
Cultivation, Fermentation and 
Chemical Synthesis of Animal and 
Animal-Like Lipids

July 2022

Lever VC Insights



 

1 

Cultivation, Fermentation, and Chemical Synthesis of Animal and 
Animal-Like Lipids 

 

 

I. Flavor in Animal Fats 
 

 

Perceiving Fat Taste 
 
Taste is the detection of non-volatile chemicals in foods and other ingestible materials. Taste buds are 
composed of excitable cell types and the taste qualities are detected by G-protein receptors coupled to type 
1 and type 2 taste receptors. Signaling cascades will secrete ATP, serotonin, and GABA which shape the 
transmission to sensory afferent fibersi. There are five widely accepted different taste types: 
 

Sweetness - elicited from sugars and carbohydrates 
Sourness - elicited from free Hydrogen ions – excessive acidity 
Umami - elicited by glutamate and other AAs reflecting protein content 
Salt - elicited by Sodium (Na+) and mineral content ions 
Bitter - reflecting potential toxins in foods  

 
In 2015, several research studies indicated that fat could be considered another taste primary in humans 
and is activated by the breakdown of fat into fatty acids. Through blind taste tests fatty acids were orally 
detectable by humans. The main taste receptors for fatty acids are the CD36 receptor in the oral cavity on 
human taste buds combined with the G protein-coupled receptors (GPCR) that signal the release of calcium 
to activate the cation channel transient receptorii. The neurotransmission of fat taste is suggested to be 
released via the activated ion channel that results in cell depolarization. This reaction will secrete 
noradrenaline and serotonin towards nerve fibers that trigger an orosensory perception. The name of this 
primary taste is oleogustus.iii  
 
The results of this study indicated that the sensation of ingesting nonesterified fatty acids (NEFA) is 
qualitatively different from other tastes. And these flavors differ according to the length of the FA chain.  
 

Short chain FA trigger a similar sensation to sourness 
Medium chain FA are perceived as irritating, pungent, and bitter 
Long chain FA trigger unique bitter tastes 
 

 

Animal Fats 
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Animal fats consist largely of triglycerides and phospholipids. There are significant differences in the fat 
profiles of ruminant animals (cattle, sheep, goats), and monogastric animals (pigs, horses). The digestion in 
the monogastric digestive system occurs mainly in the stomach and can digest plant and animal materials. 
Monogastric digestive systems also secrete enzymes to digest proteins and saliva contains carbohydrate 
digestive enzymes, and there is no regurgitation. The ruminant digestive system is composed of four 
stomachs and operates as a foregut fermenter type digestion. The ruminant digestive system is found in 
herbivores and only digests plant materials. The digestive tract lacks enzymes that digest proteins, its saliva 
lacks carbohydrate digestive enzymes, and there is regurgitation during digestioniv. This differentiation 
affects the FA profile found in these animals' muscle tissue. Both ruminant and monogastric animals have 
more saturated FA and Mono-unsaturated FAs (MUFA) than Poly-unsaturated FAs (PUFA). 
 
For monogastric animals the FA content in muscle reflects the composition of diets because they are unable 
to hydrogenate the FAs. The flavor of the fat is more easily manipulated by the feed, which is why feed is 
often supplemented with soybean oil and linseed oil. For ruminant animals the FA in the muscle is more 
saturated due to the biohydrogenation that occurs in the rumen. This biohydrogenation process saturates 
linoleic and linolenic acids to protect them from natural microflora against toxic effects of unsaturated FAs. 
The amount and type of fats in their feed will also affect the FA composition in the meat.v  
 
Fat-derived volatile compounds from animals provide flavor notes that are indicative of its species. FAs in 
meats are generally unbranched and usually have an even number of carbons of length 4 - 24. There are 
some odd-number FAs and branched FAs that can be found in milk fat in ruminant animals. A higher content 
of PUFAs in animal fat will usually contribute to negative flavors due to lipid oxidation. There are two main 
types of fats that are identified in animal-derived meats: intramuscular fats and depot fats. The deposited 
fats are found in adipose tissues and are composed of more triglycerides and usually localized in the 
subcutaneous layer. Intramuscular fats are found in muscle tissues and membrane-bound lipids and contain 
more phospholipids associated with lipoproteins or proteolipids. 
 
 

Cooking and Oxidation of Fat 
 
 Lipid derived flavor compounds are formed from thermal oxidation of FA during cooking, which provides 
significantly more aromatic compounds than during autoxidation. This thermal oxidation produces a greater 
concentration of acids, esters, and long-chain aldehydes and ketones, and polymerized compounds. During 
cooking volatile compounds are largely formed due to interaction between Maillard reaction products and 
lipid degradation reactions. 
 
Autoxidation of lipids occurs when unsaturated FAs react with molecular oxygen via free radical mechanisms 
and produce hydroperoxides. While hydroperoxides are odorless, they are highly unstable and decompose 
into secondary compounds: hydrocarbons, aldehydes, ketones, alcohols, esters, and acids which create off-
flavors and off-odors in meat. Aldehydes have the largest contribution to volatile flavors in meat because 
they have a low odor threshold and are present in significant quantities after oxidation.vi 
 



 

3 

 

Studying the Flavor of Meat 
 
The flavor of meats depends on the interaction between lipid and water-soluble flavor precursors. Fat helps 
retain aldehydes and ketones that are significant aroma contributors, however, lipid volatile compounds 
have greater thresholds than water-soluble compounds. The development of lipid flavor compounds is 
largely influenced by the lean portion of meat, especially the water-soluble components. The interaction of 
acetaldehyde and hydrogen sulfide produce an odor that is used to identify when lipid and water soluble 
precursors interact. In experiments where the water-soluble compounds in chicken meat were removed 
through water-washing, chicken adipose tissue had no chicken aroma. Therefore, fat affects the flavor 
intensity but lean meat creates the species-specific flavor.  
 
In 1982 similar experiments were run to find out how much fat has to do with the flavor of meats. The 
results indicated that the phospholipid fat that residues in cell walls and is invisible to the eye, is essential for 
the “beefy” flavor. Contrastingly, beef with removed marbling fat and subcutaneous fat still tasted “beefy” 
and had nutty and roasted notesvii.  
 
