSCs 

before (top) and after (bottom) terminal differentiation. Counterstains for DAPI (blue) show 

nuclei, and endogenous GFP (green) show cell morphology.  Scale bars are 100 ɛm 

 

Growth and development of engineered cells 

As antioxidants are known to affect muscle progenitor proliferation, cells producing all three 

carotenoids were analyzed for growth-rate over eight days107. For BSCs, the size of the inserted 

gene construct was negatively associated with growth rate (Figure 2.3b). In contrast, C2C12s 

engineered with the two largest compounds (pCrtB/I and pCrtB/I/Y) showed higher growth over 

eight days than cells engineered with pGFP or pCrtB. It is possible that differences in response 

to puromycin treatment and intracellular carotenoid accumulation account for growth differences 

seen between primary bovine cells and immortalized mouse cells. However, this discrepancy 
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could also be affected by the impact that insertion efficiency and subsequent selection has on 

primary cells, but not immortalized cells. Namely, cells transfected with larger constructs have a 

lower insertion efficiency (Figure 2.7), and so require more doublings to generate an equally 

large population of engineered cells93. In primary cells, growth is reduced with increased 

doublings, and eventually cellular senescence is reached108. In immortalized cells, however, 

doublings do not hinder growth. Rather, antioxidant capacity has been shown to increase cellular 

proliferation107, and immortalized cells with increased antioxidant capacityðpCrtB/I and 

pCrtB/I/Y cellsðshowed improved growth compared to controls. It is possible that immortalized 

bovine cells would show similar relative kinetics. 

 

To determine whether genetic modification affected myogenic potential, Pax7 and MHC staining 

was performed on pCrtB/I/Y BSCs (Figure 2.3c). Staining showed maintenance of Pax7 

expression and MHC-positive myotube formation. No striations were observed in differentiated 

cells, which could indicate less robust differentiation compared to non-engineered cells as a 

result of the engineering process or due to the sensitivity of myogenic differentiation to redox 

balance, and the associated effects of endogenous antioxidant production109,110. Still, the ability 

of cells to form myotubes suggests the potential for these cells to generate differentiated cultured 

meat products. Together, these data point to the ability of cells to maintain their capacity for 

proliferation and differentiation following modification with carotenoid-synthesizing enzymes; 

however, this capacity may be reduced in primary cells. 
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Carotenoid production by engineered cells 

Quantitative HPLC confirmed the de novo production of phytoene in pCrtB cells, phytoene and 

lycopene in pCrtB/I cells, and phytoene, lycopene and ɓ-carotene in pCrtB/I/Y cells. In all cells, 

carotenoids accumulated in the terminal compound though precursors (i.e., phytoene and 

lycopene in pCrtB/I/Y cells) were present, indicating high but non-exhaustive conversion 

efficiency throughout the pathway (Figure 2.4). In pCrtB/I cells, most of the endogenously 

produced phytoene was converted to lycopene, with high conservation of total carotenoid content 

compared with cells only producing phytoene. In pCrtB/I/Y cells, carotenoids accumulated in the 

terminal compound (ɓ-carotene), though yields were significantly reduced compared to pCrtB or 

pCrtB/I cells. C2C12s produced more carotenoids for all three constructs than BSCs. Total 

endogenous carotenoids in C2C12 pCrtB, pCrtB/I, and pCrtB/I/Y were 675.6, 308.2, and 85.71 

ɛg/g protein, respectively. For BSCs, these were 27.8, 32.3, and 3.7 ɛg/g protein, respectively. 

The significant reduction in total carotenoid content in BSCs compared to C2C12s and pCrtB/I/Y 

cells compared to pCrtB or pCrtB/I cells could be due to increased cellular burdens of selection 

and protein production and/or the degradation of ɓ-carotene with endogenous enzymes111,112. 

While no explicit carotenoid target was set for this study, ɓ-carotene production in pCrtB/I/Y 

BSCs (2.08 ug/g protein) was deemed to be insufficient, as it was no higher than literature values 

for ɓ-carotene present in conventional beef (1.6-2.9 ug/g protein), where carotenoids are 

accumulated from animal diets96. As such, endogenously produced carotenoids in cultured meat 

would offer no nutritional advantage over conventional meats, and so yield optimization was 

necessary to achieve a truly nutritionally enhanced product. 
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Figure 2.4: Endogenous carotenoid production in engineered cells. (A) Carotenoid production in 

C2C12s engineered with pCrtB, pCrtB/I, and pCrtB/I/Y. In pCrtB cells, only phytoene is produced 

(675.6 ɛg/g protein). In pCrtB/I cells, most of the phytoene is converted to lycopene (phytoene = 

90.1 ɛg/g protein and lycopene = 218.1 ɛg/g protein). In pCrtB/I/Y cells, carotenoids accumulate 

in ɓ-carotene, though total carotenoid levels are notably reduced compared to pCrtB and pCrtB/I 

(phytoene = 43.4 ɛg/g protein, lycopene = 4.4 ɛg/g protein, and ɓ-carotene = 35.9 ɛg/g protein). 

(B) Carotenoid production in BSCs engineered with pCrtB (phytoene = 27.8 ɛg/g protein), pCrtB/I 

(phytoene = 7.4 ɛg/g protein and lycopene = 24.9 ɛg/g protein), and pCrtB/I/Y (phytoene = 1.0 

ɛg/g protein, lycopene = 0.5 ɛg/g protein, and ɓ-carotene = 2.1 ɛg/g protein). Trends follow those 

of C2C12s, with a ~10-fold reduction in total carotenoid content in all cases compared with 

C2C12s. n = 3 distinct samples for all plots; statistical significance was calculated by one-way 

ANOVA, and is indicated by asterisks, in which p < 0.05 (*), p <0.01 (**), p < 0.001 (***), and p 

< 0.0001 (****). ÿ indicates that no peak was detected; + indicates that values were outside of 

analytical sensitivity (calculations returned negative quantities); and # indicates that values were 

calculated using a linear extrapolation of the linear calibration curve. Carotenoid data is provided 

as ɛg/g protein. Data is corrected against exogenous carotenoids accumulated in control pGFP 

cells. Pre-correction carotenoid data and individual values for comparing carotenoids to protein 

are given in Supplementary materials. 

 

Optimization of carotenoid production 

Due to the relatively low carotenoid production in BSCs compared to C2C12s and pCrtB/I/Y 

cells compared to pCrtB or pCrtB/I cells, we hypothesized that production in these cells could be 

significantly improved. We explored two methods to achieve this. In the first, enzyme expression 

was increased by increasing selective pressure for transgenes. Puromycin was shown to induce a 

significant increase in GFP expression per cell at 4x concentration (10 ɛg/mL) for both C2C12s 

and BSCs without significantly affecting cell growth (Figure 2.10), so this concentration was 



43 

 

used for optimization. In the second method, carotenoid precursor accumulation was induced by 

inhibiting cholesterol synthesisðwhich competes for carotenoid precursorsðusing the small 

molecule ketoconazole (Figure 2.5)105. A ketoconazole concentration of 5 ɛg/mL was found to 

not significantly affect growth in C2C12s and BSCs (Figure 2.10), so this concentration was 

used. 

 

To test how these treatments affected carotenoid production separately and in concert, pCrtB/I/Y 

BSCs were cultured with 1x puromycin +/- ketoconazole and 4x puromycin +/- ketoconazole. A 

clear increase in orange pigmentation was observed in cells cultured with 4x puromycin + 

ketoconazole (Figure 2.5b), and quantitative HPLC showed a significant increase in ɓ-carotene 

production for these cells (Figure 2.5c). Specifically, optimized BSCs produced 10-times more 

ɓ-carotene than un-optimized BSCs (22.6 vs. 2.08 ɛg/g protein, respectively). In comparison 

with the low levels in unoptimized CrtB/I/Y BSCs previously mentioned, optimized levels were 

~7 times greater than literature values for ɓ-carotene (in ug/g protein) in beef from pasture-raised 

cattle (1.6 ug/g protein), and ~14 times greater than beef from feedlot-raised cattle (2.9 ug/g 

protein) 96. Ketoconazole treatment appears to be the primary driver of optimization, though 

puromycin conditioning seems to contribute as well. Here, the fact that puromycin conditioning 

did not greatly affect the percent of GFP-positive cells (Figure 2.11) but did significantly affect 

gene expression per cell (Figure 2.10) indicates that the driving factor is indeed enzyme levels 

per cell, rather than population effects. After optimization in BSCs, the best-performing 

treatment (4x puromycin + ketoconazole) was then used to optimize pCrtB/I/Y C2C12s. The 

mean ɓ-carotene concentration for un-optimized and optimized C2C12s was 35.9 and 43.0 ɛg/g 

protein, respectively, though this difference was not statistically significant. Here, in contrast to 
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BSCs, the fact that puromycin conditioning affected both the level of gene expression per cell 

(Figure 2.10), and the number of stably engineered C2C12s (Figure 2.11) makes it difficult to 

conclusively determine the role of puromycin conditioning in these cells. Analysis of the full 

carotenoid profiles of optimized BSCs and C2C12s revealed that the trend of accumulation in the 

terminal compound (ɓ-carotene) held true in all cases (Figure 2.12). 

 

The ability of both enzyme and precursor enhancement to increase carotenoids suggests that both 

enzyme and precursors are limiting in the system, which is likely due to the heterogenous nature 

of enzyme expression in cells. Specifically, in cells with high baseline enzyme levels, precursors 

are rate-limiting, and in cells with low baseline enzyme levels, enzyme capacity is rate-limiting. 

The efficacy of both optimization techniques suggests the utility of pursuing multiple avenues 

for optimization when engineering cultured meat. While the use of ketoconazole as a means of 

inducing precursor accumulation was useful for this proof-of-concept, a production-scheme for 

nutritionally enhanced cultured meat would likely rely on genetic strategies to achieve the same 

effect. 
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Figure 2.5: Carotenoid optimization. (A) the carotenoid biosynthesis pathway in its context with 

cholesterol synthesis. The possible mechanisms for optimization are shown, where colored arrows 

indicate where ketoconazole (red) or puromycin (purple) individually affect metabolic flux, and 

where colored arrow thickness is qualitatively indicative of changes in flux (i.e., thicker arrows 

indicate a hypothetical increase in flux, and thinner, dotted arrows indicate a hypothetical decrease 

in flux (or inhibition). Puromycin (purple) acts by selecting cells that offer higher enzyme 

expression, and therefore increased flux in carotenoid synthesis. Ketoconazole (red) acts by 

inhibiting the conversion of lanosterol to zymosterol, increasing carotenoid precursor farnesyl 

pyrophosphate (FPP) levels by either causing the upstream accumulation of lanosterol, squalene, 

and FPP (i.e., reducing flux down the left-hand side of the FPP Ą cholesterol pathway), or by 

reducing cholesterolôs impact as a feedback inhibitor of upstream reactions (i.e., reducing 

inhibition of HMG-CoA Ą Mevalonate, thus increasing flux in the upper portion of this pathway 

diagram). (B) Cell pellet images of engineered BSCs. The color effect of carotenoids can be seen, 

with pGFP cells slightly green, pCrtB containing no pigment, and pCrtB/I and pCrtB/Y cells 

containing some orange pigment. Optimized pCrtB/I/Y cells are notably more orange, indicating 

an increase in carotenoid levels. (C) Quantitative HPLC of ɓ-carotene in optimized cells. In BSCs, 

ketoconazole and puromycin conditioning offer an additive increase in ɓ-carotene. In C2C12s, 

ketoconazole and puromycin together do not significantly increase ɓ-carotene. n = 3 distinct 

samples; statistical significance was calculated by one-way ANOVA, and is indicated by asterisks, 

in which p < 0.05 (*). Carotenoid data is provided as ɛg/g protein. Data is corrected against 

exogenous carotenoids accumulated in control pGFP cells. Pre-correction carotenoid data and 

individual values for comparing carotenoids to protein are given in the supplementary materials. 
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Lipid oxidation and antioxidant functionality 

The capacity for endogenous carotenoids to offer nutritional and food function was determined to be 

the primary measure of engineering success and nutritional enhancement in this project. Specifically, 

lipid oxidation is a key mechanistic link between red or processed meat consumption and colorectal 

cancer, as well as a major cause of non-microbial meat quality degradation during storage 20,91. We 

therefore analyzed cellular malondialdehyde (MDA) levels by thiobarbituric acid reactive 

substance (TBARS) assay in order to probe the ability of endogenous carotenoid antioxidants to 

reduce lipid oxidation in vitro, both before and after refrigerated storage, and in both ñrawò 

unheated cells, and in ñcookedò heated cells (Figure 2.6). In pGFP BSCs, unheated and heated 

samples showed 2.2 and 4.9 mg MDA/g protein, respectively after one day of storage, and 2.1 

and 8.0 mg MDA/g protein, respectively after eight days of storage, indicating a significant 

effect of heating methods in promoting lipid oxidation, and of storage in promoting lipid 

oxidation of cooked samples. BSCs engineered with pCrtB showed an increase in lipid oxidation 

compared to pGFP controls for unheated samples after one day of storage, though no significant 

effect on one-day lipid oxidation after heating (Figure 2.6a). More, after eight days of storage, 

pCrtB no longer increased lipid oxidation in unheated cells, and significantly reduced lipid 

oxidation in heated samples (Figure 2.6b).All cells engineered with pCrtB/I and pCrtB/I/Y 

showed significant reductions in lipid oxidation compared controls in both unheated and heated 

samples, and after both one day and eight days of storage. 

