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Simplified Precision Fermentation 
Process Flow

• Engineered microorganisms to 
produce specific functional 
ingredients in a controlled and 
efficient manner
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Fermentation Types and Details

Batch Fed-Batch Continuous Perfusion

Efficiency + Complexity and Novelty

2-5% 10-20%2-10% 20-30%
Cell Density Cell DensityCell Density Cell Density

Definition: Definition: Definition: Definition:

Feedstock & strain 

added in fermentation 

tank – inoculate cells, 

growth, then all of the 

tank is harvested

Gas release monitored to 

determine when 

additional feedstock 

should be added.

Allows for increased cell 

density if gas can be 

stirred in.

Feedstock added 

throughout process AND 

waste build-up is 

removed at a certain 

point.

This allows for increased 

cell density compared to 

Fed-Batch.

Feedstock added 

constantly & waste 

build-up constantly 

removed, creating a 

steady state of inputs 

and outputs.

Used primarily for slow 

growing cells.

All Cell-Cultivated

g/L maxg/L max g/L maxg/L max
20-50 100-20020-100 200-300

g/L/h0.5-2 g/L/h2-5g/L/h1-3 g/L/h3-10
Total: 1-7 days

Yongky A, Xu J, Tian J, Oliveira C, Zhao J, McFarland K, Borys MC, Li ZJ. Process intensification in fed-batch production bioreactors using non-perfusion seed 

cultures. MAbs. 2019 Nov-Dec;11(8):1502-1514. doi: 10.1080/19420862.2019.1652075. Epub 2019 Aug 19. PMID: 31379298; PMCID: PMC6816350.
Jianfeng Xu, Xumeng Ge, Maureen C. Dolan, Towards high-yield production of pharmaceutical proteins with plant cell suspension cultures,Biotechnology Advances,Volume 

29, Issue 3,2011,Pages 278-299,ISSN 0734-9750,https://doi.org/10.1016/j.biotechadv.2011.01.002.

Total: 3-20 days Total: Indefinite at steady state Total: Up to Months



DOI: 10.1016/j.procbio.2016.09.032, Massai, Diana, Zweierdt, Robert

Fermentation Types Visualization



Enabling Technologies for 
Fermentation – 
Example #1

https://www.pow.bio/



Enabling Technologies for 
Fermentation – 
Example #2

https://hydrosomelabs.com/fermentation/



Cell Cultivated Fermentation

This type of PF is more complex, as nature identical cell are grown. 

Adds upstream complexity due to cell types having slower growth, higher media 
requirements, & increased risk of contamination



Food Conversion Efficiency

Pounds of feed to produce 1 pound of animal protein

Why cultivated meat?

https://ourworldindata.org/meat-production 

Global Meat Production by Livestock

https://ourworldindata.org/meat-production
https://ourworldindata.org/meat-production
https://ourworldindata.org/meat-production


https://ourworldindata.org/environmental-impacts-of-food 

Environmental Impacts

• Livestock production uses 70% of agricultural 

land but provides only 20% of calorie intake.

Why cultivated meat?

GHGe per kg of food product

https://ourworldindata.org/environmental-impacts-of-food
https://ourworldindata.org/environmental-impacts-of-food
https://ourworldindata.org/environmental-impacts-of-food
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COMPLETE PROTEIN
(all 9 essential amino acids present)

Protein from Animal Sources

Nutritionally, why doe we consume 

animal products?

Typical Meat  =  Muscle + Connective Tissue + Fat

Approximate composition:

• 70% water 

• 20% protein

• 9% fat

• 1% ash

J.G. Sebranek, CHEMICAL ANALYSIS | Raw Material Composition Analysis, in Encyclopedia of Meat 

Sciences, Academic Press, 2014, https://doi.org/10.1016/B978-0-12-384731-7.00053-2. 

Hammad H, Ma M, Hydamaka A, Elkhedir A, Jin G, et al. 2019. Effect of Freeze and Re-freeze on Chemical Composition 

of Beef and Poultry Meat at Storage Period 4.5 Months. J Food Process Technol. 10: 791. 10.4172/2157-7110.1000791 

https://doi.org/10.1016/B978-0-12-384731-7.00053-2
https://doi.org/10.1016/B978-0-12-384731-7.00053-2
https://doi.org/10.1016/B978-0-12-384731-7.00053-2
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https://doi.org/10.1016/B978-0-12-384731-7.00053-2
https://doi.org/10.1016/B978-0-12-384731-7.00053-2
https://doi.org/10.1016/B978-0-12-384731-7.00053-2


Cultivated meat manufacturing

Mimicking animal-derived meat

Kirsch M, Morales-Dalmau J, Lavrentieva A. Cultivated meat manufacturing: Technology, trends, and challenges. 