Additionally, the flavor of animal meat is also partially due to organic substances that steep into animal flesh 
over time add to flavor, such as terpenes, flavonoids, and carotenoids. These compounds react with AAs, 
proteins, and sugars to form more volatile aromatic compounds. Most of these compounds originate from 
the forage of the animal’s feed. Similarly, animals that are fed high iron-content diets are more likely to have 
the bloody flavor associated with uncooked meat.viii  
 
Another important step that affects the taste of meat is the metabolism that occurs post-mortem. For 
example, lactate is secreted which creates a sour taste, and inosine 5’-monophosphate (IMP) is partially 
responsible for the umami taste.ix  
 
 

Culturing Animal Cells 
 
Currently, the culturing process of meat does not result in a product with satisfactory flavorx. Therefore, 
additional artificial flavor compounds need to be added to these meat substitutes. Characteristics of an ideal 
cell source include high proliferative capacity, a simple and high-efficiency differentiation process, low media 
requirements, homogeneity, stability, and resistance to fluctuations in environmental conditions. Tradeoffs 
are often present between these characteristics, so the selection of a cell source for cell-cultured fat 
production will require determining which phenotypes are most essential to meet the needs of a given 
production paradigm.xi 
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II. Chemical Synthesis of Lipids 
 

 

Background 
 
Lipids are organic molecules grouped together based on their solubility in nonpolar solvents. Lipids have a 
variety of biological functions: energy storage, cell membrane structural components, hormones, vitamins, 
vitamin adsorption, protection, and insulation.xii There are four main categories of lipids: 

 
Fatty acids (saturated and unsaturated fatty acids that contain carboxylic acid) 
Glycerides (glycerol-containing lipids) 
Non-glyceride lipids (sphingolipids, steroids, waxes, etc.) 
Complex lipids (lipoproteins, glycolipids) 
 

Lipids can also be split into saponifiable lipids, which are composed of long chain fatty acids attached to 
alcohol units via ester linkages (eg. Triglycerides, glycolipids, sphingolipids, waxes, phospholipids) and non-
saponifiable lipids which have no fatty acid chains (eg. Steroids, prostaglandins, leukotrienes, terpenes). 
Lipids come in many different structures, below are a couple of examples: 
 
 

Steroid Terpene Hormone 

 
 

 

 

 

Fatty Acid (Oleic) Paraffin Wax Glycolipid 

 

 
 
 

 

 

 

 
Fatty Acids 
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Fatty acids are differentiated based on their chain length and on the number of C=C double bonds and the 
location of the C=C bonds. Fatty acids do not dissolve in water and are dispersed by formation of micelles in 
water. Longer carbon chain lengths increase their melting points, and unsaturated fatty acids always have 
lower melting points because C=C causes kinks which reduce association of the molecules and the 
molecules are more easily separated. 
 
Saturated fatty acids: contain no double bonds (Examples: Capric, lauric, palmitic, stearic, arachidic, myristic) 
Unsaturated fatty acids: contain cis double bonds (Examples: Oleic, Palmitoleic, linoleic, linolenic, 
arachidonic) 
 
PUFAs are usually found in marine sources such as phytoplankton, fish, and seafood.xiii Plants are rich in 
palmitic, stearic, linoleic, and oleic acids. For terrestrial animals, the intramuscular fat is approximately equal 
proportions of saturated and mono-unsaturated fatty acids (35 - 50%) and only reduced proportions of 
PUFAs (5% - 20%).xiv 

 
 
Chemical Synthesis of Fatty Acids 
 
Before WWII a large shortage of fats was experienced by Germany, which propelled them to investigate the 
process of converting CO to higher MW hydrocarbons using the Fischer-Tropsch process and oxidation to 
acids and glycerides. The starting material for fat production was paraffin wax fraction with a boiling point of 
320 - 450 ºC.  This paraffin wax is produced by hydrogenation of carbon monoxide using iron or cobalt 
catalysts. This step only had a 5 - 12% yield.xv  
 
To convert the paraffin wax to fatty acids there were five key steps: 

1. Oxidation - carried out in aluminum vessels at 105ºC with 0.2 - 0.5 % potassium permanganate 
2. Saponification - water-washing step and saponification with steam that cleave esters 
3. Purification - flash distillation used 
4. Acidification  
5. Fractionation - distilled by passage through stills of different sizes 

 
The oxidation step resulted in many multi-functional compounds, and to reduce these by-products the 
reaction was terminated after 30-35 % of the hydrocarbon was reacted. The fractionation step resulted in a 
center fraction of C10 - C18 acids that made up 55% of the crude acids. These purified fatty acids were 
converted to fats by heating them with glycerol over 0.2% zinc or tin for 8 hours under reduced pressure at 
120-180ºC. This step reduced the free fatty acid content to <1% and the glycerides were acid-washed, 
bleached, and refined. The refined glycerides were converted to margarine by emulsification with 20% 
water. They were not able to produce any fatty acids less than C8. The overall yield of their purified fats was 
1-4% of the input feedstock. 
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Analysis of this synthetic fat in England indicated that it was a dull brownish color, with a vaseline-like 
appearance and an unpleasant taste. The german’s claim it was white, vaseline-like, with a reminiscent taste 
of machine oil, and no smell. The nutritional value of this fat is open to question, although one ESSO 
employee claims it was consumed by some for over a year with no ill effects. Additionally, the soviets 
captured some of these German plants to produce fatty acids, and used a linear liquid feedstock instead of 
the paraffin wax.  
 
NASA picked up this work in 1968 to find methods of producing fatty acids from metabolic wastes for space 
travel. The most promising route that NASA identified was the synthesis of ethylene from carbon monoxide, 
polymerization to alpha-olefins via the Ziegler growth reaction, conversation to fatty acids by oxidative 
ozonolysis, and a combination with glycerol to form edible glycerides. The Fischer Tropsch process is 
exothermic and requires an effective heat-exchange set-up which can be very expensive.  
 
Fischer Tropsch Method vs. Zeigler Method 
 
The key step in the synthesis scheme is the reductive polymerization of CO or CO2 to straight chain 
materials of moderate molecular weight. The standard approach to this step is the Fischer-Tropsch reaction.  
 
Fischer Tropsch synthesis involves the hydrogenation of CO to give a mixture of different hydrocarbons. 
The reaction conditions affect the nature of the reaction product and can vary between gaseous, liquid, or 
solid hydrocarbons, olefins, or oxygenated products. Selectivity is very difficult using the Fischer-Tropsch 
method. The F-T method is very exothermic and the reaction conditions must be closely controlled as the 
temperature has a major effect on the products. The main catalysts for this reaction are Ni, Co, Fe, and Ru.  
 