 

It is notable that cells with lycopene and/or ɓ-carotene offered more antioxidant capacity than 

cells with phytoene alone, despite total carotenoid levels being highest pCrtB cells. This could be 

due to the varying antioxidant capacity of these carotenoids, with phytoene offering the least113.  
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Also of note is the fact that optimized pCrtB/I/Y cells offered reduced antioxidant capacity in 

heated samples after eight days of storage compared to un-optimized pCrtB/I/Y cells, despite 

offering significantly higher carotenoid concentrations. This could have to do with the impact of 

optimization (i.e., puromycin and/or ketoconazole) on oxidative processes or on the levels of 

other cellular antioxidants. For instance, cholesterolðthe synthesis of which is inhibited by 

ketoconazoleðcan improve membrane antioxidant capacity, so its inhibition with ketoconazole 

could confound the effects of increased carotenoid production114. It would therefore be 

worthwhile to measure total oxidation (including protein) to decouple the role of ketoconazole in 

affecting cholesterol-associated membrane lipid stabilization. That said, the simplicity and 

ubiquity of TBARS assays for meat science applications make this technique highly relevant, 

and the significant reduction in lipid oxidation for all samples containing endogenously produced 

lycopene and/or ɓ-carotene indicates that these nutrients would offer significant impact to 

nutrition and food-quality of engineered cultured meat products. Specifically, lycopene-

producing pCrtB/I BSCs were able to rescue pre-challenge lipid oxidation levels after storage 

and cooking (one-day and eight-day non-heated pCrtB/I BSC levels are 1.6 and 1.2 mg MDA/g 

protein, respectively, and eight-day heated pCrtB/I BSC levels are 1.4 mg MDA/g protein). This 

points to a promising technique for meaningfully improving cultured meat nutrition via 

endogenous carotenoid production. 
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2.4 Conclusions 

Metabolic engineering efforts in plants, yeast and bacteria have exploited numerous pathways 

from across taxonomies towards diverse applications 85ï87.  That same breadth has not yet been 

realized in mammalian systems, where the majority of efforts have focused on 

biopharmaceuticals81,115. While these efforts are by no means inferior to those in other systems, 

the difference in scope is stark. To date, this discrepancy is likely due at least in part to the lack 

of a compelling case for engineering animal cells with metabolic pathways from other 

taxonomies; from a bioprocess standpoint, the production of recombinant proteins, small 

molecules and biofuels is cheaper in bacteria, yeast or plant systems, and only the need for 

species-specific post-translational modifications makes mammalian bioprocesses preferable81,116. 

The possibility of cultured meat offers a new framework for mammalian metabolic engineering. 

Figure 2.6: Thiobarbituric acid reactive substances (TBARS) assay for engineered BSCs. A) 

samples stored for one day at 4°C and with or without heating. pCrtB expression increases or 

does not affect lipid oxidation compared with pGFP controls, while BSCs expressing pCrtB/I 

and pCrtb/I/Y significantly reduce lipid oxidation both with and without heating. B) samples 

stored for eight days at 4°C and with or without heating. pCrtB expression does not affect or 

decreases lipid oxidation compared with controls, and pCrtB/I and pCrtB/I/Y significantly reduce 

lipid oxidation both with and without heating. Carotenoids in pCrtB/I cells are able to completely 

recover pre-challenge (before storage and/or heating) lipid oxidation levels of all cell types. n = 3 

distinct samples for both plots; statistical significance was calculated by two-way ANOVA, and 

is indicated by asterisks, in which p < 0.05 (*), p <0.01 (**), p < 0.001 (***), and p < 0.0001 

(****).  
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In cultured meat production, the product is the cells themselves, and so endogenously 

synthesizing additional compounds becomes a purely additive endeavor, at least insofar as those 

efforts are biologically possible and do not hinder the bioprocess parameters or product value. 

Here, the fact that cultured meat is dependent only on cell growth rather than whole-animal 

viabilityðwhich is inherently limiting for animal transgenicsðallows the consideration of an 

even wider range of metabolites which might be untenable in animals but harmless or even 

beneficial in cell culture. 

 

In this work, we demonstrate the possibility of generating nutritionally enhanced meat products 

through cell culture by engineering the endogenous production of non-native dietary carotenoids 

into primary bovine and immortalized murine skeletal muscle cells. While past speculation has 

suggested the nutritional enhancement of cultured meat through exogenous nutrient addition, the 

endogenous production of nutrients could be advantageous from a bioprocess perspective at 

scale, and from the positive implications that endogenous nutrients could have for nutrient 

bioavailability or growth kinetics107,117. We show that carotenoids are produced at levels capable 

of significantly reducing lipid oxidation, are optimizable through a range of strategies, and that 

optimized levels are substantially higher than those found to accumulate in beef. These 

compounds, along with their general nutritive value and specific relevance to meat-associated 

disease, offer functionality in their ability to combat lipid oxidationôs role in impairing shelf-life, 

color stability, and flavor. They are therefore compelling candidates for a proof-of-principle of 

how metabolic engineering can affect numerous meat quality metrics. 
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Additionally, the positive impact that carotenoid synthesis showed on C2C12 growth suggests an 

exciting commensurate benefit to this approach. Namely, the improvement of cell growth could 

help to substantially lower the cost of production for cultured meat while simultaneously 

generating a more nutritious product. A limitation of this study was the dependence on primary 

bovine satellite cells, as immortalized bovine cells would have enabled the exploration of this 

possibility in a more meat-relevant cell line uncoupled from the confounding impacts of primary 

cell senescence. Further, an immortalized cell line would have allowed for the use of less-

efficient targeted gene insertion techniques (such as CRISPR/Cas9), which would have enabled 

the production of a homologous cell population that could more clearly elucidate achievable 

carotenoid yields before and after optimization. An industrial cultured meat production scheme 

would likely use targeted engineering of immortalized cells and avoid antibiotic selection, so 

follow-up exploration of carotenoid synthesis in one-such cell population would be valuable.  

 

From consumer acceptance perspective, it has yet to be seen how genetic engineering in a 

cultured meat context will be received. On one hand, consumer aversions to genetically modified 

(GM) foods often align with their aversions to cultured meat (e.g., perceived unnaturalness, 

neophobia, and distrust of science), which could suggest that GM cultured meat would 

compound consumer aversion118,119. On the other hand, this similarity could instead suggest that 

that consumers who would be put off by genetic modifications are already less likely to consume 

cultured meat at all, and so the overlap would less severely affect likely consumers. Another 

factor in consumer apprehension towards cultured meat stems from concerns around the 

nutritional content of cultured meat120. As such, it is possible that a nutritionally enhanced 

product could improve consumersô willingness to purchase. A recent prospective study (currently 
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in preprint) showed that, indeed, nutritional enhancement improves consumer perceptions of 

cultured meat as healthy, disease-preventing, and beneficial for society, though improvements in 

general attitude were not statistically significant (p = 0.067), and perceptions about sensory 

properties were reduced121. This study did not touch on genetic modification, which could affect 

participant responses, though studies on GM foods outside of the context of cultured meat have 

shown increased willingness to purchase for nutritionally enhanced products122. Ultimately, more 

research is required to determine the impact that genetic engineering could have on consumer 

acceptance of nutritionally enhanced cultured meats. From a regulatory standpoint, genetic 

engineering for cultured meat is equally uncertain. GM regulation varies significantly between 

governments, and while regulation of cultured meat products is still in development, it will likely 

face similar geographic diversity. How these regulatory frameworks interact is yet to be seen; 

however, the recent approval of GM salmon by the US Food and Drug Administration (FDA) 

and the recent commitment by the FDA and the US Department of Agriculture (USDA) to 

jointly regulate cultured meats point to a potential path towards regulatory approval of GM 

cultured meats77,123. 

 

Future work should explore the range of possibilities that follow this proof-of-concept. First, 

additional optimization of this system can be explored in a number of ways. Alternate 

engineering strategies (such as targeted engineering and the use of immortalized bovine cells) 

can be explored as previously mentioned, and additional carotenoids and nutrients can be 

explored. At the same time, specific control over individual enzyme levels (in contrast to the 

stoichiometric expression pursued here) and genetic control of upstream or downstream 

metabolic processes could further optimize yields or tune them towards specific nutrient profiles. 
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Beyond carotenoids and nutritional enhancement of cultured meat, this work lays the foundation 

for broad application of cross-taxa metabolic engineering of mammalian in both food and 

nutrition, as well as medical applications. From a food standpoint, the production of flavor or 

aromatic compounds could impact sensory aspects of cultured meat. Further, the endogenous 

production of therapeutic compounds could enable the production of ñtherapeutic foods,ò which 

would offer an entirely novel form of oral (food-based) drug delivery which could hold 

significant implications for drug absorption, patient compliance, cost savings for consumers and 

drug activity. Finally, within the medical realm, antioxidants have been shown to improve stem 

cell fate with potential applications for diabetic wound healing or treating various 

retinopathies124,125. These studies have focused on endogenous native or exogenous synthetic 

antioxidants, but the endogenous production of natural, non-native antioxidants from diverse 

species expands possible targets and could enable novel approaches to gene therapy or 

regenerative medicine. Ultimately, we expect that the cross-taxa metabolic engineering of 

mammalian cells, as demonstrated in this paper, could hold diverse applications across 

disciplines. 
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2.5 Supplementary Materials 

 

Figure 2.7: Transfection efficiency. (A) Example gating for imagine cytometry on the 

Chemometec NC-3000 advanced image cytometer. From left to right: gating for cells (based on 

size and Hoechst stain intensity); gating for living and GFP-positive cells using propidium iodide 

(PI) staining to determine dead cells, and GFP intensity to determine GFP-positive cells; 

validation of gating using GFP-negative cells transfected with only pSBCMV(CAT)T7-SB100 

transposase vectors; example readout of transfected samples (C2C12s transfected two days prior 

with pGFP vectors) showing that 13% of cells are dead and GFP-negative (upper left 

quadrangle), 8% are dead and GFP-positive (upper right quadrangle), 10% are dead and GFP-

negative, and 69% are dead and GFP-positive. (B) Percent transfected BSCs and C2C12s for 

each construct. For BSCs, larger pCrtB/I and pCrtB/I/Y constructs offer significantly reduced 

transfection efficiencies compared to smaller pGFP and pCrtB constructs. For C2C12s, pCrtB/I 

and pCrtB/I/Y constructs offer significantly reduced transfection efficiencies compared to pGFP 

and pCrtB constructs, and pCrtB/I/Y offers significantly reduced transfection efficiency than 

pCrtB/I. n = 3 replicates of 5,000 individual events for each sample. Statistical significance was 

calculated by one-way ANOVA, and is indicated by asterisks, in which p < 0.05 (*), p <0.01 

(**), p < 0.001 (***), and p < 0.0001 (****). (C) Mean fluorescence intensity (MFI) of GFP-

positive BSCs and C2C12s transfected with each construct two days prior. Left: larger constructs 

show a reduction in MFI for both cells types. Right: MFI was plotted against the size of the 

insertions and reveals a quadratic relationship between size and gene expression following 

transfection (R2 = 0.993 and 0.927 for C2C12s and BSCs, respectively). n = 3 replicates, with 

MFI of each determined from all of the GFP-positive cells; significance was calculated by two-

way ANOVA and is indicated by asterisks as above. Nonlinear fit was determined by least 

squares regression and 95% confidence intervals are indicated with dotted lines. 
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Figure 2.8: Carotenoid levels in engineered cells (before correcting for exogenous carotenoids). 

(A) Carotenoid levels in engineered C2C12s (compared with engineered controls expressing 

only green fluorescent protein (GFP). (B) Carotenoid levels in engineered BSCs (compared with 

engineered controls expressing only green fluorescent protein (GFP). n = 3 distinct samples for 

all plots except BSC pGFP data (n=2). Statistical significance was calculated by multiple t-tests 

between cell types (corrected for multiple comparisons using the Holm-Sidak method) and is 

indicated by asterisks, in which p < 0.05 (*), p <0.01 (**), p < 0.001 (***), and p < 0.0001 

(****). ÿ indicates that no peak was detected; + indicates that values were outside of analytical 

sensitivity (calculations returned negative quantities); and # indicates that values were calculated 

using a linear extrapolation of the linear calibration curve. Carotenoid data is provided as ɛg/g 

protein. Individual values for comparing carotenoids to protein are given in Figure 2.9. 
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Figure 2.9: Carotenoid and protein quantification data (pre-correction). Individual carotenoid and 

protein data points used for generating ɛg/g data. A) C2C12 carotenoid quantification per million 

cells for all cell types and treatments. Trends are the same as in Figure 2.4 and Figure 2.5. B) 

BSC carotenoid quantification per million cells for all cell types and treatments. Trends are the 

same as in Figures 4 and 5. C) C2C12 and BSC protein quantification for all cell types and 

treatments. n = 3 distinct samples except BSC pGFP carotenoid data (n=2). Statistical 

significance was calculated by one-way ANOVA, and is indicated by asterisks, in which p < 0.05 

(*), p <0.01 (**), p < 0.001 (***), and p < 0.0001 (****). ÿ indicates that no peak was detected; 

+ indicates that values were outside of analytical sensitivity (calculations returned negative 

quantities); and # indicates that values were calculated using a linear extrapolation of the linear 

calibration curve. 
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Figure 2.10: Carotenoid optimization treatments. (A) Flow cytometry measurements for mean 

fluorescent intensity in C2C12s and BSCs engineered with pCrtB/I/Y (full flow cytometry data 

in Figure 2.11). Cells were cultured with 2.5 ug/mL puromycin (1x), 5 ug/mL puromycin (2x) or 

10 ug/mL puromycin (4x). Higher fluorescence intensity indicates higher average GFP 

expression, which corresponds to higher average enzyme expression. Errors given in standard 

error of the mean. n > 1,500 events for each condition. (B) 8-day cell growth for pCrtB/I/Y 

C2C12s and BSCs cultured in 0, 2.5, 5, 10, or 20 ug/mL ketoconazole after conditioning in 1x 

(2.5 ug/mL) or 4x (10 ug/mL) puromycin. (C) Comparison of 8-day cell growth between 

puromycin concentrations for pCrtB/I/Y C2C12s and BSCs cultured without ketoconazole (- 

KTZ) or with 5 ug/mL ketoconazole (+ KTZ), which were the selected concentrations for 

ketoconazole and puromycin optimization experiments. n = 3 distinct samples for (B) and (C). In 

all plots, significance is indicated by asterisks, in which p < 0.05 (*), p <0.01 (**), p < 0.001 

(***), and p < 0.0001 (****). 