Eng Life Sci. 2023; 23:e2300227. https://doi.org/10.1002/elsc.202300227 https://medium.com/cookemistry/beef-101-part-i-ee877bc7bf8c 

https://doi.org/10.1002/elsc.202300227
https://medium.com/cookemistry/beef-101-part-i-ee877bc7bf8c
https://medium.com/cookemistry/beef-101-part-i-ee877bc7bf8c
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Cultivated meat manufacturing

Kirsch M, Morales-Dalmau J, Lavrentieva A. Cultivated meat manufacturing: Technology, trends, and challenges. Eng Life Sci. 2023; 23:e2300227. https://doi.org/10.1002/elsc.202300227 

Biofabrication 
(e.g., Bioprinting)

Structured meatSemi-structured meat

Unstructured meat

https://doi.org/10.1002/elsc.202300227


Cultivated meat manufacturing: Cells

• Primary cells vs immortalized cell lines

• Stem cells vs specialized cells

• Adherent vs suspension cell culture



Why focusoncell culturemedium?

• Biggest contributor to cost of 

CM production

• 31-99% based on various 

assumptions

• Variability in estimates

• References available

Kirsch M, Morales-Dalmau J, Lavrentieva A. Cultivated meat manufacturing: 

Technology, trends, and challenges. Eng Life Sci. 2023; 23:e2300227. 

https://doi.org/10.1002/elsc.202300227

1
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Cultivated meat manufacturing: 

Cell culture medium

Culture medium = Food for cells to be able 

to thrive in vitro and perform their functions

https://www.biorender.com/template/components-of-cell-culture-media 

Component Examples Function

Basal nutrients Amino acids, glucose, vitamins, 

minerals, salts

Provide essential building 

blocks for cell metabolism and 

growth

Serum/serum 

alternatives

A complex mixture of growth 

factors, hormones, amino acids, 

lipids etc. Fetal bovine serum 

(FBS) is traditionally used but 

chemically-defined alternatives 

(e.g., plant-based hydrolysates, 

recombinant proteins) desired 

for CM.

Promote robust cell proliferation 

and long-term cell maintenance

Growth factors 

(GF) and 

hormones

Insulin, FGF (fibroblast GF), IGF 

(insulin-like GF), TGF-β 

(transforming GF)

Regulate cell function, 

proliferation, and differentiation

Lipids and 

fatty acids

Oleic acid, linoleic acid, 

cholesterol

Support membrane integrity and 

metabolic function

Buffering 

agents

Sodium bicarbonate, HEPES, 

phenol red

Regulate pH

Antibiotics Penicillin-streptomycin, 

amphotericin B

Prevent contamination

https://www.biorender.com/template/components-of-cell-culture-media
https://www.biorender.com/template/components-of-cell-culture-media
https://www.biorender.com/template/components-of-cell-culture-media
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Cultivated meat manufacturing: 

Cell culture medium

• Cost and economic impact

• Proliferation vs differentiation 

media

• Pharma vs food grade

• Stability (storage and scale)

• Regulatory considerations

• Waste treatment and 

recycling

Goodwin CM, Aimutis WR, Shirwaiker RA. A scoping review of cultivated meat techno-economic analyses to inform future research directions for scaled-up manufacturing. Nat Food 5, 901–910 (2024). https://doi.org/10.1038/s43016-024-01061-3 

https://doi.org/10.1038/s43016-024-01061-3
https://doi.org/10.1038/s43016-024-01061-3
https://doi.org/10.1038/s43016-024-01061-3
https://doi.org/10.1038/s43016-024-01061-3
https://doi.org/10.1038/s43016-024-01061-3
https://doi.org/10.1038/s43016-024-01061-3
https://doi.org/10.1038/s43016-024-01061-3


Design criteria for C C media

• Constraints/nice to have

• Must be cheap! (no serum)

• Cruelty-free

• Ideally chemically defined

• Must-do

• Maintain cellular physiology

• Keep cells proliferating

• Cells must be able to differentiate (if applicable)



Stem cells:

connection with cultivated meat?

• Not cancer

• Can be maintained in cell culture for a long time

• CM media “inspired” by stem cell media!