The Ziegler reaction consists of a two-stage process that reduces CO to ethylene and then polymerizes it via 
a growth reaction. This method allows for better selectivity to straight chain materials in the desired 
molecular weight range. The main drawbacks of the Ziegler process are that the growth reaction is very slow 
under usual conditions and the nickel catalyst used in the process increases the recovery problems. One 
method to improve the reaction is carrying it out in continuous thin copper tubes where there is good heat 
exchange and chain growth products are continuously removed. Generally the direct conversion of Ziegler 
growth alkyls to acids by reacting them with CO2 is an efficient process.  
 
The best fatty acid synthesis process proposed by NASA: 

1. Ethylene synthesis - convert CO and H2 to C2,H4 at 735ºF 
2. Ziegler Growth and Displacement reactions - conversion of C2H4 to C10 - C14 using triethylaluminum 

(TEA) enzyme  at 320ºF and three flash distillations 
3. Synthesis of glycerol - Condensation of formaldehyde to sugars and a hydrogenative cleavage to 

glycerol 
4. Acid synthesis and esterification - Fatty acids are mixed with glycerol and converted to glycerides at 

500ºF 

 
 
Biosynthesis of Lipids in Plants 
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Organic compounds in living organisms originate from photosynthesis which reduce carbon dioxide  and 
water into carbohydrates and oxygen via this reaction: 
 

CO2 + H2O + Energy → CxH2xOx + O2 
 
Photosynthesis most commonly produces glucose (C6H12O6), although oxidative cleavage of glucose 
converts it to pyruvic acid (CH3COCO2H). Pyruvate is converted to acetate through ROS (reactive oxygen 
species) and enzyme activity from keto acid dehydrogenases. Consequently, lipids are constructed from 
acetate through enzymatic reactions. The final step in the biosynthesis of the lipids is condensation, 
alkylation, oxidation, and reduction reactions.xvi  
 
The main restriction on this lipid synthesis is that the reagents and conditions need to be compatible with 
aqueous medium, neutral pH, and moderate temperatures in living cells. Recreating this process in a lab 
setting often requires use of very strong bases, alkyl halides, chromate oxides, or even metal hydride 
reducing agents, which makes chemical synthesis of plant-based lipids very challenging. 

 
 
Modulating Plant-Based Fats 
 
To replace the existing saturated and solid fats with liquid oil, significant functionality improvements need to 
be made to liquid oil. The conventional techniques used to modify oils are hydrogenation, fractionation, and 
chemical interesterification. One new promising method is enzymatic interesterification which requires mild 
processing conditions, fewer purification steps, and less energy consumption. This method can be used to 
convert lipid oil to solid fat by enzymatic glycerolysis which increases the crystallization temperature of the 
lipid without changing its fatty acid composition.xvii For example, Wozniak et al. used lipase-catalyzed 
glycerolysis to structure cottonseed and peanut oil into lipids with higher solid fat content and nutritional 
benefits. Another unconventional strategy is the use of oleogelation which transforms liquid oil into gel-like 
viscoelastic materials without affecting its chemical structure. xviii  
 
Methods of modifying lipids 
 
Fractionation: 
This is a conventional technique used for lipid structuring via a thermomechanical reversible process. The 
process separates existing triacylglycerides (TAGs) with different melting points, which depends on the 
molecular weight and degree of unsaturation.  
 
Hydrogenation: 
Hydrogenation is the process of transforming liquid oils into emulsion-type consistencies for margarines, 
shortenings, and creams. This is achieved by adding Hydrogen atoms to unsaturated bonds via a catalyst to 
create an oxidative stable product with characteristics of a solid material. This process is controlled by 
temperature, pressure, rate of agitation, purity of the Hydrogen, and amount of catalyst. This process will 
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replace double bonds with saturated C-C bonds or relocate the C=C bonds to a new position in trans form. 
These hydrogenated fats should undergo purification and bleaching after manufacturing.  
 
Oleogelation: 
Transformation of liquid oil into gel-like viscoelastic material without changing the chemical structure. This 
method can be done with low MW oil gelators (LMOG) or high MW oil gelators (HMOG). LMOGs can self 
assemble and induce crystallization of the oil phase (eg. waxes, MAG, DAG, fatty acids, alcohols, 
phospholipids, etc. ) , and only small concentrations (0.5%) of LMOGs are needed to form a gel. This is a 
thermoreversible and shear-sensitive, non-covalent interaction. HMOGs organize themselves into a 3D 
network and trap oil into a gel-like structure (eg. polysaccharides and proteins, methylcellulose, chitin, 
chitosan, gelatin, etc.) which provide viscoelastic properties. For oleogelation, gelators should be somewhat 
soluble in oil. 
 
Transesterification: xix 
 
Transesterification includes the process of reacting an ester with an alcohol (alcoholysis), an ester with an 
acid (acidolysis), or reacting two esters (interesterification)xx. Interesterification involves the redistribution of 
FA on another glycerol to form a different TAG. This process can be performed chemically or enzymatically.  
 

Chemical Interesterification: This method evolved as an alternative to hydrogenation to improve 
physical properties of lipids. This process involves a catalyst to redistribute the fatty acids on the 
glycerol backbone. After activating the catalyst (alkylates of Na+ and Na+/K+ alloys), the ester 
bonds are trimmed to separate FAs and glycerol. The reaction is terminated by the addition of water 
and diluted acid and removal of the catalyst. This process can be controlled by operating at 
temperatures above or below the melting point of the highest melting TAG. This process is 
commonly used to convert plant lipids to trans-free soft margarines with reduced saturated FAs 
using sodium methoxide as a catalyst.  

 
Enzymatic Interesterification: This process is similar to chemical interesterification, however it uses 
enzymatically esterified blends of lipids. The use of enzymes allows better specificity, mild 
conditions, and reduced waste.  

 
Acidolysis: This method is used for the production of long chain fatty acid vinyl esters from vinyl 
acetate and fatty acids. This process is usually employed in the plastic production industry.xxi   

 
Alcoholysis: TAGs are reacted with an alcohol to generate a glycerol component and a fatty acid 
ester. For example, if methanol is used as the alcohol it will generate a fatty acid methyl ester and 
glycerol moiety. Glycerolysis is one type of alcoholysis where TAG is reacted with a glycerol 
component in the presence of an alkaline catalyst to form a partial glyceride (eg. monoacylglycerol). 
Glycerolysis is a part of the interesterification process used to convert the free FAs into MAG 
(mono-), DAGs (di-) or TAGs.  

