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Abstract Meat analogs are a burgeoning industry, with plant-based meat analogs,
insect-based meat analogs, algae-based meat analogs, mycoprotein-based meat analogs,
and cell-based meat analogs. However, despite the industry’s growth potential, market
expansion faces hurdles due to taste and quality disparities compared to traditional meats.
The composition and characteristics of meat analogs currently available in the market are
analyzed in this study to inform the development of future products in this sector. The
results show that plant-based meat analogs are mainly based on soy protein together with
wheat gluten and methylcellulose or spices. Insect-based meat analogs tend to contain
processed larvae as the protein source. Seaweed or spirulina is often the main ingredient
in algae-based meat analogs. Mycoprotein-based meat analogs all use mycoproteins.
Cell-based beef, pork, chicken, and seafood products are already under various stages of
development around the world, although many are still at the prototype level.

Keywords plant-based meat, insect-based meat, algae-based meat, mycoprotein-based
meat, cell-based meat

Introduction

Animal proteins are used and consumed in a variety of foods not only because they
have high nutritional value but also because of their unique texture, taste, and flavor
(Day et al., 2022). In particular, meat is a major food resource that provides humans
with high-quality protein, which contains a higher proportion of essential amino acids
compared to other foods, such as vegetables and grains, and also provides several fatty
acids as well as trace vitamins and minerals that are essential for the human body (Day
et al., 2022; Godfray et al., 2018). Therefore, meat consumption plays an important role
in physical development and maintenance, and its value as a food resource is expected
to be preserved as it is associated with cultural, social, and individual preferences

(Gorbunova, 2024). However, despite the large-scale development of animal husbandry
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to meet the growing global meat consumption, many problems have been raised, such as environmental pollution caused by
manure and carbon dioxide emissions from livestock, adult diseases caused by excessive meat consumption, emerging
infectious diseases among animals, and the low efficiency of converting grains into animal protein (Boukid and Gagaoua,
2022; Godfray et al., 2018). These issues are driving the demand for the development and supply of protein foods that can
replace meat (Day et al., 2022).

In the history of meat analogs development, peanut-based meat analogs were created in the 1896, and texturized vegetable
proteins were developed and began to be produced in the 1960s (Maningat et al., 2022). In 1964, the British company Rank
Hovis McDougall succeeded in developing the processed mycelia (called mycoprotein) of a Fusarium graminearum strain
(Khan et al., 2024). This product has been sold under the name Quorn® since 1985, and since then, various forms of
alternative foods have been developed, such as insect-based and cell culture-based meat analogs (Khan et al., 2024; Maningat
et al., 2022). Initially, this product was not commercially successful due to its different texture, taste, and flavor from
traditional meat, but it is gradually developing industrially (Boukid and Gagaoua, 2022).

Recently, plant-based, insect-based, algae-based, mycoprotein-based, and cell-based meat analogs have been proposed as
meat analogs to replace animal protein (Boukid and Gagaoua, 2022). The global meat analog market, by region, is dominated
by developed countries, followed by North America (44.6%), Europe (28.8%), Asia-Pacific (18.1%), and the rest of the world
(8.5%), with investment, technological development, and consumption being driven by North America and Europe (Park et
al., 2019). In 2023, the meat analog market size of South Korea is 17th in the world, approximately United Sates dollars
(USD) 88.46 million, with China in first place and the United States (U.S.) in second (Statista, 2024). The South Korean meat
analog market is mostly composed of plant-based meat analogs, with still only a few other protein products, although
research is underway to develop new products (Cho et al., 2022). From the global perspective of the growth rate of the meat
analog market size by type from 2019 to 2025, insect-based meat analogs accounted for 22.7%, followed by cell-based meat
analogs (19.5%), algae-based meat analogs (8.3%), plant-based meat analogs (8.1%), and, lastly, mycoprotein-based meat
analogs (5.0%; Park et al., 2020).