 



57 

 

 

 

Figure 2.11: Flow cytometry data. (A) BSC data for cells treated with different levels of 

puromycin. From left to right: non-engineered cells (GFP negative control), pGFP (GFP positive 

control), pCrtB/I/Y with 2.5 ɛg/mL puromycin (1x puro), pCrtB/I/Y with 5 ɛg/mL puromycin 

(2x puro), and pCrtB/I/Y with 10 ɛg/mL puromycin (4x). Top row is forward scattering (FSC) & 

side scattering (SSC) data, showing gating for live cells (determined using non-engineered 

controls), where gate value is a percent of total counts (7,500). Bottom row is GFP data, showing 

gating for GFP-positive cells (determined using non-engineered controls), where gate value is a 

percent of live cells (gated in top row). (B) C2C12 data for cells treated with different levels of 

puromycin. From left to right: non-engineered cells (GFP negative control), pGFP (GFP positive 

control), pCrtB/I/Y with 2.5 ɛg/mL puromycin (1x puro), pCrtB/I/Y with 5 ɛg/mL puromycin 

(2x puro), and pCrtB/I/Y with 10 ɛg/mL puromycin (4x). Top row is FSC & SSC data, showing 

gating for live cells (determined using non-engineered controls), where gate value is a percent of 

total counts (7,500). Bottom row is GFP data, showing gating for GFP-positive cells (determined 

using non-engineered controls), where gate value is a percent of live cells (gated in top row). 
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Figure 2.12: Carotenoid profiles of optimized cells. (A) phytoene, lycopene, and ɓ-carotene 

content of pCrtB/I/Y C2C12s without optimization (top) or with puromycin conditioning and 

ketoconazole treatment (bottom). n = 3 distinct samples. (B) phytoene, lycopene, and ɓ-carotene 

content of pCrtB/I/Y BSCs without optimization (top left), without puromycin conditioning but 

with ketoconazole (top right), with puromycin conditioning by without ketoconazole (bottom 

left), or with puromycin conditioning and ketoconazole treatment (bottom left). n = 3 distinct 

samples for all plots; statistical significance was calculated by one-way ANOVA, and is 

indicated by asterisks, in which p < 0.05 (*), p <0.01 (**), p < 0.001 (***), and p < 0.0001 

(****). ÿ indicates that no peak was detected; + indicates that values were outside of analytical 

sensitivity (calculations returned negative quantities); and # indicates that values were calculated 

using a linear extrapolation of the linear calibration curve. Carotenoid data is provided as ɛg/g 

protein. Data is corrected against exogenous carotenoids accumulated in control pGFP cells. Pre-

correction carotenoid data and individual values for comparing carotenoids to protein are given 

in Figure 2.8 and Figure 2.9. 
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B
 

ATGGTCAACAACCCCAGCCTGCTGAATCACGCCGTGGAAACAATGGCCGTGGGCAGCAAGTCTTTCGCCA

CCGCCTCTAAGCTGTTCGACGCCAAGACTAGACGCAGCGTGCTGATGCTGTACGCCTGGTGCAGACACTG

CGACGACGTGATCGACGATCAGACCCTGGGATTCCAGGCCAGACAGCCTGCTCTGCAGACCCCTGAACAG

AGGCTGATGCAGCTGGAAATGAAGACCAGGCAGGCCTACGCCGGCTCTCAGATGCACGAACCTGCTTTCG

CCGCCTTCCAAGAGGTGGCCATGGCTCACGATATCGCCCCTGCCTACGCCTTCGATCACCTGGAAGGATTC

GCCATGGATGTGCGCGAGGCCCAGTACAGCCAGCTGGATGATACCCTGAGGTACTGCTATCACGTGGCCG

GCGTTGTGGGACTGATGATGGCTCAGATCATGGGCGTGCGCGACAACGCCACACTGGACAGAGCTTGTGA

TCTCGGCCTGGCCTTCCAGCTGACCAATATCGCCAGAGACATCGTGGACGATGCCCACGCCGGCAGATGT

TATCTGCCTGCCTCTTGGCTGGAACACGAGGGCCTGAACAAAGAGAACTACGCCGCTCCTGAGAACAGAC

AGGCCCTGAGCAGAATCGCTAGAAGGCTGGTGCAAGAGGCCGAGCCTTACTACCTGTCTGCCACAGCTGG

ACTGGCAGGACTGCCTCTGAGATCTGCCTGGGCCATTGCCACAGCCAAACAGGTGTACAGAAAGATCGGC

GTGAAGGTGGAACAGGCCGGACAGCAGGCTTGGGACCAGAGACAGTCTACCACCACACCTGAGAAGCTG

ACCCTGCTGCTGGCTGCTTCTGGACAGGCTCTGACCAGCAGGATGAGAGCCCATCCTCCTAGACCTGCTCA

CCTCTGGCAAAGACCTCTCggatctggcgaaggcagaggctctctgctgacatgtggcgacgtggaagagaaccctggacct 

C
rt

I 

ATGAAGCCCACCACAGTGATCGGAGCCGGCTTTGGAGGACTGGCCCTGGCTATTAGACTGCAGGCTGCTG

GAATCCCCGTGCTGCTGCTCGAACAGAGAGATAAGCCTGGCGGCAGGGCCTACGTGTACGAGGATCAGGG

CTTCACCTTCGACGCCGGACCTACCGTGATCACAGATCCTAGCGCCATCGAGGAACTGTTCGCCCTGGCTG

GCAAGCAGCTGAAAGAGTACGTCGAGCTGCTGCCCGTGACACCCTTCTACAGACTGTGTTGGGAGAGCGG

CAAGGTGTTCAACTACGACAACGACCAGACCAGGCTGGAAGCCCAGATCCAGCAGTTCAACCCTAGAGAT

GTGGAAGGCTACAGGCAGTTCCTGGACTACAGCAGGGCCGTGTTCAAAGAGGGCTACCTGAAGCTGGGAA

CCGTGCCTTTCCTGAGCTTCAGGGACATGCTGAGAGCCGCTCCTCAGCTGGCCAAACTCCAGGCTTGGAGA

AGCGTGTACAGCAAGGTGGCCAGCTACATCGAGGACGAGCACCTGAGACAGGCCTTCAGCTTCCACTCTC

TGCTCGTCGGCGGCAACCCTTTCGCCACCTCTTCTATCTACACCCTGATTCACGCCCTGGAACGCGAGTGG

GGAGTGTGGTTTCCTAGAGGTGGAACAGGCGCTCTGGTGCAGGGCATGATCAAGCTGTTCCAGGATCTCG

GCGGAGAGGTGGTGCTGAACGCTAGAGTGTCCCACATGGAAACCACCGGCAACAAGATCGAGGCCGTGC

ATCTGGAAGATGGCAGAAGATTCCTGACACAGGCCGTGGCCTCTAACGCCGATGTGGTGCACACCTACAG

GGACCTGCTGTCTCAGCATCCTGCCGCCGTGAAGCAGAGCAACAAGCTGCAGACCAAGAGGATGAGCAA

CAGCCTGTTCGTGCTGTACTTCGGCCTGAACCACCACCACGATCAGCTGGCTCACCACACCGTGTGTTTCG

GCCCCAGATACAGAGAGCTGATCGACGAGATCTTCAACCACGACGGCCTGGCCGAGGACTTCTCTCTGTA

CCTGCATGCCCCTTGCGTGACCGACAGTTCTCTGGCCCCTGAAGGCTGCGGCTCTTACTATGTGCTGGCTC

CTGTGCCTCACCTGGGCACCGCTAATCTGGATTGGACCGTGGAAGGCCCCAAGCTGAGGGACAGAATCTT

CGCCTACCTCGAACAGCACTACATGCCCGGCCTGAGAAGCCAGCTGGTCACCCACAGAATGTTCACCCCT

TTCGACTTCCGCGACCAGCTGAACGCCTATCACGGCTCTGCCTTCAGCGTGGAACCTGTGCTGACTCAGTC

CGCCTGGTTCAGACCCCACAACAGGGACAAGACCATCACCAACCTGTACCTCGTTGGCGCCGGAACACAT

CCTGGTGCTGGTATTCCAGGCGTGATCGGATCTGCCAAAGCCACCGCTGGACTGATGCTCGAGGATCTGAT

Tggaagcggcgccaccaacttcagcctgctgaaacaggctggcgacgtggaagagaaccctggacct 

C
rt

Y
 

ATGCAGCCCCACTACGATCTGATTCTCGTCGGAGCCGGACTGGCCAATGGACTGATTGCTCTGAGACTCCA

GCAGCAGCAACCCGACATGAGGATCCTGCTGATCGATGCCGCTCCTCAGGCTGGCGGAAATCACACCTGG

TCTTTCCACCACGACGACCTGACCGAGAGCCAGCACAGATGGATTGCTCCTCTGGTGGTGCATCACTGGCC

CGACTACCAAGTGCGCTTTCCCACCAGAAGGCGCAAGCTGAACAGCGGCTACTTCTGCATCACCAGCCAG

AGATTCGCCGAGGTGCTGCAGAGACAGTTCGGACCTCACCTGTGGATGGATACCGCCGTGGCCGAAGTGA

ATGCCGAGTCTGTGCGCCTGAAGAAAGGCCAAGTGATCGGAGCCAGAGCCGTGATCGATGGCAGAGGAT

ACGCCGCCAATTCTGCCCTGTCTGTGGGATTCCAGGCCTTCATCGGACAAGAGTGGCGCCTGTCTCACCCT

CACGGACTGTCTAGCCCCATCATCATGGACGCCACCGTGGATCAGCAGAACGGCTACAGATTCGTGTACA

GCCTGCCTCTGAGCCCCACCAGGCTGCTGATTGAGGACACCCACTACATCGACAACGCCACACTGGACCC

TGAGTGCGCCAGACAGAACATCTGCGATTACGCCGCTCAGCAAGGCTGGCAGCTGCAGACACTGCTGAGA

GAAGAACAGGGCGCTCTGCCCATCACACTGTCTGGAAACGCCGATGCCTTCTGGCAGCAAAGACCTCTGG

CCTGTTCTGGCCTGAGAGCCGGCCTGTTTCACCCAACAACCGGATACTCTCTGCCTCTGGCTGTGGCCGTG

GCTGATAGACTGTCTGCCCTGGACGTGTTCACCAGCGCCTCTATCCACCACGCCATCACACACTTCGCCAG

AGAGAGATGGCAGCAGCAGGGCTTCTTCAGGATGCTGAACAGAATGCTGTTCCTGGCCGGACCAGCCGAC

TCTCGTTGGAGAGTCATGCAGAGGTTCTACGGCCTGCCTGAGGACCTGATCGCCAGATTCTACGCCGGAA

AGCTGACCCTGACCGACAGGCTGAGAATCCTGTCTGGCAAGCCTCCTGTGCCAGTGCTGGCTGCTCTGCAG

GCCATCATGACCACACACAGAggatctggcgaaggcagaggctctctgctgacatgtggcgacgtggaagagaaccctggacct 

Table 2.1: Carotenoid synthesis genes. Gene sequences used in constructs (upper case), followed 

by 2A linker sequences used after each gene (lower case). 

  



60 
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of bovine satellite cells for cell cultured meat 

Stout, A. J., Mirliani, A. B., Rittenberg, M. L., Shub, M., White, E. C., Yuen, J. S. K., & Kaplan, 

D. L. Simple and effective serum-free medium for sustained expansion of bovine satellite cells 

for cell cultured meat. Communications Biology. 5, 1ï13 (2022). 

Reprinted here with permission of the publisher. 

 

4.1 Introduction  

Cell-cultured meat is an emerging technology which offers both promising possibilities and 

substantial scientific challenges. The promise of cultured meat lies in its potential to address 

environmental, ethical, and human health issues that plague intensive animal agriculture126. For 

instance, limited life-cycle analyses suggest that cultured meat could require >90% less land and 

>75% less water than conventional beef, while contributing >75% fewer greenhouse gas 

emissions, >95% less eutrophication, and >90% less particulate matter formation27,127. At the 

same time, cultured meat could improve animal welfare, food-system resilience, and human 

health outcomes30,128,129. The challenges that face the successful technological transition of 

cultured meat to the marketplace stem from the need for production systems that are low-cost, 

scalable, food-safe, and free of animal-derived inputs30,130,131. Here, cell culture media is a 

particularly problematic hurdle for several reasons. First, media comprises the majority (>99%) 

of the cost of current production systems130ï132. Second, the culture of meat-relevant cells, such 

as bovine satellite cells (BSCs), has traditionally relied on fetal bovine serum (FBS), a 

notoriously expensive, unsustainable, and inconsistent component, which is inherently 

antithetical to the aims of cultured meat30. Finally, when serum-free media for satellite cell 
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expansion have been explored, they are either complex133, ineffective compared to serum-

containing media134, reliant on proprietary or animal-derived additives133ï135, or contain 

components (e.g., synthetic steroids) that could raise regulatory concerns135. Further, no serum-

free media has been validated for the sustained expansion of  satellite cells over multiple 

passages133ï135. As such, despite the substantial body of work that has gone into the exploration 

of satellite cell culture systems133ï136, a food-safe and fully animal-derived component-free 

medium remains a crucial limitation for the field. 

 

Recently a low-cost serum-free medium was described for human iPSCs137. This media (B8) 

contains a simple mixture of basal media (glucose, amino acids, vitamins, salts, and fatty acids), 

minerals, and proteins, all of which can be found in animal tissue; as such, it is likely to be 

considered food-safe. Lab-scale B8 production was demonstrated at a cost of ~$16/L when using 

in-house growth-factor production. This cost could likely further be reduced with process scale-

up and optimization. In contrast, media containing 20% serum or commercially available serum-

free media that have been explored for satellite cells cost ~$200-500/L 134,137. Because of its 

simplicity and cost, B8 offers a promising starting point for an effective serum-free medium that 

could advance cultured meat research.  

 

Herein is validated a simple, B8-inspired serum-free media, termed Beefy-9, for culturing BSCs. 