 
 



 

9 

Designer Lipids 
 
Designer lipids are tailor made lipids synthesized by rearranging or altering the position of the fatty acid to 
increase nutraceutical value. These designer lipids can be synthesized using a chemical or enzymatic process 
based on esterification, interesterification, acidolysis, and alcoholysis. Chemical synthesis is generally more 
cost-efficient compared to the enzymatic process, however it does produce undesired by-products and 
random distribution of fatty acids on the glycerol backbone due to high temperatures used. Enzymatic 
process provides a pure product, is eco-friendly and uses low temperatures.  
 
Sonochem et al. used ultrasound application to bio-catalyze the reaction between long chain triglycerides 
and medium chain fatty acids and produce a more efficient synthesis process. Designer lipids generally have 
higher reaction times, lower yields, and use more stringent conditions. The use of ultrasound sonication can 
increase the synthesis efficiency. The designer lipid they produced showed higher oxidative stability for 35 
days and Newtonian behavior with a more appealing color.xxii 
 
 
Oil Refining Process 
 
The process of converting crude oil into edible oil requires deep processing knowledge that covers 
degumming, neutralization, dewaxing, bleaching, deodorizing, and purification. The first step is to transfer 
crude oil to a degumming route which removes hydratable and non-hydratable gums and chlorides. Some of 
the hydratable gums can be repurposed into the production of lecithin.  After degumming, the oil is 
neutralized to enhance the taste, stability, and shelf life of the oils by removing free fatty acids and other 
impurities in the crude oil. Some oils (eg. sunflower and corn) go through a dewaxing step to achieve a cold 
stability to retain clarity at low temperatures.xxiii Afterwards this oil is bleached and deodorized to 
decompose any unwanted taste, residual color or peroxides. In some cases, steam stripping is used (250ºC) 
to remove any other volatile compounds, and the resulting compound is an edible oil.xxiv 

 
 
Lipid Membrane Chemistry 
 
Biomimetic membrane chemistry is used to synthesize cell-like membranes without enzymes. These 
methods operate by producing membrane-forming lipids from non-membrane forming precursors in the 
presence of water. Creating these lipid membrane structures allows for deeper understanding of lipids in 
vitro and in vivo, One process utilizes chemoselective coupling reactions. For example, Zepik et al. created 
vesicle-forming amphiphiles that resembled naturally occurring phospholipids through a series of chemical 
reactions. Another common method is the use of copper-catalyzed click chemistry to synthesize 
phospholipids that mimic the natural membrane generation.xxv  
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III. Precision Fermentation of Lipids 
 

 

Background on Precision Fermentation 
 
The first use of precision fermentation was for the production of insulin produced in E. coli bacteria in the 
1980’s. Precision fermentation of genetically-modified organisms can produce non-microbial products, such 
as whey, rennet, casein, and leghemoglobin. Fermentation is an anaerobic biochemical process that 
produces most commercially relevant enzymes through genetically-modified bacteria, yeast, or other fungi. 
The host organisms’ metabolic pathway is modified with a desired external gene that is introduced into the 
host’s genome, which can then be translated into proteins. The host organism can be grown in large 
quantities under controlled conditions to produce the given protein which can be secreted into the medium 
or obtained by harvesting the cells.xxvi  
 
Single cell oils (SCOs) are edible oils that can be obtained from single-cell microorganisms such as yeasts, 
fungi, and algae. Bacteria are also single cell microorganisms, but do not usually accumulate edible oils and 
instead produce other types of storage materials. Additionally, eukaryotic organisms (with a defined nucleus) 
produce oils more similar in composition to those from plants or animals, compared to prokaryotic bacteria. 
Interest in microbial lipids has been around since 1878, and the first attempt at developing yeast species to 
produce edible fats occurred by Paul Lindner in Germany in 1922. However, much of this research ceased 
because the fatty acid composition was very similar to that found in oilseed crops and the process of 
obtaining it was significantly more expensive.xxvii However, as lower cost carbon sources, larger fermentation 
tanks, and genetic engineering capabilities have evolved, so has research for the production of oils in 
microorganisms. A significant portion of this research was for biodiesel, however, over the past decade there 
has been an influx of research for the production of edible oils.  
 
Improper fermentation may still present potential health hazards. Unhygienic conditions or inappropriate 
food handling may still lead to contamination and spoilage. Furthermore, spontaneous fermentation 
involving undefined indigenous microbiota carries the risk that undesirable or even pathogenic 
microorganisms expand and cause food-borne diseases. To combat this, quality assurance and safety 
measures need to be put in place. Besides quality assurance, constant observation also enables early 
intervention at the first indication of spoilage or contamination. Metagenomics and high-throughput 
screening with bioinformatics now allow for quick and accurate monitoring of whole microbial communities. 
Metabolomics and metagenomic analysis can further detect harmful metabolites and pinpoint the 
microorganisms responsible for producing them.xxviii 
 
Summary of Oleaginous Microorganisms 
 

Species Organism Lipid accumulation Content % 
(w/w) 

Microalgae Chlorella sp. 53.5 
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 Botryococcus braunii 34.6 

 Monoraphidium sp.  46.5 

 Scenedesmus obliqus 30 

Bacteria Rhodococcus Opacus 39.8 

 Bacillus Subtilis 47 

 Streptomyces 61 

Fungi Mortariella isabellina 61 

 Cunninghamella echinulata 51 

 Mucor moelleri 24 

 Aspergillus tuningensis 16 

Yeast Yarrowia lipolitica 45 

 Lipomyces testrasporus 47 

 Lipomyces starkeiy 30 

 Trichosporon oleaginous 54 

 Rhodosporidium toruloides 61 
xxix 
 
 

Microalgae Cultivation for Fatty Acids 
 
Microalgae is  considered a primary source of omega-3 fatty acids. The aerobic pathway requires molecular 
oxygen during the desaturation process and it requires enzymes elongase and desaturase. The anaerobic 
pathway involves polyketide synthase enzymes for PUFA synthesis. There are different methods for 
microalgae cultivation, including autotrophic, which relies on photosynthesis, heterotrophic, also known as 
dark fermentation, and mixotrophic, which is a combination of the prior. The main conditions that affect FA 
cultivationxxx: 
 

1. The nitrogen limitation is important to induce lipid production in oleaginous microbes 
2. The carbon to nitrogen content (C:N) also affects the type of fatty acid production 
3. Ideal conditions include biomass densities over 4 grams per Liter 
4. Salt concentration in the media affects yield 
5. Methanol reduces production of DHA, while ethanol enhances the growth of microalgae producing 