Despite the significant increase in research related to the development of materials that can replace traditional meat
products and the related market, the industrialization of the technology has been insufficient, and meat analogs have not
proven that their taste and flavor are equivalent to traditional meat products. In particular, the processing technologies
developed to improve the appearance, texture, and flavor of meat analogs require long processing times and high production
costs, and product safety assessments are required for the use of wheat gluten and synthetic materials, such as methylcellulose,
used in processing (De Angelis et al., 2024; Ozturk and Hamaker, 2023). Depending on the alternative protein used as a raw
material for meat analogs, improvements in nutritional components, visual and sensory characteristics, and allergy issues
compared to conventional meat are required (Dinali et al., 2024; Zahari et al., 2022). Therefore, this study analyzed the main
ingredients and characteristics of meat product substitutes sold in the global market, with the aim to provide information that

can be used for the development of meat analogs in the future.

Traditional High-Protein Foods and Their Characteristics

Tofu (bean curd)

Tofu originated in China around 2,000 years ago and is believed to have been introduced to Korea before the end of the

Goryeo Dynasty (Anjum et al., 2023; Shin, 2011). Soybeans contain about 32%—45% protein and an excellent composition of
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essential amino acids, including an even distribution of lysine and tryptophan, which are rare in cereals (Nowacka et al.,
2023; Stein et al., 2008). Tofu, which is processed from soybeans, is an important plant food used as a valuable source of
protein, replacing relatively expensive animal foods (Ali et al., 2021; Cai et al., 2021; Stein et al., 2008). Tofu is generally
made by grinding the beans, mixing them with water, and boiling them. Then, the tofu coagulant, which contains divalent
cations, binds and precipitates with negatively charged soy proteins, such as glycinin (Ali et al., 2021; Chen et al., 2023). The
manufacturing process can be broadly divided into the production of soy milk from soybeans and the production of tofu from
soy milk. First, soybeans are ground with water to produce soy milk, which is then produced into tofu through a series of
processes, such as heating and fat removal (Chen et al., 2023; Huang et al., 2022). Firm tofu, soft tofu, silken tofu, oiled tofu,
and fried tofu can all be prepared from soy milk (Anjum et al., 2023). The type of tofu is dependent on the heating time,
coagulant, and hardening method during the manufacturing process. In addition to regular tofu, various types of processed tofu
are now available that have undergone additional processing steps, such as fermentation, freezing, and fortification, and often,

the health benefits have been enhanced by enrichment with other functional ingredients (Anjum et al., 2023; Cai et al., 2021).

Tempeh

Tempeh, a traditional fermented food from the Indonesian island of Java, refers to a mass of white mycelium that is peeled
from soybeans and fermented by a fungus (Rhizopus sp.) to form a cake-like mass with a meat-like texture (Nout and Kiers,
2005). During fermentation, the enzymes decompose the proteins, fats, carbohydrates, and phytic acids into small molecules,
generating a more nutritious and easily digestible product compared to unfermented soybeans (Borzekowski et al., 2019;
Nout and Kiers, 2005). Tempeh is consumed not only in Indonesia but also in many other countries, such as the U.S., South
Korea, Japan, England, and Singapore (Maitresya and Surya, 2023). Uncooked tempeh is composed of 55.3% moisture,
20.8% protein, 13.5% carbohydrates, 8.8% fat, and 1.4% dietary fiber, making it a food that can provide a notable quantity of
protein (Indonesian Food Composition Data, 2017).

Tempeh is made from dehulled soybeans using mechanical wet dehulling with a disk impactor. Traditional equipment and
seeds are used in small-scale production. After removing the hulls and dust, 0.5% lactic acid or 0.25% acetic acid may be
added to prevent softening of the soybeans during soaking, or the previously used fermented soaking water (5%
concentration) is sometimes used (Nout and Kiers, 2005). Tempeh is commonly made from yellow-seeded soybeans, which
are the preferred raw material for its production (Nout and Kiers, 2005). Currently, for tempeh production in Indonesia,
several local soybean varieties, as well as black-eyed beans and winged bean seeds, are also used to produce a variety of
indigenous foods (Maitresya and Surya, 2023). After soaking and dehulling, the soybeans are cooked, inoculated with
Rhizopus spores, and then allowed to ferment. Primarily, tempeh is made by fermentation with Rhizopus oryzae, Rhizopus
oligosporus, Rhizopus microsporus, and Rhizopus stolonifera. Additionally, Aspergillus oryzae is often present in the fungal
mixture used for fermentation (Borzekowski et al., 2019). A. oryzae is extremely enriched with genes involved in biomass
degradation, primary and secondary metabolism, transcriptional regulation, and cell signaling, which widely used in the food
industry beyond commercial use (Kobayashi et al., 2007). Temperature is an important factor in fermentation, which occurs
within the temperature range of 25°C-37°C. The higher the temperature, the faster the fermentation rate, especially the
growth rate of R. oligosporus (Nout and Kiers, 2005). In conclusion, the essential fermentation conditions for tempeh

fermentation are adequate moisture, oxygen, and heat (Nout and Kiers, 2005).