First, it is shown that supplementation with just one animal-free component (recombinant human 

albumin, expressed in rice) makes Beefy-9 media effective for BSC expansion in vitro, and that 

short-term growth is comparable to that in 20% FBS. Next, a protocol for passaging BSCs in 

Beefy-9 is established and shown to maintain cellular myogenicity in serum-free conditions. 
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Third, cost-saving opportunities for Beefy-9 are demonstrated by lowering growth-factor 

concentrations without a drastic reduction in proliferation. Fourth, long-term expansion and 

sustained myogenicity of BSCs are validated in serum-free conditions. Finally, the 

performance/cost ratio of Beefy-9 is optimized by tuning recombinant albumin concentrations to 

generate an additional medium termed Beefy-9+. Together, these findings offer a valuable tool 

for cultured meat researchers, and a promising foundation for further media optimization to 

enable low-cost, scalable, and sustainable cultured meat production. 

 

4.2 Results 

B8 media can lower serum requirements for BSCs during short-term growth 

Bovine satellite cells were used throughout experiments. First, staining for Pax7 and Myosin 

Heavy Chain (MHC) were performed before and after differentiation of isolated cells in order to 

verify the initial and terminal states of these stem cells138,139. Quantitative image cytometry 

revealed that 96.3% of isolated cells were positive for Pax7 (Figure 3.9), indicating a highly pure 

population of satellite cells. After cell identity was verified, B8ôs capacity to replace serum 

containing media was analyzed via short term BSC growth assays (3 and 4 days) in mixtures of 

BSC-GM combined with homemade B8 or supplier provided HiDef-B8 (Figure 3.1 & Figure 

3.10, Table 3.1). These timepoints to maintain a cellular confluency of less than or equal to 70% 

throughout the experiment. The results showed that B8 media mixed with BSC-GM significantly 

improved growth compared to BSC-GM alone over four days (Figure 3.1a), and that this benefit 

remained with as much as a 62.5% reduction in FBS (62.5% B8 media). Additionally, an 87.5% 

reduction in serum did not significantly reduce cell growth over four days. On the other hand, 

while B8 media alone encouraged cell growth over three days (Figure 3.1a & b), there was no 
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change between days 3 and 4, indicating that growth did not continue into day 4. These results 

indicated that B8 was capable of reducing serum requirements in BSCs, but could not completely 

eliminate these requirements.  

 

 

Figure 3.1: Short-term growth in BSC-GM mixed with B8. (a) BSC proliferation over 3 & 4 days 

in mixtures of BSC-GM (20% FBS) and B8 media. At the four-day timepoint, mixtures of up to 

62.5% B8 significantly improved growth compared to BSC-GM alone, and mixtures of up to 

87.5% B8 did not significantly reduce growth (p=0.27). B8 alone showed a significant reduction 

in growth over four days compared with BSC-GM alone, and showed stagnating growth after 

three days. n=6 distinct samples; statistical significance was calculated by one-way ANOVA on 

day 4 data comparing all samples with BSC-GM controls, and is indicated by asterisks, in which 

p < 0.05 (*), p <0.01 (**), p < 0.001 (***), and p < 0.0001 (****). (b) Brightfield images of 

BSCs grown for three days in BSC-GM or B8 media. Images show that cell morphology was 

consistent in serum-containing or serum-free conditions. Cell confluency in the images is 

qualitatively consistent with growth analysis in part (A). Scale bars 200 ɛm. 

 

B8 media supplementation improves cell proliferation 

To overcome the deficiencies of B8 media alone, numerous supplements were tested in a range 

of concentrations (full list in Table 3.2), and growth was again analyzed over four days. Six of 

the factors significantly improved BSC proliferation compared to B8 media alone (Figure 3.2a & 

Figure 3.11). These were interleukin-6 (IL-6), curcumin, recombinant human albumin 

(rAlbumin), Platelet-derived growth factor (PDGF-BB), linoleic acid, and oleic acid. Of these, 
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rAlbumin was particularly effective, imparting a ~4-fold improvement in growth compared with 

plain B8. In contrast, other supplements resulted in at best only a ~50% improvement compared 

with plain B8. To test whether combinations of these supplements could offer synergistic 

benefits to cell growth, optimal concentrations of the above factors (with the exception of PDGF-

BB, which was determined to be insufficiently effective for the substantial cost) were combined 

and tested (Figure 3.2b). Here, rAlbumin (800 ɛg/mL) was the driving factor in all significant 

improvements. While a combination of IL-6 (0.01 ng/mL) and rAlbumin offered slightly 

improved growth compared with rAbumin alone, this difference was not statistically significant. 

In the interest of maximizing media simplicity and minimizing cost, an augmented B8 media 

with nine components was established by supplementing with 800 ɛg/mL rAlbumin alone. This 

media was termed Beefy-9 due to its component number and design towards bovine muscle cell 

culture. This media was capable of maintaining short-term growth comparable to serum-

containing BSC-GM and maintaining cell morphology in vitro (Figure 3.2b & c). 
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Figure 3.2: Short-term growth in supplemented B8 media. (a) BSC proliferation over 4 days B8 

supplemented with Interleukin 6 (IL-6), curcumin, recombinant albumin (rAlbumin), linoleic 

acid, oleic acid, or mixtures of linoleic and oleic acid. Growth was analyzed on day 4 via dsDNA 

quantification, and values are given relative to B8. n=6 distinct samples; statistical significance 

was calculated by one-way ANOVA with multiple comparisons between supplemented samples 

and B8 controls, and is indicated by asterisks, in which p < 0.05 (*), p <0.01 (**), p < 0.001 

(***), and p < 0.0001 (****). While no significant difference was found for oleic acid on day 4 

when tested alone (bottom middle panel), there was significant difference on day 3 (Figure 3.11) 

and so it was included as part of the fatty acid mixture analysis (bottom right panel). (b) BSC 

proliferation over 4 days in B8 supplemented with combinations of factors, in which: B8 = B8; I 

= IL-6 (.01 ng/mL); A = rAlbumin (800 ɛg/mL); C = Curcumin (1 ng/mL); F= linoleic acid (400 

ng/mL) and Oleic acid (400 ng/mL); and BSC-GM = serum-containing growth media. n=6 
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distinct samples; statistical significance was calculated by one-way ANOVA with multiple 

comparisons between all samples, and is indicated by asterisks, in which p < 0.05 (*), p <0.01 

(**), p < 0.001 (***), and p < 0.0001 (****). Statistically significant differences between B8 and 

other samples are shown, as is the lack of significance between rAlbumin supplemented B8 and 

BSC-GM (p>0.9990).  (c) Brightfield imaging of BSCs at day 4 in B8 with rAlbumin (800 

ɛg/mL) shows that cell morphology was maintained in B8 with albumin supplementation 

compared with images in Figure 3.1. Scale bar 200 ɛm. 

 

Passaging in Beefy-9 media 

While short-term growth experiments were useful in establishing the benefits of rAlbumin 

supplementation for tailoring B8 media to BSC short term culture needs, long-term culture and 

passaging are essential for robust cell expansion required for cultured meat. However, seeding 

cells into Beefy-9 media directly after passaging initially proved ineffective, as cells did not re-

adhere to tissue culture plastic. Two possible explanations were hypothesized for this result. The 

first was that the coating used (0.25 ɛg/cm2 of laminin-511) was insufficient to enable cell 

adhesion in the absence of other adhesion factors present in serum (e.g., vitronectin and 

fibronectin)140. The second was that the high concentration of albumin was outcompeting 

laminin for adsorption to the tissue-culture plastic, thereby further hindering cell adhesion141,142. 

To overcome these possible limitations, BSC passaging was explored in the absence of albumin 

and adding albumin one day after plating, in order to allow cells to adhere to the flasks, as well 

as passaging cells with various concentrations of different adhesive proteins. Because one 

priority of this work was media and cell culture workflow simplicity, focus was placed on 

recombinant adhesive proteins that were relatively low-cost and which have been demonstrated 

without pre-coating [e.g., laminin-511 fragment (iMatrix-511) and truncated vitronectin (Vtn-

N)]143,144. Poly-D-Lysine (PDL) coatings (which can be purchased commercially on pre-coated 

plates) were also explored to augment cell attachment with or without adhesive peptides144. The 
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results indicated that delaying the addition of rAlbumin was necessary to allow cell adhesion and 

growth, as is coating with a cell adhesive peptide such as iMatrix-511 laminin (Figure 3.3a). 

However, when comparing various cell adhesive peptides, the results indicated that iMatrix-511 

laminin was sub-optimal compared with Vtn-N (belowb). Specifically, 1.5 ɛg/cm2 of Vtn-N 

showed superior cell adhesion (day 1) and growth (day 4) than PDL alone, laminin alone, 

PDL+laminin, or a lower concentration of Vtn-N with or without PDL. Once a suitable 

passaging method was determined, short-term growth curves were again performed with Beefy-9 

supplemented with various growth factors in order to rule out the possible confounding effect 

that adsorbed serum proteins might have had on short term growth curves performed previously 

(in which cells were seeded in the presence of serum). No significant effect of these factors was 

found (Figure 3.12), reaffirming that supplementation with rAlbumin alone was optimal over 

multiple passages. 
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Figure 3.3: Passaging in Beefy-9. (a) Growth analysis via live-cell imaging of BSCs passaged in 

B8/Beefy-9 media. Results showed that cells needed to be passaged in the absence of 

supplemental Albumin (Delayed rAlbumin), and that a coating (e.g., iMatrix-511 laminin) was 

required for adhesion and growth. Specifically, cells without any coating (No coating) were 

unable to grow, as were cells with iMatrix-511 (Lmn) coating that were passaged in the presence 

of albumin (Lmn; Passage w/ rAlbumin). In contrast, cells that were passaged onto Lmn coated 

flasks and allowed to adhere overnight before the addition of albumin (Delayed rAlbumin) 

showed exponential growth.  n=9 image fields of view; statistical significance calculated by two-

way ANOVA with multiple comparisons between conditions, and significant difference between 

Lmn; Delayed rAlbumin and all other conditions are indicated by asterisks, in which p < 0.05 

(*), p <0.01 (**), p < 0.001 (***), and p < 0.0001 (****). A 95% confidence interval calculated 

via nonlinear regression (least squares regression; exponential (Malthusian) growth). (b) 

Schematic of B8/Beefy-9 passaging system used. BSCs were plated in identical conditions 

(BSC-GM) on day 0 to ensure that an equal number of cells adhered to the plate initially. On day 

1, cells were rinsed with PBS and media was changed to Beefy-9. At 70% confluency (day 3), 

cells were passaged using TrypLE and plated in B8 (no albumin) along with adhesive peptides. 

One day after passaging, media was changed to Beefy-9, and cells were proliferated and 

analyzed for adhesion, growth, and myogenicity. (c) PrestoBlue adhesion and growth analysis of 

BSCs plated with various animal-free coatings. Truncated vitronectin (Vtn) at 1.5 ɛg/cm2 
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showed superior cell attachment and growth compared to iMatrix-511 laminin (Lmn) or Poly-D-

Lysine (PDL). n=6 (2 reads for 3 biological replicates); statistical significance was calculated by 

one-way ANOVA performed separately for day 1 or day 4 with multiple comparisons between 

Vtn-N 1.5 ɛg/cm2 and all other samples. and is indicated by asterisks (day 1) or hashes (day 4), 

in which p < 0.05 (*, #), p <0.01 (**, ##), p < 0.001 (***, ###), and p < 0.0001 (****, ####). (D) 

Immunofluorescence staining for nuclei (DAPI), actin (Phalloidin), and Myosin Heavy Chain 

(MF20) in BSCs passaged in Beefy-9 media with 1.5 ɛg/cm2 Vtn-N and delayed rAlbumin. Cells 

were proliferated to confluency and differentiated for 6 days in a previously described serum-

free differentiation medium. Scale bars 50 ɛm. 

 

Serum-free differentiation following expansion in Beefy-9 media 

After establishing delayed rAlbumin and 1.5 ɛg/cm2 of Vtn-N as suitable parameters for 

multiple-passage culture of BSCs in Beefy-9, the myogenicity of expanded cells was determined. 

Specifically, Beefy-9-passaged cells (P2) were expanded to confluency in Beefy-9 and 

differentiated for 5 days in a previously published serum-free differentiation medium133. 

Differentiated cells showed the formation of multinucleated myotubes which stained positive for 

the myogenic marker myosin heavy chain (MHC) (Figure 3.3c). The results validated that 

myogenicity of cells cultured and passaged in Beefy-9 media was maintained. Together, these 

results demonstrate a fully animal-component-free culture system for proliferating, passaging, 

and differentiating BSCs (Figure 3.13). 

 

Cost-reducing strategies for Beefy-9 media 

Next, simple cost reduction strategies for Beefy-9 were explored by lowering the concentration 

of FGF-2, which is a major cost contributor to B8 and Beefy-9 formulations at the baseline 

concentration of 40 ng/mL. Growth was analyzed over four days as before in B8 and Beefy-9 

media with FGF-2 concentrations ranging from 0-80 ng/mL. The results showed that for B8 and 

Beefy-9, FGF-2 could be lowered to 5 ng/mL and 1.25 ng/mL, respectively, without significantly 
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affecting growth (Figure 3.4). In contrast, cell growth and morphology were significantly 

affected by the complete removal of FGF-2 from the media. The results indicated that substantial 

reduction in FGF-2 is possible to lower the cost of Beefy-9 without negatively impacting short-

term growth rates. 

 

 

Figure 3.4: Short-term growth in B8 & Beefy-9 with reduced FGF-2. (a) BSC proliferation over 

4 days in B8 or Beefy-9 with various concentrations of FGF-2. FGF-2 could be reduced to 5 

ng/mL or 1.25 ng/mL in B8 or Beefy-9, respectively, without significantly impacting cell growth 

over four days. n=6 distinct samples; statistical significance was calculated by one-way ANOVA 

with multiple comparisons between various FGF-2 concentrations and 40 ng/mL control 

conditions. Lack of significance between samples is indicated by ónsô across all samples that 

hold no significant difference from 40 ng/mL). (b) Brightfield images of BSCs grown for three 

days in Beefy-9 media with 0 or 5 ng/mL FGF-2. Images show that the complete removal of 

FGF-2 from Beefy-9 significantly affects satellite cell morphology, whereas a reduction to 5 

ng/mL did not affect morphology as compared with images in Figure 3.1 & Figure 3.2. Scale 

bars are 200 ɛm. 