DHA 
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6. Type of carbon source: acetic acid, glucose, sodium acetate, glycerol, etc.  
7. Aeration of the culture and oxygen requirements  

 
Algae Strains 
 
Algal oils are rich in omega-3 and omega-6 FAs, with species-dependent concentrations of EPA, DHA, ALA, 
and AA. Red algae Porphyridium cruentum can accumulate PUFAs in TAGs and golden algae Chrysophyceae 
can accumulate a high content of EPA.xxxi Green microalgae Parietochloris incisa have better abilities to 
produce high amounts of omega-6, long-chain PUFAs.xxxii Similarly, green algae Scenedesmus sp. has a high 
lipid content with 17 - 22% content of omega-3 fatty acid linoleic acid (ALA) out of its total fatty acid 
content.xxxiii Other species, such as Pavlova lutheri, Nannochloropsis oculata, Thalassiosira pseudonana, and 
Phaeodactylum tricornutum can also accumulate TAGs but in lower levels.xxxiv  
 
The level of lipid accumulation and type of lipid can be engineered by manipulating the specific nutrition and 
cultivation conditions, such as the light wavelength and light intensity, carbon dioxide levels, temperature, 
available nutrients, stress to heavy metals, salinity, and even the use of nanoparticles. Alternatively, genetic 
engineering can be used to manipulate the lipid metabolism and improve synthesis and storage of specific 
lipids in the microalgae cell. Genetic engineering can be used to increase levels of the essential precursors 
such as Acyl-CoA and G3P, which can enhance the TAG synthesis pathway and elevate TAG composition in 
their lipid profiles.  
 
Cultivation Systems 
 
The autotrophic process relies on photosynthesis and requires photobioreactors that allow light penetration 
and constant agitation to provide aerobic environments. Phototrophic cultivations provide higher lipid 
accumulation in microbes, however the limited supply of sunlight is a major factor that affects growth. In this 
process, microalgae produce organic matter by using CO2 as a carbon source and sunlight as an energy 
source. This is most commonly performed in pond systems or closed photobioreactors.xxxv  
 
The heterotrophic dark fermentation is a process where organic compounds are used as the energy and 
carbon source, the most commonly used source is glucose. The main macronutrients that need to be 
provided are carbon, nitrogen, phosphorus, and potassium. This method is most commonly seen as a 
commercial scale opportunity because it is not dependent on sunlight or expensive photobioreactors. 
Additionally, heterotrophic cultivation is metabolically favorable for higher lipid accumulation.xxxvi  
 
Mixotrophic systems have two stages of growth where the first stage occurs when organic carbon content 
is high and then an autotrophic stage begins by the induction of photosynthesis when the organic carbon 
content is low. This method allows microalgae to grow in optimum conditions through autotrophy and 
heterotrophy.xxxvii  
 
Lipid Extraction 
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One of the largest constraints in microalgae production of lipids is finding an effective and efficient 
extraction of lipids. Extraction procedures can use organic solvent extraction, electroporation, ultrasonic 
methods, or supercritical CO2 methods. Due to the small cell size of microalgae and its complex cell 
membrane and rigid cell wall, the extraction processes used for oilseed crops cannot be translated to 
microalgae. The earliest method uses chloroform and methanol solvents to extract lipids from homogenized 
and equilibrated cells and allows rapid and easy processing of algal lipids (Folch method), however it is not as 
sensitive as newer methods. The Bligh and Dyer method uses a chloroform and methanol with a gravimetric 
method and has been used for pilot-scale and large-scale extraction processes. These methods are limited 
by the environmental and health risks of using chloroform as the extracting solvent, and are likely not 
permitted for food manufacturing. Less effective substitutes for chloroform include ethanol, isopropanol, 
hexane, and acetic acid esters. Mechanical processes that do not require solvent assistance include bead 
mills, expeller press procedures, pulsed electric fields, and ultrasound-assisted extraction. The main limitation 
of mechanical methods is the higher energy inputs and heat generation during mechanical processes that 
could damage the lipids and require an effective cooling system. The expeller method has a 70-75% oil 
recovery rate, however it is expensive and has long processing times. The ultrasound-assisted extraction is 
easy to set up and imparts a higher purity to the final product and is considered more economical, eco-
friendly, and time-efficient. The main disadvantage of this method is that prolonged ultrasonication leads to 
free radical production which can be detrimental to the quality of oil being extracted.xxxviii  
 
 

Method Advantages Disadvantages 

Folch method from 1957 
(chloroform + methanol) 

Fast, easy to handle large 
numbers of samples, the 
complete process is gentle. 

Toxic reagents are used, which is 
harmful to human health and the 
environment 

Bligh-Dyer method uses two-
phase solvent extraction 
(chloroform + methanol+H2O)  

Lipid extraction and separation 
can be achieved at the same 
time. 

Extractive reagents are toxic and 
have few substitutes, the cost is 
high.  

Bead Milling/ Bead beating 
(destroy cells through high-speed 
moving beads) 

Can get 75% extraction of lipids, 
control final state of sample 
through bead density 

Large energy needs for 
processing leading to increase 
costs 

Supercritical fluid lipid extraction 
using high pressures (eg. 
Supercritical CO2) 

High extraction efficiency, less 
use of toxic reagents and easy 
separation of lipids; protect 
bioactive compounds, reduce 
energy consumption and 
pollution. 

It has selectivity to lipids of 
different polarities and the 
equipment is more expensive. 

Pulsed Electric fields / 
Electroporation (commonly used 
in the food industry for food 
preservation and drying) 

The operation is simple and 
pollution-free; processing of large 
numbers of samples. 

It is necessary to control the 
proper electric field strength. 
Electric field too high may 
adversely affect the extraction. 



 

14 

Ultrasound-assisted extraction The temperature in the process is 
low, and the energy required is 
less. High extraction rate can be 
achieved in a short time. 

The intensity and time of 
ultrasound need to be controlled 
to avoid negative effects. 

Ionic liquids Low toxicity and high stability, 
with adjustable physical and 
chemical properties. Can get 88% 
lipid extraction. 

Possibility of pollution during 
synthesis. 

Enzyme-assisted extraction 
(using four different hydrolases - 
cellulase, hemicellulase, papain, 
and pectinase) 

Selective to substrate, pre-
treatment can be completed at 
room temperature and pressure 
to reduce energy consumption 

The price of enzyme preparation 
is high, it is necessary to optimize 
the conditions to get the highest 
extraction rate. 
 