• Lipid metabolism is important in stem cells

• Important from the perspective of

• Understanding cell physiology of cells for CM

• Design of media



Cultivated meat manufacturing: 

Bioreactors

Cells at source: tens to thousands

Bioprocessing

Muscle cells in 1 kg wet meat = 2.9 x 1011  (rough estimate)

Allan SJ, De Bank PA, Ellis MJ. 2019. Bioprocess design considerations for cultured meat production with a focus on the expansion bioreactor. Frontiers in Sustainable Food Systems. 3:44. https://doi.org/10.3389/fsufs.2019.00044 

https://doi.org/10.3389/fsufs.2019.00044


Cultivated meat manufacturing: 

Bioreactors

Porto de Souza Vandenberghe, L. et al. (2024). Bioreactors for Cultivated Meat Production. In: Soccol, C.R., Molento, C.F.M., Reis, G.G., Karp, S.G. (eds) Cultivated Meat. Springer, Cham. https://doi.org/10.1007/978-3-031-55968-6_6 

Typical lab scale adherent 

cell culture in flasks

https://doi.org/10.1007/978-3-031-55968-6_6
https://doi.org/10.1007/978-3-031-55968-6_6
https://doi.org/10.1007/978-3-031-55968-6_6
https://doi.org/10.1007/978-3-031-55968-6_6
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https://doi.org/10.1007/978-3-031-55968-6_6
https://doi.org/10.1007/978-3-031-55968-6_6
https://doi.org/10.1007/978-3-031-55968-6_6


Cultivated meat manufacturing: 

Bioreactors



Cultivated meat manufacturing: 

Bioreactors

Chisti Y, Moo-Young M. Bioreactors, Ed. Robert A. Meyers, in Encyclopedia of Physical Science and Technology (3rd Edition), 2003, Academic Press. https://doi.org/10.1016/B0-12-227410-5/00067-3. 

Critical factors:

• Mass transfer efficiency    
(O2, CO2, nutrients distribution)

• Shear stress on cells

• Bubble formation/rupturing

• Temperature control

• pH and metabolic waste 

(lactate, ammonia) management

• “Gradients”

https://doi.org/10.1016/B0-12-227410-5/00067-3
https://doi.org/10.1016/B0-12-227410-5/00067-3
https://doi.org/10.1016/B0-12-227410-5/00067-3
https://doi.org/10.1016/B0-12-227410-5/00067-3
https://doi.org/10.1016/B0-12-227410-5/00067-3
https://doi.org/10.1016/B0-12-227410-5/00067-3
https://doi.org/10.1016/B0-12-227410-5/00067-3
https://doi.org/10.1016/B0-12-227410-5/00067-3
https://doi.org/10.1016/B0-12-227410-5/00067-3


Cultivated meat manufacturing: 

Bioreactors

Kulus M, Jankowski M, Kranc W, et al. 2023.. Bioreactors, scaffolds and microcarriers and in vitro meat production—current obstacles and potential solutions. Frontiers in Nutrition. 10:1225233. https://doi.org/10.3389/fnut.2023.1225233 

https://doi.org/10.3389/fnut.2023.1225233


Cultivated meat manufacturing: 

Scaffolds

Microcarriers

Hydrogels Porous Scaffolds

Fiber Scaffolds
(Textile processes)

3D Printing-based

https://gfi.org/science/the-science-of-cultivated-meat/deep-dive-cultivated-meat-scaffolding/ 

https://gfi.org/science/the-science-of-cultivated-meat/deep-dive-cultivated-meat-scaffolding/
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Ref.: Stanley et al. (2026). Trends Food Sci., In Press

U.S. Proposed Regulatory Activity: 

 Slowing Product Development?



Cultivated meat manufacturing: 

Challenges and future outlook

• Organoleptic mimicry

• Scalability and cost reduction strategies

• Supply chain considerations

• Regulatory landscape

• Market readiness – investments and adoption



Proposed or enacted labeling legislation relevant to cell-

cultivated meat and seafood products 

As of August, 2025
Ref.: Stanley et al. (2026). Trends Food Sci., In Press



States with proposed, enacted, and failed legislation 

aimed to ban cell-cultivated meat and seafood 

production, distribution, sale, and/or research 

As of Aug. 2025
Ref.: Stanley et al. (2026). Trends Food Sci., In Press



Cultivated meat manufacturing: Cell culture medium

Culture medium = Food for cells to be able 

to thrive in vitro and perform their functions

https://www.biorender.com/template/components-of-cell-culture-media

Component Examples Function

Basal nutrients Amino acids, glucose, 

vitamins, minerals, salts

Provide essential building 

blocks for cell metabolism

and growth

Serum/serum  

alternatives

A complex mixture of growth factors, 

hormones, amino acids, lipids etc. 