 

Long-term culture in Beef-9 media 

The last step after validating Beefy-9 for short-term growth and establishing an appropriate 

passaging protocol was to validate long-term expansion of BSCs in Beefy-9. BSCs were seeded 

as before and fed with either serum-containing BSC-GM, B8, Beefy-9 with high FGF-2 (40 

ng/mL), or Beefy-9 with low FGF-2 (5 ng/mL). The low FGF-2 concentration was 

conservatively selected as the concentration that did not significantly affect short-term growth in 
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either B8 or Beefy-9. Cells were cultured and passaged as described (Figure 3.3b) for seven 

passages over 28 days, with cell counts used to determine cumulative cell doublings over the 

four-week period. While BSC-GM was still the optimal media over a long growth period, Beefy-

9 with high or low FGF-2 content showed significant improvements over B8 media without the 

addition of rAlbumin (Figure 3.5a). Indeed, BSCs in B8 alone ceased proliferating after three 

passages (4.4 doublings), while BSCs in Beefy-9 continued to expand exponentially over at least 

seven passages (18.2 and 17.2 doublings for 40 ng/mL FGF-2 and 5 ng/mL FGF-2, respectively).  

 

Converting growth data to doubling times revealed a consistent increase in doubling time over 

seven passages in Beefy-9 media, with a slower increase in doubling time (i.e., better-sustained 

proliferation) in BSC-GM (Figure 3.5b); however, doubling times remained below 48 hours for 

Beef-9 media for the first five passages (13.7 doublings) and under 56 hours for all seven 

passages (18.2 doublings). The average doubling time over seven passages in Beefy-9 with high 

or low FGF-2 concentrations were ~39 and ~41 hours, respectively. These are higher than the 

doubling time of ~17 hours that has been reported for satellite cells in vivo, but within a range 

expected based on previous reports of BSCs cultured in vitro145ï147. Together, these results 

indicated that the Beefy-9 media with both high and low FGF-2 concentrations were effective for 

the long-term expansion of bovine satellite cells, but that further optimization is needed to 

improve growth rates over multiple passages. 

 

Phenotypic analysis of proliferating cells culture revealed the maintenance of BSC stemness over 

long-term culture in serum-free media. Specifically, >96% of cells in both BSC-GM and Beefy-9 

stained positive for the early satellite cell marker Paired-box 7 (Pax7), and no significant 
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difference in the Pax7+ population between media types (Figure 3.5c). Similarly, qPCR and 

analysis of gene expression for the related gene Pax3 revealed no significant difference between 

media types (Figure 3.5d and Figure 3.14). Analyses of the myogenic commitment marker 

Myoblast Determination Protein 1 (MyoD) by immunostaining and qPCR revealed increased 

expression in passage two cells cultured in Beefy-9 compared with BSC-GM; however, this 

difference was absent by passage six (Figure 3.5d and Figure 3.14). Together, these results 

demonstrate that Beefy-9 maintains satellite cell identity to a similar degree as serum containing 

media.  

 

At the same time, however, it was noted that cells cultured in serum-free conditions appeared to 

accumulate lipid droplets over long-term culture, while cells cultured in BSC-GM did not 

(Figure 3.5e). This aberrant lipid accumulation could be due to insulin resistance in cells as a 

result of the relatively high concentration of insulin in B8 & Beefy-9, and could therefore point 

towards a possible media optimization strategy by adjusting insulin levels148,149. Alternately, 

lipid accumulation could suggest that BSCs are thrust towards an adipogenic phenotype in 

Beefy-9 media134, though the sustained myogenicity of BSCs in serum-free conditions affirms 

the capacity of these media to maintain relevant satellite cell function for cultured meat. At the 

same time, lipid accumulation could potentially offer an advantage for cultured meat production, 

as lipids often have positive impacts on meat flavor. Ultimately, further exploration of this 

phenomenon is warranted in future studies. 
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Figure 3.5: Long-term culture. (a) Cell doublings over multiple passages of BSCs cultured in 

BSC-GM, B8, Beefy-9, high FGF (40 ng/mL FGF-2), or Beefy-9, low FGF (5 ng/mL FGF-2). 

Results show that the addition of albumin significantly improved cell growth in B8 over four 

weeks, although not to the degree of serum. Reducing Beefy-9 FGF-2 decreased cell doublings 

compared to 40 ng/mL, although this difference was less substantial (17.2 doublings vs 18.2 

doublings at 28 days). n = 6 (2 counts for 3 biological replicates), and error bars are given as ± 

standard deviation. (b) Doubling times were calculated over long-term culture and compared 

between media. An increase in doubling time at higher passages was found, particularly for 

Beefy-9 with high or low FGF-2. Notably, however, doubling times remained <48 hours for the 

first five passages (~13 doublings) in Beefy-9. (c) Analysis of Pax7 staining (Figure 3.14) shows 

that the percentage of Pax7+ nuclei stayed above 96% for at least six passages in both serum and 
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serum-free media. No significant difference in the percent of Pax7+ cells is observed between 

media types (n=9 distinct samples, calculated via two-way ANOVA with multiple comparisons 

between media types). (d) Quantitative PCR for Pax3 and MyoD expression in proliferative cells 

grown in BSC-GM and Beefy-9 shows no significant difference between media types, except in 

the case of P2 MyoD, where Beefy-9 shows higher expression than BSC-GM.  Results are 

supported by immunofluorescent staining for these markers (Figure 3.14). n=3 distinct samples; 

statistical significance was calculated via two-way ANOVA with multiple comparisons between 

media and is indicated by asterisks in which p <0.01 (**). (e) BODIPY staining of lipid 

accumulation in P7 cells cultured in various media. Cells were passaged, allowed to adhere 

overnight, and stained for nuclei (DAPI, blue), actin (Phalloidin, magenta), and lipids (BODIPY, 

green). Results show increased lipid accumulation in in serum-free media compared to BSC-GM. 

Scale bars 50 ɛm. 

 

BSC myogenicity over long-term culture 

Following proliferation, confluent cells at various passages were differentiated in a serum-free 

differentiation medium133 and stained for Pax7 and MyoD as well as Myogenin and Myosin 

Heavy Chain (MHC), markers of early fusion and terminal differentiation in muscle stem cells 

(Figs. 6a & Figure 3.15). The formation of Myogenin and MHC-positive multinucleated 

myotubes in BSC-GM and Beefy-9 formulations over six passages was shown, as was the 

maintenance of Pax7 and MyoD expression in unfused cells, which together support the 

maintained myogenicity of BSCs cultured long-term in Beefy-9 (Figure 3.6a & Figure 3.15). 

Interestingly, differentiation appeared improved in BSCs cultured in Beefy-9 media compared 

with BSC-GM over multiple passages, both in terms of myotube size and density, and in terms of 

quantitative fusion index (Figure 3.6a, Figure 3.15 & Figure 3.16). This result could be because 

cells cultured in BSC-GM have undergone more doublings than cells in Beefy-9 at the points of 

analysis, and so represent a more aged satellite cell population150. While myogenicity was 

maintained throughout expansion in Beefy-9 media, it was noted that myotube diameter and 

density appears reduced at later passages. This is thought to be caused by cell aging, rather than 

fibroblast overgrowth, due to the maintenance of Pax7 at later passages and in unfused cells. 
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Along with image analysis, qPCR was used to analyze the expression of Pax3, MyoD, 

Myogenin, and MHC in differentiated cells (Figure 3.6b). Results showed no significant 

differences between media types, though trends match those seen with immunostaining. 

Together, these results indicate that Beefy-9 maintains BSC myogenicity over long-term culture 

at least as well as serum-containing media. 

 

 

Figure 3.6: BSC Myogenicity over long term culture. (a) Immunofluorescent staining for Myosin 

Heavy Chain (MF20, green) in BSCs at passages 2, 4 and 6 in various media. Cells were cultured 

to confluency and differentiated in a serum-free differentiation medium as previously described. 

Images revealed that myogenicity of BSCs was maintained throughout long term culture in both 

serum containing and serum-free media. Scale bars 200 ɛm. (b) Quantitative PCR for Pax3, 

MyoD, Myogenin (MyoG) and Myosin Heavy Chain (MHC) expression in differentiated cells 

shows no significant difference between media types. Results are supported by 
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immunofluorescent staining for these markers (Figure 3.15). n=3 distinct samples; statistical 

significance was calculated via two-way ANOVA with multiple comparisons between media. 

 

Media cost analysis 

Once the efficacy of Beefy-9 was demonstrated, a simple cost analysis was performed to 

understand how this media might be implemented by research groups currently relying on 

serum-containing media (e.g., 20% FBS + 1 ng/mL FGF-2, as used in this study) for cultured 

meat research (Figure 3.7). Price comparisons revealed that even using purchased growth factors 

and without bulk ordering (as in this study), Beefy-9 media cost substantially less than serum-

containing media ($217/L vs. $290/L, respectively). At the reduced 5 ng/mL of FGF-2, the price 

of Beefy-9 drops further to $189/L). Further fold price decreases could easily be achieved by 

increasing the scale of culture media component orders, and by using powdered basal media. 

Specifically, the costs for Beefy-9 with high or low FGF-2 concentrations dropped to $74/L and 

$46/L, respectively, when components are ordered in bulk (component sourcing given in Table 

3.3). This amounts to a 75% cost reduction on a per-liter basis compared with bulk-ordered BSC-

GM. However, it should be noted that over prolonged expansion, the cost-savings of Beefy-9 are 

mitigated by the exponential effects of reduced growth rates, and by passage 4 of prolonged 

expansion, the cost-per-cell yielded is higher for Beefy-9 than for BSC-GM. As such, substantial 

cost optimization is required to make Beefy-9 cost-effective for cultured meat production.  In 

this study, Beefy-9 prices were dominated by albumin, basal media, FGF-2 (at high 

concentrations), and insulin. If bulk ordering of store-bought components is used, the price was 

dominated by FGF-2 (at high concentrations), rAlbumin, and insulin, with basal media offering 

less impact. While Beefy-9 is easy to produce in-house, further ease-of-use can be achieved by 
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purchasing HiDef-B8 media and simply adding rAlbumin to prepare HiDef-Beefy-9; however, at 

current prices this results in increased cost.  

 

 

Figure 3.7: Cost analysis. Media costs for BSC-GM, Beefy-9, high FGF, and Beefy-9, low FGF 

were assessed for reagents bought at small scale (those used in this study), and reagents if bought 

in bulk from available suppliers. For both small-scale and bulk purchasing, Beefy-9 (high and 

low FGF) are both more economical than BSC-GM. When purchased in bulk and using low FGF 

concentrations, Beefy-9 can be prepared for less than $50/L. For both small-scale and bulk 

purchasing, rAlbumin is a major cost-driver for Beefy-9 media, as is FGF-2 when used at 40 

ng/mL. 

 

Increasing rAlbumin concentration improves growth 

While 800 ɛg/mL of rAlbumin was used in the above work, short term growth analysis did not 

suggest that this was the optimal concentration of rAlbumin, merely the best of those initially 

tested. As increased rAlbumin resulted in improved growth (Figure 3.2), it was investigated 

whether additional increases in rAlbumin could further improve outcomes. Short term analyses 

with concentrations of rAlbumin up to 11.2 mg/mL revealed continued improvements with 

increased rAlbumin, with the highest concentration yielding an 8.5-fold improvement in 4-day 
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growth compared to Beefy-9ôs 800 ug/mL (0.8 mg/mL) (Figure 3.17). In light of this, long-term 

growth was again investigated with increasing concentrtions of rAlbumin, and compared with 

the original Beefy-9 tests, HiDef Beefy-9 (using supplier-provided B8 with engineered growth 

factors), and BSC-GM (Figure 3.8). While short-term growth analyses revealed that 11.2 mg/mL 

of rAlbumin offered the best results of the concentrations tested, cost analysis revealed that by 

6.4 mg/mL rAlbumin, Beefy-9 had surpassed the cost of serum-containing BSC-GM (Figure 

3.8a). Because cost was a key factor in this study, long term growth analysis was therefore 

performed for rAlbumin concentrations up to, but not exceeding 6.4 mg/mL (Figure 3.8b). 

Results showed that increased albumin improved growth over one month of cell expansion, with 

total doublings exceeding 19 and 20 for Beefy-9 containing 3.2 and 6.4 mg/mL rAlbumin, 

respectivley (compared with 18 for the original Beefy-9 containing 0.8 mg/mL rAlbumin). Taken 

as total cell count at day 28, these represent 3- and 4-fold improvements in cell yield, 

respectively (Figure 3.8c). No improvement was observed for 1.6 mg/mL rAlbumin compared 

with 0.8 mg/mL at day 28, though a consistent improvement was seen for earlier passages. When 

comparing growth improvements with costs, increasing rAlbumin to 3.2 mg/mL resulted in a 3-

fold improvement in cell number with only a 2-fold increase in cost. For 6.4 mg/mL rAlbumin, 

these values are 4-fold and 3-fold, respectively. As such, Beefy-9 with 3.2 mg/mL of rAlbumin 

(termed Beefy-9+) may offer the best ratio of cell growth to media cost (148 $/L). However, the 

best media for a given scenario will likely depend on the specific constraints, priorities, and 

target doublings of the application in question, and all of the serum-free media tested were 

inferior to BSC-GM, which showed a 100-fold increase in cell yield over seven passages 

compared with serum-free media. Throughout culture in Beefy-9 with additional rAlbumin, cells 

maintained their myogenicity (Figure 3.8d), though the degree of MF20 staining as well as 
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myotube density and diameter appear to have been reduced for cells grown in media containing 

6.4 mg/mL rAlbumin (especially with reduced FGF). While Beefy-9+ with reduced FGF was not 

explored in this work, it is possible that this would further improve the performance/cost ratio. 