 

xxxix 
 
 
Cost of production  
 
The construction of bioreactors or raceways are very expensive, however the COP can be improved by 
using open ponds or marine lagoons for algal cultivation. Additionally, cost effective feedstocks can be 
sourced from wastewater, agricultural, industrial, and municipal wastes, and other carbonaceous wastes (eg. 
sugarcane molasses). Another cost driver is the potential contamination of certain algal weeds or 
adventitious protozoa or microbial pathogens in open environments which do not follow GMP and need 
continuous intervention. However in closed cultivation environments require regular replacement of pure 
water on a daily basis to avoid hyper salinity conditions (particularly in seawater usage). The pure water 
needs are for algae’s ability to fix required CO2 from available water, which is essential throughout the 
cultivation process in closed bioreactors.xl 
 
 

Fungi Cultivation of Fatty Acids 
 
Fatty acid synthesis occurs during continuous supply of Acetyl-CoA and NADPH under nutrient scarce 
conditions such as low nitrogen or phosphorus. This process requires a high amount of carbon sources to 
maintain constant growth rate, and by limiting nitrogen content, the microorganisms can produce acetyl-
CoA and NADPH continuously to increase lipid accumulation. This lipid accumulation usually leads to 
production of Stearic acid and Palmitic acid. To get EPA and DHA, further elongation and desaturation 
reactions need to take place with elongase and desaturase enzymes. 
Oleaginous Fungi 
 
Oleaginous fungi include species belonging to the Zygomycota, Mortierella, and Cunninghamella family. Unlike 
other oleaginous species, fungi also produce long-chain PUFAs, including DHA, GLA, EPA, and ARA. Fungi 
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can accumulate high quantities of lipids (up to 70%) of their weight. The main problem with fungi is the 
difficulty of cultivating them in submerged cultures due to their different morphological forms. Thus, fungi 
usually require solid-state cultivation with direct control over the humidity. The little research available 
indicates low lipid accumulation in liquid cultivation of fungi.xli  
 
Several filamentous fungi are considered to produce large amounts of both EPA and DHA, especially species 
belonging to the genus Mortierella. In the Mortierella family, M. elongata and M. alpina have produced 27 mg 
of EPA per g of lipid. In the Trichocomacaeae family, one member of this family, the Penicillium sp. 
predominantly produces ALAxlii.  Aspergillus niger is another member of this family and can produce relatively 
high amounts of EPA and DHA under uniform growth conditions, however the yields are lower than 
Trichoderma sp.  The Trichoderma sp. is part of the Hypocreaceae family and can produce 7.47 mg/ g of DHA 
and 0.298 mg/ g of EPA. The EPA yields are low at room temperature because EPA producing enzymes are 
inactivated.  
 
Oleaginous Yeasts 
 
On the other hand, oleaginous yeasts are good microbial factories due to their rapid growth in large 
fermenters and their ability to use a wide range of different carbon sources. Yeast strains can accumulate 
lipids in the form of MAG, DAG, and TAGs, and the most abundant FAs they produce are palmitic acid, 
palmitoleic acid, stearic acid, oleic acid, and linoleic acid. The most known oleaginous yeasts include the 
genera Yarrowia, Rhodotorula (Rhodosporidium), Lipomyces, Cryptococcus and Trichosporon.  
 
Through two-stage continuous fermentation with fed-batch cultures of metabolically engineered Yarrowia 
lipolytica strain, a fungi from the Dipodascaceae family, has achieved some of the highest EPA yield 
concentrations. This strain had evolved to reduce by-products and increase lipid production. The Yarrowia 
microorganism can be engineered to produce pathway enzymes and generate both  oleic acid and stearic 
acidxliii. The Y. lipolytica strain has been shown to achieve 40% lipid content with over 90% of those 
representing lipids stored in TAG form. xliv  
 
Additionally, oleaginous red yeast Rhodosporidium toruloides in the Ustilaginaceae family was engineered to 
improve natural synthesis of lipids and carotenoids and other novel compounds relevant to the industry. 
This method made advances that allowed carotenoids to be exported from the cell to allow easier extraction 
and separation.xlv Another important species is the Lipomyces starkeyi which can accumulate high amounts of 
TAGs in similar composition to palm oil by up to 70% of its dry cell weight. Under nitrogen-limited 
conditions and a medium mixture containing 50g/L of glucose and xylose this strain can accumulate up to 
85% lipids of its dry cell weight.xlvi Cutaneotrichosporon curvatus can produce lipids in up to 60% of its dry 
cell weight and its fatty acid profile is composed of over 50% unsaturated fatty acids, primarily oleic acid and 
linolenic acid. One of these strains reclassified as a Trichosporon oleaginosus species can accumulate TAGs by 
up to 70% of its dry cell weight with fatty acid composition very similar to that of cocoa butter.xlvii  
 
There are many important control parameters that affect the lipid accumulation in oleaginous 
microorganisms, such as the type and concentration of the carbon source, the nitrogen source, the C:N 
ratio, oxygenation concentration, temperature, pH, time of incubation, and concentration of minerals and 
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salt. The most abundant fatty acids produced by oleaginous yeasts are C16:0 (palmitic acid), C16:1 
(palmitoleic acid), C18:0 (stearic acid), C18:1 (oleic acid), C18:2 (linoleic acid), and the ratios they exist in are 
usually very similar to the profiles of vegetable oils. The cultivation parameters have significant effects on 
the type and amounts of different FAs produced.xlviii  
 
 
Bioprocess Systems 
 
The fed-batch system is considered a semi-continuous process. The main advantages are its ease of 
operation, choice and flexibility with the end product through switching the feed substrate, high product 
titre, and even sophisticated scale-up requirements.xlix The fed batch system is a partially open system that 
allows higher product quantities and under specific growth conditions can follow an exponential growth 
curve. The main disadvantages of this system are the longer processing time and potential accumulation of 
toxic by-products. Additionally, the high cell density and product yields may cause bottlenecks in the 
downstream processing. This fermentation method is most commonly used for the production of alcohol 
and recombinant proteins.l  
 
Another modification on a fed-batch system is the repeated-fed-batch system where the majority of the 
cells are harvested, and a few are left available as the inoculum for the next batch. This method reduces the 
potential accumulation of toxins due to consistent medium exchange, and the culture density does not reach 
a point where oxygen transfer and cooling capacity issues arise. Compared to the continuous process, this 
culture is less diluted and downstream processing requirements are reduced and they have better control 
over quality and troubleshooting due to the segregation of harvested product batches.li  
 