Fetal bovine serum (FBS) is 

traditionally used but chemically-

defined alternatives (e.g., plant-

based hydrolysates, recombinant 

proteins) desired for CM.

Promote robust cell proliferation 

and long-term cell maintenance

Growth factors 

(GF) and 

hormones

Insulin, FGF (fibroblast GF), IGF

(insulin-like GF), TGF-β

(transforming GF)

Regulate cell function, 

proliferation, and 

differentiation

Lipids and 

fatty acids

Oleic acid, linoleic 

acid, cholesterol

Support membrane 

integrity and metabolic 

function

Buffering  

agents

Sodium bicarbonate, 

HEPES, phenol red
Regulate pH

Antibiotics Penicillin-

streptomycin, 

amphotericin

B

Prevent contamination

http://www.biorender.com/template/components-of-cell-culture-media
http://www.biorender.com/template/components-of-cell-culture-media
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COMPLETE PROTEIN
(all 9 essential amino acids present)

Protein from Animal Sources

Nutritionally, why doe we consume 

animal products?

Macho-González A, Garcimartín A, López-Oliva ME, et al. Can Meat and Meat-Products Induce 

Oxidative Stress? Antioxidants. 2020; 9(7):638. https://doi.org/10.3390/antiox9070638  

https://doi.org/10.3390/antiox9070638


Protein from Animal Sources

COMPLETE PROTEIN
(all 9 essential amino acids present)

Nutritionally, why doe we consume 

animal products?

van Vliet S, Burd NA, van Loon LJC. 2015. The Skeletal Muscle Anabolic Response to Plant- versus Animal-Based Protein Consumption, The Journal of Nutrition, 145(9): 1981-91, https://doi.org/10.3945/jn.114.204305 

https://doi.org/10.3945/jn.114.204305


KEY FACTORS:

•Geographical

•Cultural

•Socioeconomical

Protein from Animal Sources

COMPLETE PROTEIN
(all 9 essential amino acids present)

Nutritionally, why doe we consume 

animal products?

Share of average daily protein intake (%)



Cultivated meat manufacturing: 

Bioreactors



Cultivated meat manufacturing: 

Bioreactors

Chisti Y, Moo-Young M. Bioreactors, Ed. Robert A. Meyers, in Encyclopedia of Physical Science and 

Technology (3rd Edition), 2003, Academic Press. https://doi.org/10.1016/B0-12-227410-5/00067-3. 

Li X, Zhang G, Zhao X et al. 2020. A conceptual air-lift reactor design for large scale animal cell cultivation in the context 

of in vitro meat production, Chemical Engineering Science, 211: 115269. https://doi.org/10.1016/j.ces.2019.115269. 

Estimate based on computational modeling:

A 300,000 L airlift bioreactor can produce enough cells to 

75,000 people annually (10 kg per capita annual consumption).

https://doi.org/10.1016/B0-12-227410-5/00067-3
https://doi.org/10.1016/B0-12-227410-5/00067-3
https://doi.org/10.1016/B0-12-227410-5/00067-3
https://doi.org/10.1016/B0-12-227410-5/00067-3
https://doi.org/10.1016/B0-12-227410-5/00067-3
https://doi.org/10.1016/B0-12-227410-5/00067-3
https://doi.org/10.1016/B0-12-227410-5/00067-3
https://doi.org/10.1016/B0-12-227410-5/00067-3
https://doi.org/10.1016/B0-12-227410-5/00067-3
https://doi.org/10.1016/j.ces.2019.115269


Cultivated meat manufacturing: 

Scaffolds

GFI Infographic:    Download     Video

https://gfi.org/wp-content/uploads/2023/01/Figure-4-Scaffold-Types_v1.pdf?_gl=1*14cbk6o*_up*MQ..*_ga*NjEzODczMDMwLjE3Mzg1MzUzMzM.*_ga_TT1WCK8ETL*MTczODUzNTMzMS4xLjEuMTczODUzNTMzMS4wLjAuMA..
https://youtu.be/6IlzhzAX9ho


Thank You!
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