Additionally, the use of engineered growth factors (as in the original B8 work, and in supplier-

provided HiDef B8) may improve performance. This was evidenced in long-term growth studies, 

where a 2-fold improvement in cell number was seen between HiDef Beefy-9 compared with 

standard Beefy-9. 

 

 

Figure 3.8: Long-term culture with increased rAlbumin. (a) Media costs for Beefy-9 with 

varying concentrations of rAlbumin and FGF-2, as well as BSC-GM. As before, costs in Beefy-9 

are driven by rAlbumin. At and above 6.4 mg/mL, Beefy-9 costs surpass serum-containing BSC-

GM costs. Costs represent bulk-orders from available suppliers. (b) Cell doublings over multiple 
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passages of BSCs cultured in BSC-GM, Beefy-9 with rAlbumin concentrations of 0.8 mg/mL 

(data from Figure 3.5), 1.6 mg/mL, 3.2 mg/mL, 6.4 mg/mL (with 40 or 5 ng/mL FGF-2), and 

HiDef Beefy-9 using supplier provided HiDef B8. Results showed that increased rAlbumin 

concentrations improved cell growth, with the highest numbers of cell doublings provided by 

concentrations of 6.4 mg/mL (20.2) and 3.2 mg/mL (19.8). n = 6 (2 counts for 3 biological 

replicates), and error bars are given as ± standard deviation (though in some instances are smaller 

than the sample icons). (c) Final (28-day) cell counts for the serum-free media tested in (B), and 

with a starting cell population of 24,000. Results indicated significant increases in cell yield for 

3.2 and 6.4 mg/mL rAlbumin compared with 0.8 mg/mL, as well as significant improvements 

when using engineered growth factors (in supplier provided HiDef B8). n = 6 (2 counts for 3 

biological replicates); statistical significance was calculated by one-way ANOVA with multiple 

comparisons between all conditions, and is indicated by asterisks, in which p < 0.05 (*), p <0.01 

(**), p < 0.001 (***), and p < 0.0001 (****). (d) Immunofluorescence staining for Myosin 

Heavy Chain (MF20, green) in BSCs at passages 2, 4 and 6 during long-term culture 

experiments in Beefy-9 with increased rAlbumin. After reaching confluency, cells were 

differentiated in serum-free differentiation medium for four days (P2 and P4) or six days (P6) 

and stained for MHC. Images revealed that myogenicity of BSCs was maintained throughout 

long term culture in all media. Scale bars 200 ɛm. 

 

4.3 Discussion 

Since its emergence, cultured meat research and development has been stymied by a lack of 

suitable serum-free media for muscle stem cell expansion. This deficiency has led the field to 

rely on FBS for most research, thereby hindering the relevance of findings. This is particularly 

the case when looking forward to serum-free production processes. Developing serum-free 

media for relevant cell types (e.g., muscle and fat) and relevant species (e.g., bovine, porcine, 

galline, etc.) is therefore essential to accelerate research in the field. These media should at a 

minimum be affordable, comprised of food-safe components, reliable, and easy to use (e.g., not 

overly complex) in order to promote their adoption in widespread research efforts and towards 

scaled production processes. In this work, two media (Beefy-9 and Beefy-9+) are described as 

promising candidates for simple serum-free culture of bovine satellite cells. This includes 

validation of: 1) the efficacy of these media in promoting BSC proliferation, 2) the ability of 

these media to enable long-term expansion when used in combination with rAlbumin-free B8 
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and truncated vitronectin, 3) the maintenance of satellite cell myogenicity when expanded in 

Beefy-9 and Beefy-9+, and 4) substantial cost savings compared to serum-containing media. 

 

The impact of rAlbumin on Beefy-9ôs efficacy for BSCs is noteworthy, particularly considering 

that the addition of albumin did not show nearly as profound of an effect on iPSC growth when 

B8 was originally developed137. Albumin has many roles in cell culture media, and indeed 

comprises about 60% of the total proteins in serum. For an in-depth summary of these roles, the 

reader is directed to several thorough reviews151,152. Briefly, though, albumin acts in culture 

media to bind, carry, and stabilize compounds such as fatty acids, metal ions, signaling 

molecules, amino acids, and other factors. As such, it is a potent and multifaceted antioxidant 

which can sequester these species from redox or other degrading reactions, increasing the half-

life, availability, and solubility of beneficial factors to cells while reducing the accumulation of 

harmful byproducts. It is possible that these regulating effects impart an advantage to Beefy-9 

and Beefy-9+ over B8 alone, as the latter was not incapable of promoting cell division in BSCs 

over the short term, only of fostering robust and prolonged expansion. Interestingly, albumin has 

also been suggested as a potential protectant against cell stresses due to sparging bubbles in 

various bioreactors, and so Beefy-9 media could offer additional benefits in these scaled-up 

bioprocesses152. 

 

A major goal of this work was to develop a medium that is simple and low-cost, as these two 

factors can help to lower the barriers to entry for cultured meat research, as well as lay the 

groundwork for a more diffuse production system (with less consolidation amongst a few 

concentrated corporations). Cost analysis suggests that Beefy-9 and Beefy-9+ media should be 



82 

 

easy to implement and affordable (particularly in the case of Beefy-9) for academic labs that are 

currently using serum-containing (e.g., 20% FBS) media for cultured meat research. It should be 

noted, however, that substantial cost reduction of serum-free media is still needed to make 

cultured meat production economically viable from an industrial perspective. Here, reducing the 

cost of albumin, growth factors and basal media (e.g., through the use of plant or algal 

hydrolysates) will be essential153,154. Additionally, co-culture of meat-relevant cells with nutrient- 

or growth factor-producing cells could offer valuable cost-saving opportunities155. Finally, media 

production in-house and economies of scale will likely further drive down costs137.  When 

considering Beefy-9, it is clear that recombinant proteins are the main drivers of cost. As such, 

further research should explore cost-reduction of these recombinant proteins, or opportunities for 

substituting or eliminating these factors. Additionally, it should be noted that in the absence of 

cell-adhesion proteins found in FBS, an increased concentration of tissue-vessel coating was 

required to achieve adequate BSC adhesion and growth during serum-free culture. This factor is 

often overlooked when discussing the cost of large-scale cell culture; however, the present study 

relied on 1.5 ɛg/cm2 of Vtn-N, which adds ~$0.18/cm2, or $31.75 per T-175 flask (a standard 

vessel used in our lab, suitable for ~5 doublings at standard seeding and passaging densities). 

Opportunities to reduce the costs associated with cell adhesion include adapting or engineering 

cells to suspension culture, pre-coating flasks with Vtn-N with or without additional factors, 

reducing the cost of recombinant adhesion protein production, or exploring low-cost alternatives 

to recombinant production30,156,157.  

 

While this work presents a promising resource for researchers and a useful foundation for further 

media development, it is clear that further media optimization for both cost and long-term 
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efficacy is warranted. Specifically, the present work relies on one-factor-at-a-time exploration of 

media components to find suitable supplements to tailor B8 for bovine muscle stem cells. As 

media components are intimately entangled in their effects on cell biology, it is therefore 

unlikely that Beefy-9 or Beefy-9+ are optimal as-is. Indeed, it is possible that media components 

which appeared inconsequential in this work (e.g., hepatocyte growth factor or ethanolamine) 

would offer advantages in other permutations of media not tested in the development of Beefy-9. 

Computational approaches to media development are better suited for solving such multi-

factorial problems, and should therefore be leveraged to further optimize Beefy-9 and other 

serum-free media for cultured meat applications154. Here, efforts can focus on adipose as well as 

muscle tissue, for instance through the use of free fatty acid addition to Beefy-9 to induce the 

transdifferentiation of BSCs into lipid-accumulating cells158. Additionally, further work is 

needed to overcome the slower long-term growth and aberrant lipid accumulation that is seen in 

BSCs cultured over seven passages in Beefy-9. Particularly, efforts to reduce doubling times to 

those seen in the presence of serum, or even in vivo, would improve the overall process 

economics of cultured meat production. Promising options for this include further media 

optimization, the use of spontaneously or genetically immortalized stem cells, which could 

improve long-term outcomes in Beefy-9,159,160 and the exploration of different concentrations of 

insulin, fatty acids, or other signaling factors to better control progression down myogenic vs. 

adipogenic pathways.  Here, the use of more optimized serum-free differentiation media may 

also improve outcomes161. 

 

The present work offers a simple, affordable, and effective Beefy-9 and Beefy-9+ serum-free 

media for improving cultured meat research. However, the cost and efficacy of these media will 
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require further optimization for industrial scale production of cultured meats that aim to reach 

price-parity with conventional meats. Future work to address these needs could focus on both 

engineering efforts (e.g., increased recombinant growth factor productivity, production of 

species-specific recombinant proteins, optimized media formulations, media recycling, and cell 

line engineering) and scientific discoveries (e.g., novel protein analogues or alternatives, or 

insights into cell signaling pathways) in order to drive the cost of production down. Additionally, 

exploration of cell sourcing and isolation techniques, cell lineage control (e.g., of myogenic vs. 

adipogenic differentiation), and bioreactor systems can build on substantial prior work and help 

to increase production efficiency and drive down costs136,162ï165.  Here, cultured meat 

development is likely to provide collateral benefit to biomedical research, such as tissue 

engineering for volumetric muscle loss or cell-based biopharmaceutical production. Ultimately, 

sustained efforts towards serum-free media development are needed to continually lower costs 

and improve scalability of cultured meat over time, bringing products closer to market viability 

and cultured meatôs possible benefits closer to reality.  

 

4.4 Materials and methods 

Primary bovine satellite cell isolation and maintenance 

Primary bovine satellite cells (BSCs) were isolated with methods previously used in our group 

and based on previously described pre-plating satellite-cell isolation protocols129,164. Briefly, 

~0.5 g of muscle was excised from the semitendinosus of a 14-day-old Simmental calf at the 

Tufts Cummings School of Veterinary Medicine according to approved methods (IACUC 

protocol #G2018-36). Muscle tissue was minced into a paste and digested in 0.2% collagenase II 

(Worthington Biochemical #LS004176, Lakewood, NJ, USA; 275 U/mg) for 45 minutes with 
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regular trituration. Digestion was halted with BSC growth media (BSC-GM) comprised of 

DMEM+Glutamax (ThermoFisher #10566024, Waltham, MA, USA) supplemented with 20% 

fetal bovine serum (FBS; ThermoFisher #26140079), 1 ng/mL human FGF-2 (ThermoFisher 

#68-8785-63), and 1% Primocin (Invivogen #ant-pm-1, San Diego, CA, USA), and cells were 

filtered and plated at a density of 100,000 cells/cm2 onto uncoated tissue-culture flasks. After 24 

hours of incubation at 37°C with 5% CO2, the plated suspensions (containing satellite cells) were 

transferred to flasks coated with 1ɛg/cm2 mouse laminin (Sigma #CC095, St. Louis, MO, USA), 

which were left untouched for three days before growth media was changed, and cells were 

cultured using standard practices on tissue-culture plastic coated with 0.25 ug/cm2 iMatrix 

recombinant laminin-511 (Iwai North America #N892021, San Carlos, CA, USA). After two 

weeks of culture, Primocin in growth media was replaced with 1% antibiotic-antimycotic 

(ThermoFisher #1540062). For regular cell maintenance, cells were cultured at 37°C in 5% CO2 

to a maximum of 70% confluence, counted using an NC-200 automated cell counter 

(Chemometec, Allerod, Denmark), and either passaged using 0.25% trypsin-EDTA 

(ThermoFisher #25200056) or frozen in FBS with 10% Dimethyl sulfoxide (DMSO, Sigma 

#D2650). For routine myogenic differentiation, cells were cultured to confluency as above and 

then incubated for one week without changing the medium. 

 

Characterization of isolated cells 

To characterize isolated cells, proliferative BSCs were stained for Paired-box 7 (Pax7), a marker 

of satellite cell identity. Cells were fixed with 4% paraformaldehyde (ThermoFisher 

#AAJ61899AK) for 30 minutes, washed in PBS, permeabilized for 15 minutes using 0.5% 

Triton-X (Sigma # T8787) in PBS, blocked for 45 minutes using 5% goat serum (ThermoFisher 
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#16210064) in PBS with 0.05% sodium azide (Sigma #S2002), and washed with PBS containing 

0.1% Tween-20 (Sigma #P1379). Primary Pax7 antibodies (ThermoFisher #PA5-68506) were 

diluted 1:500 in blocking solution containing 1:100 Phalloidin 594 (ThermoFisher #A12381), 

added to cells, and incubated overnight at 4°C. Cells were then washed with PBS + Tween-20, 

incubated with secondary antibodies for Pax7 (ThermoFisher #A-11008, 1:500) for 1 hour at 

room temperature, washed with PBS + tween-20, and mounted with Fluoroshield mounting 

medium with DAPI (Abcam #ab104139, Cambridge, UK) before imaging. Imaging was 

performed via fluorescence microscopy (KEYENCE, BZ-X700, Osaka, Japan). Batch 

colocalization analysis was performed on multiple images using the BZ-X800 image cytometry 

software to enumerate the nuclei which were positive for Pax7, thereby giving a quantitative 

measure of satellite cell purity in the isolated cell population. 

 

To validate myogenicity of isolated BSCs, cells were differentiated for 7 days as described. Cells 

were then fixed, stained, and imaged as previously described, using primary antibodies for 

myosin heavy chain (MHC) (Developmental studies hybridoma bank #MF-20, Iowa City, IA, 

USA; 4 ɛg/mL), phalloidin 594 (1:100), appropriate secondary antibodies (ThermoFisher #A-

11001, 1:1000), and Fluoroshield mounting medium with DAPI. 