A continuous culture has an initial batch growth phase after which equilibrium is established. Continuous 
culture systems either have a steady feed rate of a growth-limiting substance that keeps cell density 
constant (Chemostat culture), or determine the feed rate of the substrate by the cell density (Turbidostat 
culture). The incoming feed rate is in line with the removal of harvest. This balanced nature allows the 
feeding to reach a steady state that can last for several weeks. The microorganisms are maintained at lag 
and log phases throughout the entire process. The main advantages are the reduced product inhibition, 
reduced cleaning and sterilization time, and better space-time yield, since cells are harvested when culture 
medium is removed. The main disadvantage is the long cultivation period that also increases the risk of 
contamination and long-term changes in the cultured cells and difficulty in keeping a constant population 
density for long periods of time.lii This method is most commonly used for the production of primary 
metabolites (Eg. amino acids and organic acids). One other promising method of continuous bioprocessing is 
perfusion, where the cells are retained in the bioreactor or recycled back to the bioreactor while fresh 
medium is provided and the cell-free supernatant is removed at the same rate.  
 
Scalability 
 
Oleaginous yeasts can grow in high cell densities and can produce high lipid content from several carbon 
sources, including sewage sludge, glycerol, water molasses, and other agricultural residues.liii . On average 
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they contain around 20% of lipids of their dry cell biomass. In nutrient limiting conditions this lipid content 
can be increased to 70% (eg. nitrogen or phosphorus depletion). 
 
Large scale production of EPA is limited and not economically commercializable yet. The highest yield for 
EPA is through yeast biomass under fed-batch fermentation conditions. Oleaginous yeasts metabolically 
engineered under aerobic fermentation with desaturase and elongase enzymes can synthesize omega-3 FAs. 
The extraction methods for lipids from oleaginous yeasts are similar to those outlined for microalgae 
fermentation systems, and require more optimization for large scale production.  
 
 
Bacterial Production of Fatty Acids 
 
Production of PUFAs in bacterial microbes often help them adapt to extreme conditions, such as the polar 
regions or deep seas, because it fortifies their cell membranes and maintains membrane fluidity. Additionally, 
bacterial microbes can survive under high hydrostatic pressure with EPA that they produce. EPA acts as an 
antioxidant to scavenge free radicals and protects the cells from oxidative damage. Psychrophilic  and  
piezophilic  microbes  produce PUFA as part of their survival strategy to cope with extreme temperature and 
pressure. Similarly, the Shewanella sp. is known to produce high content of EPA because it is often found in 
extremely cold conditions or under high pressure conditions. The EPA allows it to survive and protects it 
from potential danger and damage.liv The bacterial polyketide method of EPA and DHA biosynthesis is 
catalyzed by a multi-enzyme complex encoded in five pfa genes. However, bacteria is not commonly used 
because few bacteria produce enough extractable edible oil. Most bacteria form complex lipoids instead of 
TAGs. Although bacterial species tend to have fast growth rates, they are especially difficult to extract lipids 
from and have low biomass production.lv  
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IV. Cell Cultured Lipids 
 

 

Background 
 
Essential Fatty Acids 
 
Long-chain Omega-3 FAs include EPA (eicosapentaenoic acid) and DHA (docosahexaenoic acid), these are 
most commonly sourced from fish and other marine sources. Linolenic acid (LA) is an Omega-6 FA and 
alpha-linolenic acid (ALA) is an omega-3 FA that cannot be synthesized by humans. ALA and LA are 
commonly found in vegetable oils and nuts. The omega-3 and omega-6 FAs are important because they are 
digested in the small intestine allowing them to be transported in the blood for subsequent assimilation in 
the body (brain, heart, retina, and other tissues). Omega-3 FA are essential for cell membranes and affect 
the function of cell receptors in these membranes, they also bind to receptors that regulate genetic function. 
 
Cell Types 
 

● Mesenchymal stem cells (MSC) - multipotent stem cells can be isolated from adult tissues and easily 
expanded in vitro. These stem cells often have limited self-renewal and differentiation capabilities. 
MSCs have the capacity to convert into chondrocyte, adipocyte , myocyte and osteocyte. 

● Dedifferentiated fat cells (DFAT)- dedifferentiated cells are differentiated cells that have lost their 
specific form or function and may revert to an earlier development stage. DFAT cells are mature 
adipocyte cells that have lost their lipid content and acquire a fibroblast-like shape.lvi  

● Embryonic stem cells (ESC) - these stem cells are isolated from very early stage embryos  
● Induced pluripotent stem cells (iPSC) - stem cells that can self-renew by dividing into many different 

cell types. These are adult stem cells reprogrammed to become a specific type of cell by the growth 
medium and supplement cocktail.   

● Satellite cells (SC) - the primary stem cells in adult skeletal muscle that are responsible for muscle 
growth, hypertrophy, and regeneration. They are considered as unipotent myogenic precursor cells.  

● Progenitor cells - descendant cells from stem cells that further differentiate to specialized cell types 
and can only differentiate into cells belonging to the same tissue or organ from which it was 
harvested.  

 
 

Cell Cultured Fatty Acids 
 
Intramuscular fat accounts for 80% of muscle fat tissue while the rest is found inside myofibers. 
Intramuscular fat is produced in stem cells that differentiate into adipocytes via adipogenesis. Triglycerides 
are accumulated inside the adipocytes after lipogenesis.lvii There are key characteristics that are needed for 
culturing adipogenic cell line: 
 

1. Sufficient proliferative capacity 
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2. Adaptable to low-cost culture media without performance compromisation 
3. Capable of efficient, food-safe differentiation into adipose or adipose-like tissue  

 
To incorporate cultured cells into food, the adipogenic cells need to differentiate into mature adipocytes. 
Adipogenic gene expression patterns of intramuscular and subcutaneous adipocytes are similar, however the 
more mature differentiation state is in subcutaneous adipose tissue. Adipocytes originate from the 
mesoderm, while white adipogenic tissue arises from Myf-5 negative progenitor cells.  
 