 

Short-term growth analysis 

Homemade B8 medium was prepared using store-bought components and a previously described 

formulation and method of preparation (Table 3.1)137. Additionally, HiDef-B8 medium aliquots 

were generously provided by Defined Bioscience (Defined Bioscience # LSS-201, San Diego, 

CA, USA) and added DMEM/F12 with 1% antibiotic/antimycotic. Short term BSC growth (3 
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and 4 days) was analyzed for mixtures of serum-containing and serum-free media, as well as for 

pure B8 media with reduced growth factor concentrations and/or with the addition of various 

media supplements (Table 3.1). Briefly, BSCs were thawed (passage number < 2) and plated in 

BSC-GM on 96-well tissue-culture plastic plates for each timepoint at a density of 2,500 

cells/cm2 with 0.25 ug/cm2 iMatrix recombinant laminin-511. After 24 hours, BSC-GM was 

removed, cells were washed 1x with DPBS, and new media (e.g., B8 +/- supplementation) was 

added. A list of supplements and concentrations can be found in Table 3.2. Media was changed 

on day 3, and on days 3 and 4 cells were imaged, media was aspirated from appropriate plates, 

and plates were frozen at -80°C. Once all timepoints were frozen, cell number was analyzed 

using a FluoReporter dsDNA quantitation kit (ThermoFisher #F2962) according to the 

recommended protocol and with fluorescence readings performed on a Synergy H1 microplate 

reader (BioTek Instruments, Winooski, VT, USA) using excitation and emission filters centered 

at 360 and 490 nm, respectively. Cell number at 3 and 4 days was analyzed relative to pure B8 or 

HiDef media.  

 

Passaging in Beefy-9 media 

To test various passaging conditions using B8 + rAlbumin (Beefy-9), BSCs were plated in BSC-

GM onto T-75 culture flasks at a density of 2,500 cells/cm2 with 0.25 ug/cm2 iMatrix 

recombinant laminin-511. After 24 hours, BSC-GM was removed, cells were washed 1x with 

DPBS, and Beefy-9 media was added. Cells were cultured to 70% confluency, harvested with 

TrypLE Express (ThermoFisher #12604021), centrifuged at 300g, and resuspended in B8 or 

Beefy-9 media with or without iMatrix laminin-511. Cells were seeded at 5,000 cells/cm2 (0.25 

ug/cm2 iMatrix laminin) onto a 12-well plate, and growth was analyzed with a live cell 
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monitoring system (Olympus Provi CM20, Tokyo, Japan). After 24 hours, media was aspirated, 

and all cells were fed with Beefy-9 media. Cell growth was compared over seven days in order to 

determine the effects of seeding +/- rAlbumin and +/- iMatrix laminin. 

 

To test the effect of different coatings, 48-well plates were prepared with or without pre-coating 

with poly-D-lysine (Sigma #P1024-10MG) according to the manufacturerôs instructions. Cells 

were then cultured and harvested as above, centrifuged at 300g, and resuspended in B8 media 

with varying concentrations if iMatrix laminin and/or truncated recombinant human vitronectin 

(ThermoFisher #A14700). Cells were seeded at 5,000 cells/cm2. After 24 hours, media was 

aspirated, and cells were rinsed 1x with DPBS. Cells were then fed with Beefy-9 media with 

10% PrestoBlue reagent (ThermoFisher #A13262) and incubated at 37°C. After 2.5 hours, 

PrestoBlue media was moved to a 96-well plate and read with a Synergy H1 microplate reader 

using excitation and emission filters centered at 560 and 590 nm, respectively. Cell culture media 

was then replenished with Beefy-9 and PrestoBlue analysis was repeated on Day 4. 

 

Long-term growth analysis 

For generating long-term growth curves, BSCs were thawed and plated (P1) onto 6-well culture 

plates (triplicate wells) in BSC-GM with 0.25 ug/cm2 iMatrix laminin-511. After allowing cells 

to adhere overnight, media was removed, cells were washed 1x with DPBS, and either BSC-GM, 

B8, Beefy-9 (40 ng/mL FGF-2) or Beefy-9 (5 ng/mL FGF-2) were added to cells. Upon reaching 

~70% confluency, cells were rinsed with DPBS, harvested with TrypLE Express, and counted 

using an NC-200 automated cell counter (duplicate counts for each well). Cells were then 

pelleted at 300g, resuspended in BSC-GM or B8 media, re-counted, and seeded onto new 6-well 
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plates at 2,500 cells/cm2 with 0.25 ug/cm2 iMatrix laminin-511 (cells in BSC-GM) or 1.5 ug/cm2 

recombinant vitronectin (cells in B8). After allowing cells to adhere overnight, media was 

replaced with appropriate media (BSC-GM, B8, Beefy-9 (40 ng/mL FGF-2) or Beefy-9 (5 

ng/mL FGF-2). This process was repeated over 28 days and seven passages. Throughout culture, 

cells were fed every two days. When seeding cells for passages 2, 4, 6, and 7, additional wells 

were seeded for staining for myosin heavy chain (P2, P4 and P6) or lipid accumulation (P7). 

 

Serum-free differentiation 

Throughout long-term culture, a population of cells at passages 2, 4, and 6 were cultured to 

confluency in serum-containing or serum-free conditions, and media was changed to a 

previously described serum-free differentiation media consisting of Neurobasal (Invitrogen 

#21103049, Carlsbad, CA, USA) and L15 (Invitrogen #11415064) basal media (1:1) 

supplemented with 1% antibiotic/antimycotic, 10ng/mL insulin-like growth factor 1 (IGF-1; 

Shenandoah Biotechnology #100-34AF-100UG, Warminster, PA, USA) and 100 ng/mL 

epidermal growth factor (EGF; Shenandoah Biotechnology #100-26-500UG)133. Cells were 

differentiated for 4-6 days (changing media every two days). 

 

Immunostaining of cultured & differentiated cells 

To verify the identity of sub-confluent cells over multiple passages in various media, cells were 

fixed, stained, and imaged as previously described, using primary antibodies for Pax7 and MyoD 

(ThermoFisher #MA5-12902; 1:100) along with DAPI and secondary antibodies for rabbit 

(ThermoFisher #A-11072; 1:500) and mouse (ThermoFisher #A-11001), respectively. Pax7 and 

MyoD expression were quantitatively analyzed in ImageJ. To verify the ability of cells to 



90 

 

differentiate over multiple passages in various media, differentiated cells from above were fixed, 

stained, and imaged as previously described, using primary antibodies for Pax7, MyoD, 

Myogenin (Santa Cruz Biotecnology #sc-52903, Dallas, TX, USA; 1:250), MHC, DAPI, and 

appropriate secondary antibodies. 

 

To analyze lipid accumulation in culture, media was replaced with PBS containing 2ɛM 

BODIPYÊ 493/503 (ThermoFisher #D3922). Cells were incubated for 20 minutes at 37°C, 

washed 2x with PBS, and fixed for 30 minutes with 4% paraformaldehyde. Cells were then 

washed 3x with PBS, permeabilized and blocked as before, and incubated at room temperature 

for one hour in blocking solution containing phalloidin 594 (1:100) and 1 ɛg/mL DAPI 

(ThermoFisher #62248). Stained cells were rinsed 3x with PBS and imaged via fluorescence 

microscopy as before. 

 

Gene expression analysis 

To further support immunostaining data, quantitative PCR was performed on sub-confluent and 

differentiated cells from P2 and P6. Briefly, RNA was harvested with the RNEasy Mini Kit 

(Qiagen #74104, Hilden, Germany) and cDNA was prepared using 200 ng of RNA for each 

reaction with the iScript cDNA synthesis kit (Bio-Rad # 1708890, Hercules, CA, USA) 

according to the manufacturersô instructions. Next, qPCR was performed using the TaqMan 

Gene Expression Master Mix (ThermoFisher #4369016), with 18S as a housekeeping control 

gene. Primers used were: 18S (ThermoFisher #Hs03003631), Pax3 (ThermoFisher 

#Bt04303789), MyoD (ThermoFisher #Bt04282788), Myogenin (ThermoFisher #Bt03258929), 

and Myosin Heavy Chain (ThermoFisher #Bt03273061). Reactions were performed using 3.5 uL 
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of the prepared cDNA, according to the manufacturerôs instructions. Reactions were run on the 

Bio-Rad CFX96 Real Time System thermocycler, and results were analyzed as 2-ȹct normalized 

to 18S expression. 

 

Statistical analysis 

Statistical analysis was performed with GraphPad Prism 9.0 software (San Diego, CA, USA). 

Short-term cell growth analyses were performed via one-way or two-way ANOVA, as 

appropriate, with multiple comparisons performed with the Tukeyôs HSD post-hoc test. 

Regression analysis (Figure 3.3a) was performed via nonlinear regression (least squares; 

exponential (Malthusian) growth) and is shown alongside 95% confidence interval. Doubling 

time (Figure 3.5b) was determined through nonlinear regression (least squares; exponential 

(Malthusian) growth) for each biological replicate (well) of each passage, using technical 

replicates (duplicate counts) in generating nonlinear regressions.  P values <0.05 were treated as 

significant. Unless otherwise stated, errors are given as ± standard deviation. 
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4.5 Supplementary Materials 

 

Figure 3.9: Bovine Satellite Characterization. (a) Isolated BSCs were stained and imaged for 

Pax7 and DAPI (nuclei). Images were analyzed for colocalization of red (Pax7) and blue (DAPI) 

using the KEYENCE BZ-X800 analysis software to determine the number of nuclei that were 

positive for Pax7. Images show a representative analysis for one stain, with a Pax7-negative cell 

indicated (white arrow). The rightmost image shows a magnified portion of the analyzed image. 

Scale bars are 100 ɛm. (b) Quantitative Pax7 analysis from image cytometry. Average percent of 

Pax7+ cells was 96.32% (n=3) for BSCs. (c-e) Differentiation of BSCs was determined through 

staining for myosin heavy chain (MF20), and counterstaining with DAPI and Phalloidin (actin). 

Images show robust myogenic differentiation with sarcomeric striations. Scale bars are 200 ɛm. 
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Table 3.1: B8 formulation and sourcing for this study. 

Component Concentration Supplier Catalog # 

DMEM/F12 basal media N/A ThermoFisher 11320033 

2-Phospho-L-ascorbic acid trisodium salt нлл ˃ƎκƳ[ Sigma 49752-10G 

Insulin (human, recombinant) нл ˃ƎκƳ[ Sigma 91077C-250MG 

Transferrin (human, recombinant) нл ˃ƎκƳ[ InVitria 777TRF029 

Sodium selenite 20 ng/mL Sigma S5261-10G 

Fibroblast growth factor (FGF-2) 40 ng/mL PeproTech 100-18B 

Neuregulin (NRG1) 0.1 ng/mL PeproTech 100-03 

Transforming growth factor (TGF̡3) 0.1 ng/mL R&D Systems 8420-B3-005/CF 

UltraPure Water 5.8% (v/v) ThermoFisher 10977015 

Antibiotic/Antimycotic 1% (v/v) ThermoFisher 1540062 

 

Functional species in media components are bolded. To prepare media, two aliquots were first 

prepared. For aliquot óA,ô 400 mg/mL 2-Phospho-L-ascorbic acid trisodium salt was slowly 

prepared in water, sterilized, and aliquoted in 250 ɛL portions. For aliquot óB,ô 40 mg/mL insulin 

was added to water, and 1 N HCl was added until insulin had dissolved. Slowly, 1 N NaOH was 

added to bring the pH up to ~6. Next, 40 mg/mL transferrin, 40 ɛg/mL sodium selenite, 80 

ɛg/mL FGF-2, 0.2 ɛg/mL NRG1, and 0.2ɛg/mL TGFɓ3 were added and the solution was 

sterilized and aliquoted in 250 ɛL portions. To prepare media, DMEM/F12 (500 mL) was 

sterilized with 5.3 mL of 100x Antibiotic/Antimycotic and 31 mL of water through a sterile 

filter, and aliquots A and B were added after sterilization. Following protocol previously 

described for B8 media, media used in this study was used within one month of preparing from 

frozen aliquots, and media was warmed to room temperature before feeding cells.  
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Table 3.2: Summary of all media supplements tested. 

Component Supplier Catalogue # Range (ng/mL) 

Hydrocortisone Sigma H0888-1G 3.125τ100  

Estradiol Sigma E8875-1G 1τ5,000 

Progesterone Sigma P8783-1G 0.3125τ10 

Dexamethasone Sigma D4902-100MG 3.125τ400 

BMS 564929 Tocris Bioscience 5274 0.1τ500 

Bovine growth hormone MP Biomedical 02160074.1 7.8125τ250 

Curcumin Sigma C7727-500MG 1τ5,000 

Spermidine Sigma S2626-1G 100τ500,000 

Ethanolamine Acros Organics 149582500 10τ50,000 

Linoleic acid Sigma L5900-10MG 25τ3,200 

Oleic acid Sigma O1257-10MG 25τ3,200 

Stat3 inhibitor Sigma 573096-1MG 100τ500,000 

Interleukin-6 BioRad PBP021 0.01τ50 

Leukemia inhibitory factor Peprotech 300-05 0.3125τ40 

Hepatocyte growth factor Novus Biologicals NBP2517300.1MG 0.3125τ40 

Platelet derived growth factor BB ThermoFisher PHG0045 0.15625τ20 

Pigment-epithelium derived factor R&D Systems 1177SF025 0.390625τ50 

Insulin-like growth factor ThermoFisher PHG0078 0.1τ50 

Cardiotrophin 1 Novus Biologicals NBP199745 0.15625τ20 

Recombinant human albumin Sigma A9731-1G 100,000τ800,000 
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Figure 3.10: Short-term growth in BSC-GM mixed with HiDef-B8. BSC proliferation over 3 & 4 

days in mixtures of BSC-GM (20% FBS) HiDef-B8 media. Results show that up to 50% HiDef-

B8 significantly improves growth compared to BSC-GM, and that up to 87.5% does not 

significantly reduce growth compared to BSC-GM. n=6 distinct samples; statistical significance 

was calculated by one-way ANOVA on day 4 data comparing all samples with BSC-GM 

controls, and is indicated by asterisks, in which p < 0.05 (*), p <0.01 (**), p < 0.001 (***), and p 

< 0.0001 (****). 

  



96 

 

 

Figure 3.11: Short-term growth in supplemented B8 media. BSC proliferation over 3 & 4 days 

B8 supplemented with various supplements. Values are fluorescence based and given relative to 

day 3 B8 values. n=6 distinct samples; statistical significance was calculated by one-way 

ANOVA on day 4 data with multiple comparisons between supplemented samples and B8 

controls, and is indicated by asterisks, in which p < 0.05 (*), p <0.01 (**), p < 0.001 (***), and p 

< 0.0001 (****). 
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Figure 3.12: Short-term growth in B8 media supplemented with combinations of supplements. 

(a) BSC proliferation over 3 & 4 days B8 supplemented with combinations of fatty acids. Values 

are fluorescence based and given relative to day 3 B8 values. n=6 distinct samples; statistical 

significance was calculated by one-way ANOVA on day 4 data with multiple comparisons 

between supplemented samples and B8 controls, and is indicated by asterisks, in which p < 0.05 

(*) , p <0.01 (**), p < 0.001 (***), and p < 0.0001 (****). (b) BSC proliferation over3 & 4 days 

in B8 supplemented with combinations of factors, in which: B8 = B8; I = IL-6 (.01 ng/mL); A = 

rAlbumin (800 ɛg/mL); C = Curcumin (1 ng/mL); F= linoleic acid (400 ng/mL) and Oleic acid 

(400 ng/mL); and BSC-GM = serum-containing growth media. n=6 distinct samples; statistical 

significance was calculated by one-way ANOVA on day 4 data with multiple comparisons 

between all samples, and is indicated by asterisks, in which p < 0.05 (*), p <0.01 (**), p < 0.001 

(***), and p < 0.0001 (****). Statistically significant differences between B8 and other samples 

are shown. (c) BSC proliferation over 3 & 4 days in Beefy-9 supplemented with various factors 

(IGF = insulin-like growth factor 1 at concentrations from 0.1ð50 ng/mL; HGF = hepatocyte 

growth factor at concentrations from 0.1ð50 ng/mL; PDGF = platelet derived growth factor BB 

at concentrations from 0.1ð50 ng/mL; LIF = leukemia inhibitory factor at concentrations from 

0.1ð50 ng/mL; IL-6 = interleukin 6 at concentrations from 0.01ð5 ng/mL, FAôs = 

Combinations of Linoleic & Oleic acid at concentrations ranging from 100-800 ng/mL of each 

fatty acid). Cells were passaged in B8/Beefy-9 media before testing in order to eliminate the 

potential for confounding release of adsorbed serum-derived growth factors from tissue culture 

plastic. n=6 distinct samples; statistical significance was calculated by one-way ANOVA on day 

4 data with multiple comparisons between supplemented samples and Beefy-9 controls, and is 

indicated by asterisks, in which p < 0.05 (*), p <0.01 (**), p < 0.001 (***), and p < 0.0001 

(****).  
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Figure 3.13: Video of cell growth in Beefy-9 after passaging onto vitronectin-coated plates 

demonstrates a completely animal-component free culture process for BSCs. Cells were 

harvested from previous culture vessels with animal-component-free TrypLE, seeding onto new 

flasks with animal-component-free recombinant vitronectin, proliferated with animal-

component-free Beefy-9 media, and differentiated with an animal-component-free differentiation 

medium133. Cells were visualized on an Olympus Provi CM20 over 10 days with imaging every 

three hours. 
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Figure 3.14: Multi-passage staining of sub-confluent muscle cells. (a) Passage two and six cells 

cultured in Beefy-9 or BSC-GM media were stained for the muscle satellite stem cell marker 

Pax7 (magenta) and the myogenic commitment marker MyoD (green). DAPI was used as a 

nuclear counterstain (blue). Results show Pax7 and MyoD staining in sub-confluent cells from 

both passages, with a qualitative decrease in MyoD intensity at later passages. Scale bars 200 

ɛm. (b) Image analysis of MyoD staining reveals a quantitative difference in MyoD expression 

(as determined by mean green fluorescence intensity of cell nuclei), with a significant reduction 

in MyoD expression at P6 compared with P2 for both media types. n > 200 nuclei from 3 distinct 

samples; statistical significance was calculated via two-way ANOVA with multiple comparisons 

between passages, and is indicated by asterisks in which p < 0.05 (*), p <0.01 (**), p < 0.001 

(***), and p < 0.0001 (****). 
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Figure 3.15: Multi-passage staining of differentiated muscle cells. (a) Cells from P2 and P6 

cultured in Beefy-9 and BSC-GM were differentiated as before and stained for Pax7 (magenta), 

the myogenic commitment marker MyoD (green), and nuclei (DAPI; blue). Differentiated 

myotubes are indicated with dashed yellow lines. (b) Cells treated as above were stained for the 

Pax7 (magenta), the fusion regulating factor Myogenin (green), and nuclei (DAPI; blue). 

Differentiated myotubes are indicated with dashed yellow lines. Results show Myogenin+ cells 

primarily located within multinucleated myotubes. (c)  Cells treated as above were stained for 

myosin heavy chain (MHC; green) and Pax7 (magenta). Results show MHC-negative cells still 

maintain Pax7 expression. Scale bars 200 ɛm. 
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Figure 3.16: Fusion index analysis of BSCs cultured over six passages in various media. (a) 

Fusion index of images (10x magnification) of BSCs cultured in various media and differentiated 

for 4 days (P2 and P4) or 6 days (P6). Fusion index given as the percent of imaged nuclei in the 

images that are superimposed with myosin heavy chain (MHC) staining after thresholding in 

ImageJ (threshold value = 18 for all images). Results suggest improved differentiation in serum-

free cultures; however, it is possible that reduced total cell number in serum-free conditions 

contribute to this conclusion, rather than solely differentiation extent. n=5-8 distinct images 

depending on whether any images were excluded due to imaging artifacts (e.g., bubbles) that 

clearly disrupted image analysis; statistical significance was calculated by two-way ANOVA 

with multiple comparisons between media types for each distinct passage tested, and is indicated 

by asterisks, in which p < 0.05 (*), p <0.01 (**), p < 0.001 (***), and p < 0.0001 (****). (b-d) 

Representative images (Left = DAPI; Middle = Myosin Heavy Chain (MHC); Right = MHC 

post-thresholding) of those used for generating figure Figure 3.12a for each media type and 

passage number tested. Scale bars 100 ɛm. 
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Figure 3.17: Short-term growth in Beefy-9 with additional rAlbumin. BSC proliferation over 3 & 

4 days in increased concentrations of rAlbumin (over 800 ug/mL, as was formulated for the 

original Beefy-9 medium. Results show an drastic increase in growth with increasing rAlbumin 

concentration. Indeed, while 11.2 mg/mL was the maximum concentration tested, this was not 

the limit for improving short-term growth. n=6 distinct samples; statistical significance was 

calculated by one-way ANOVA on day 4 data comparing all samples with Beefy-9 (ñ800ò), and 

is indicated by asterisks, in which p < 0.05 (*), p <0.01 (**), p < 0.001 (***), and p < 0.0001 

(****).  
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Table 3.3: Component sourcing and pricing for cost analysis 
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Chapter 4 ï Immortalized bovine satellite cells for cultured meat applications 

Stout, A. J., Arnett, M., Guo, T., Mirliani, A. B., White, E. C., Zhang, X., & Kaplan, D. L. 

Immortalized bovine satellite cells for cultured meat applications. Manuscript in preparation. 

 

3.1 Introduction 

The production of cultured meat, poultry, and seafood products through cell culture and tissue 

engineering will depend on unprecedented levels of animal cell expansion in vitro if it is to 

compete with conventional meat products. For instance, global beef consumption is expected to 

grow to 75 million metric tons by 2030, part of an upward trend which has continued since at 

least 196168,166. In order to produce in vitro biomass to meet this demand, muscle and fat cells 

will need to have high proliferative capacity, both in terms of doubling rate and in terms of the 

total number of doublings that a cell can achieve. For the latter, primary stem cells obtained 

directly from animal tissue are typically limited to ~50 doublings, a threshold known as the 

Hayflick limit55. During these doublings, a cellôs telomeres (protective regions at the ends of 

chromosomes) are progressively shortened due to incomplete replication by the cellôs 

polymerases. Upon full depletion of these telomeres (above the Hayflick limit), further 

chromosome shortening results in DNA damage which induces cell cycle arrest, morphological 

changes, and a range of other cellular changes known as senescence167.  

 

While it is theoretically possible for a relatively small number of starting primary cells to 

produce a large amount of biomass after fifty doublings28, there are several reasons why 

immortalized cells (which have been engineered or adapted to bypass senescence) might offer 

substantial benefits to cultured meat research and production. First, for basic research, the need 
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to obtain primary cell populations is an imposing barrier to entry which requires groups to source 

tissues, establish isolation protocols, and characterize cell populations before they can begin 

meaningful research with their primary cells. Alternatively, some groups rely on imperfect model 

cell lines (such as the immortalized C2C12 mouse muscle cell line) which can support valuable 

research, but which ultimately offer limited analogy to cells from meat-relevant species. For 

commercial production, the use of primary cells would require repeat tissue biopsies from 

animals which could affect process reproducibility due to variations in animal biology or isolated 

cell populations168. Additionally, further engineering or adapting primary cells to optimize 

cultured meat products (e.g., through enhanced nutrition or tolerance for waste metabolites) is 

impractical at production scale, due to the need to re-engineer each new biopsied cell 

population169,170. Thus, immortalized cells are required if further cell engineering and 

optimization is to be performed, which would have substantial value for cultured meat 

production processes. Finally, apart from senescence-induced cell cycle arrest, the myogenic 

capacity of primary muscle satellite cells has been shown to drastically decrease over prolonged 

culture, petering out well before the Hayflick limit of 50 doublings168,171. This is in contrast with 

immortalized human skeletal muscle cells, which were shown to retain their differentiation 

capacity indefinitely172. 

 

To date, numerous strategies have been explored to immortalize myogenic precursor cells. These 

include spontaneous immortalization (whereby random mutations during serial culture 

occasionally result in outgrowth of an immortal population)173, infection with simian virus 40 

(SV40) or ectopic expression of the SV40 Large T antigen174,175, or ectopic expression of 

telomerase reverse transcriptase (TERT) and Cyclin dependent kinase 4 (CDK4)172,176. In the 
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latter case, TERT acts by elongating telomeres to counteract telomere shortening, and CDK4 

promotes progression through the G1/S phase transition, thereby providing an ñengineò for cell 

division.  

 

For cultured meat applications, the TERT/CDK4 approach offers the advantages of being 

consistently reliable (unlike spontaneous immortalization approaches) and non-oncogenic (unlike 

SV40), which could offer benefits from a consumer and regulatory standpoint. While this 

approach has been demonstrated for myogenic cells from humans and mouse, it has not yet been 

applied to cells from species relevant to cultured meat. In the present work, primary bovine 

satellite cells (BSCs) were engineered via transposon-mediated insertion of TERT and CDK4 to 

establish a line of immortalized bovine myogenic cells (iBSCs). These iBSCs are shown to offer 

robust proliferative capacity (>120 doublings; 15 hours per doubling) while maintaining the 

capacity to fuse into multinucleated myotubes (though to a reduced degree compared with 

primary BSCs). Together, this work demonstrates the efficacy of TERT/CDK4 expression in 

immortalizing bovine muscle progenitors and offers a valuable tool for cultured meat research 

and development. 

 

3.2 Results 

Starting materials: Primary bovine satellite cells & the TERT/CDK4 transposon system 

Primary BSCs used in this study were characterized for their phenotype and myogenicity. First, 

proliferative cells were analyzed for expression of the early-stage satellite cell identity marker 

Paired-box 7 (Pax7) and the early myogenic activation marker Myoblast Determination Protein 1 

(MyoD). Immunostaining revealed that BSCs showed ubiquitous Pax7 expression, and 
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heterogenous but consistent MyoD expression (Figure 4.1a). Upon reaching confluence, cells 

were differentiated by incubating cells for six days without media changes, and differentiated 

cells were analyzed for expression of the early differentiation marker Myogenin and the terminal 

fusion marker Myosin heavy chain (MHC). The results showed that BSCs differentiated into 

robust multinucleated myotubes which were positive for both Myogenin and MHC (Figure 4.1b). 

Together, these results validated the identity and myogenicity of starting primary BSC 

populations. 

 

Once the starting BSCs had been characterized, cells were engineered through Sleeping Beauty 

transposon-mediated insertion of bovine TERT and bovine CDK4 genes under the 

cytomegalovirus promoter (CMV), as well as the gene for puromycin resistance under a 

synthetic RPBSA promoter (Figure 4.1c)102. A T2A linker was used to enable near-

stoichiometric bi-cistronic expression of TERT and CDK498. 
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Figure 4.1: Starting cells and genetic constructs. (A) Primary bovine satellite cells (BSCs) were 

cultured to 70% confluency and stained for two markers of cell identity: Paired-box 7 (Pax7; 

magenta), the early satellite cell marker, and Myoblast determination protein 1 (MyoD; green), a 

marker of myogenic commitment. A nuclear counterstain (DAPI; blue) was also used. The 

results showed ubiquitous Pax7 expression and MyoD expression in all nuclei, with noticeably 

heterogeneous expression of MyoD. Scale bar is 200 µm. (B) Upon differentiation for two days 

in 2% FBS-containing medium, BSCs fused into multinucleated myotubes which stained positive 

for the early differentiation marker myogenin (magenta) and the terminal fusion marker Myosin 

heavy chain (MHC; green), indicating robust myogenic capacity of the primary cells. Scale bar is 

200 µm. (C) A schematic of the Sleeping Beauty transposon system that was used to engineer 

BSCs for constitutive expression of telomerase reverse transcriptase (TERT) and cyclin-

dependent kinase 4 (CDK4), as well as a puromycin resistance element (PuroR). 

 

Engineered cells demonstrate immortalized and myogenic phenotype 

Following puromycin selection and cell recovery (ten passages after transfection), long-term 

growth was assessed for engineered cells compared with primary BSCs. The results showed that 

BSCs + TERT/CDK4 (iBSCs) continued to expand consistently for more than 120 doublings, 

while unmodified primary BSCs began to slow after approximately 30 doublings, and effectively 

stopped dividing by the 45th doubling (Figure 4.2). This indicates that iBSCs managed to evade 
















































































































































































