 

Flavor 
 
Research from porcine and bovine adipocyte culture indicate that these cells are able to have a similar flavor 
to animal fat if cultured with appropriate growth and differentiation media and increased lipid 
supplementation. For example, recent research on Fibro-adipogenic progenitor (FAP) cells indicate better 
flavor profiles of fat cells.  FAP cells are present in bovine muscle and are transcriptionally distinct from 
satellite cells. These cells demonstrate high levels of adipogenic potential due to gene expression changes 
and lipid accumulation, and large number of population doublings. FAPS reach a mature level of adipogenic 
differentiation in 3D edible hydrogels which can mimic traditional beef fat.lviii  
 
In vivo intramuscular fat is derived mainly from interstitial stem cells known as FAPs. FAPs can be easily 
purified from bovine muscle and indicate upregulation of fat-related genes in vitro compared to satellite 
cells. In 2D culture vessels FAPS were able to proliferate for over 30 cumulative population doublings with 
little morphological change. After culturing the FAP cells in alginate hydrogels for 28 days, the cultured fat 
had a creamy consistency typical of animal fat and a discernible “beefy” flavor according to a panel of three 
volunteers.  
 
In Yuen et al.’s research, the porcine adipocytes had less arachidonic acid (20:4) and linoleic acid (18:2) FAs 
relative to animal-derived equivalents. Linoleic acid is a precursor to arachidonic acid (20:4) and likely the 
cause for its low content. However, even with lipid supplementation that increases 18:2 FAs, the 20:4 FA 
content remained low. This phospholipid is known to enhance meat flavor and can be increased by specific 
20:4 lipid supplementation during culture or via genetic interventions.lix 
 
 

Growth Factors 
 
Growth factors and differentiation media components are essential for adipocyte culturing because specific 
pathways need to be activated to increase lipid accumulation and preserve the lipid structure. Below is a 
table with some of the most commonly used components: 
 

Growth Factorlx Function 

Insulin Promotes differentiation into adipocytes 
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Hedgehog and Wnt 
signaling 

Inhibits adipogenesis 

CCAAT/enhancer-
binding protein 

Triggers lipogenesis – main early regulator of adipogenesis which is regulated 
by other factors through a positive feedback loop.  

Adiponectin Protein secreted from white adipose tissue that triggers rapid adipocyte 
differentiation and lipid accumulation  

FBS FBS promotes rapid cell growth, thus making it a product that yields a high 
efficacy. 

Differentiation Medium 
Components 

 

IBMX Helps reduce lipolysis so that lipids that are accumulated should not get 
broken down to glycerol and fatty acids and thus helps maintain lipid 
accumulation 

Rosiglitazone A drug that enhances insulin sensitivity and increases adipogenic 
differentiation. 

Dexamethasone  This is an anti-inflammatory that helps reduce the anti-inflammatory effects 
of increased lipid precursors and molecules inside cells. It may also help in the 
differentiation of adipocytes.  
 

DMEM This is a widely used basal medium for supporting the growth of many 
different mammalian cells. 

Triiodothyronine (T3) Helps promote brown fat hyperplasia via a thyroid hormone receptor and 
increases alpha-mediated adipocyte progenitor cell proliferationlxi 

 
 
 

Cell Types 
 
Below are some of the main cell types tested for production of adipocyte cellslxii: 
 

Cell Type Ease of 
Isolation 

Plasticity Proliferative 
Capacity 

Sensitivity to 
Culture 
Conditions 

Ease of 
Adipogenic 
Differentiation  

Embryonic stem 
cells 

very difficult high unlimited high difficult 
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Induced 
pluripotent stem 
cells 

difficult high unlimited high difficult 

Mesenchymal 
stem cells 

easy moderate high low species specific 

Dedifferentiated 
fat cells 

easy low moderate low easy 

Satellite cells moderate low 
(disputed) 

low moderate uncertain  

 
 
 

Bioreactor Design 
 
For bioreactors it is important to select a system that can comprise the proliferation and differentiation 
stages. The table below outlines the most common bioreactors tested for adipocyte culturelxiii: 
 

Bioreactor Operation 
Mode 

Cell Densities 
(cells/mL) 

Working 
volume for 
1kg (L) 

Advantages Disadvantages 

T - Flasks Batch 1 x 105  2900 Cell adaptation 
 
Easy use 

Lack of scalability 
 
Inconsistency 

Multi-layer 
flasks 

Batch 1 x 105  2900 Improve scalability Scalability limited  

Hollow-fiber 
bioreactors 

Batch 
(perfusion) 

108 - 109  1.4 High density 
culture 
 
In-vivo like tissue 
structure 

Cell harvest difficult 
 
Not at industrial 
scales 

Packed bed 
bioreactors 

Batch 
(perfusion) 

2.93 x 106 110 High density 
culture 
 
3D growth of 
adherent cells 

Cell harvest difficult 
 
Not at industrial 
scales 

Suspension 
bioreactors 

Batch, fed-
batch, or 
continuous 

2 x 106 570 Easy scalability 
 
Moderate - high 
density culture 

Suspension 
adaptation 
 
Large volume 
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needed 

 
 

Technological Advances 
 
To improve scalability one can use 3D thermoreversible hydrogel scaffolds that allow proliferation and 
differentiation of pluripotent stem cells. This approach can drive down biomanufacturing costs by allowing 
efficient and ultra-high-density production of cell types. Additionally, immobilization of cells in a 3D matrix 
allows for better diffusion and protection and prevention of cell migration. Another option is using 
specialized 2D culture surfaces for continuous adhesion, proliferation, self-detachment, and harvesting. This 
provides a continuous low-cost and low-maintenance cell production.lxiv   
 
Chengxiang et al. developed a robust, high-throughput, automated quantification technique to track 
adipogenesis (FATS - fast adipogenesis tracking system). This algorithm is capable of accurately detecting 
and quantifying the percentage of cells undergoing adipogenic and browning differentiation even in high cell 
densities. This algorithm was tested on adipose-derived mesenchymal stem cells, induced pluripotent stem 
cells, and otherslxv. Previous to this invention neutral lipid stains were used for detecting adipogenesis of 
various cultured cell types.  
 
Yuen et al. developed a relatively simple method of producing bulk cultured fat that circumvents 
contemporary mass transport limitations.lxvi This was achieved by growing porcine adipocytes in thin layers 
with easy access to the culture media, followed by post-growth aggregation into 3D adipose after sufficient 
adipocyte maturation. Aggregation at the end of cell culture removed the need for nutrient delivery via 
vascularization or elaborate 3D tissue perfusion, thus reducing costs and improving scalability. One of the 
main takeaways from this research was that during differentiation lipid supplementation is essential to 
increase lipid accumulation. The porcine adipocytes had a closer FA profile to their native equivalents 
although they were lacking in certain FAs such as linoleic acid (18:2), likely due to mammals inability to 
synthesize linoleic acid. Usually linoleic acid and other long-chain FAs are supplemented in their feed.  
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