Seitan

Seitan has been used for centuries in Buddhist cultures of China as a protein substitute for meat in Asian, vegetarian, and
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Buddhist cuisines. It is also known as Mianjin in China, Milgogi in Korea, and different names in other countries, such as
Japan and Vietnam (Kim, 2019; R&dl, 2019). Unlike tofu and tempeh, seitan is made from wheat gluten. Wheat gluten is an
insoluble protein with a meatier, chewier, or stringier texture than tofu (Bakhsh et al., 2021; He et al., 2020; Kim, 2019).
Seitan is made by hydrating wheat flour to activate the gluten, removing the starch, and then using the gluten powder.
When mixed with water, the interactions between gluten proteins rearrange to form a network of polymers, and the covalent
and non-covalent bonds between gliadins and glutenins give the flour dough its characteristic viscoelasticity that imitates the
texture of meat (Maningat et al., 2022). Depending on how it is processed, seitan can vary in nutritional composition and in
vitro protein digestibility. A nutritional analysis of raw seitan and fried seitan prepared using different frying methods showed
that the moisture content and fiber did not change significantly, but the protein content of raw seitan was about 10% higher
than that of fried seitan. The carbohydrate content of the fried treatment with flour was higher than the other treatments, and

the in vitro protein digestibility of the fried treatments was lower compared to raw seitan (Anwar and Ghadir, 2019).

Current Status and Characteristics of Meat Analogs Produced through Cutting-Edge
Food Technology

Plant-based meat analogs

Plant-based meat analogs can reduce land use and greenhouse gas emissions compared to conventional livestock farming.
They also consume fewer resources than meat and produce fewer environmental pollutants, such as manure, making them
more environmentally friendly (Arora et al., 2023). Some of the various sources of meat analog substitutes include soy, wheat
gluten, kidney beans, chickpeas, rice, and corn, but products based on soybean protein are among the top choices for non-
animal protein (Cho et al., 2022). Containing about 40% protein per 100 g, soybeans are a valuable source of protein
(Nowacka et al., 2023). Meat analogs vary in flavor and nutritional content depending on the raw materials and processing
methods used, and they exhibit differences in functionality based on specific technologies (Cho et al., 2022). Therefore, by
varying the processing methods or technologies, new combinations can be created to improve the characteristics and texture
of meat analogs. Extrusion processes, such as the dry or low-moisture method, high-moisture method, and steam method, are
widely used for structuring plant-based proteins (Lee et al., 2024a; Maningat et al., 2022). Extrusion processes have many
economic advantages in terms of structuring and differentiating plant-based meat analogs, especially high-moisture extrusion,
which is more widely used than low-moisture extrusion due to superior structurization (H6gg and Rauh, 2023). The second
most commonly used plant-based protein sources after soy protein are wheat protein, which mainly contains gluten, and
legumes, such as peas and chickpeas, which contain proteins like globulin, albumin, and glutelin (Nowacka et al., 2023).

Tables 1 and 2 show the most plant-based meat-like products sold by country. Products from five countries with large
markets for plant-based meat-like products—China, the U.S, the United Kingdom (U.K.), Russia, and Germany—and South
Korea were investigated (Statista, 2024). As of Oct. 2024, China’s funding of plant-based meat analog research (governments
vs. industry, including breakdowns by country) is 3.4 million USD across 7 projects, which is relatively modest (Airtable,
2024). However, regarding the revenue in the plant-based meat segment of the food market, China is leading with 2,130 USD
million (Statista, 2024). The U.S. follows with 1,360 billion USD in sales (Statista, 2024). For research about plant-based
meat analogs, the U.S. has invested 305.9 million USD across 246 projects, indicating active support for the development of
plant-based analog industries (Airtable, 2024). The U.K, with a market sales figure of 697 million USD, has invested 126.9
million USD across 131 projects (Airtable, 2024; Statista, 2024). Russia has a market turnover of 676 million USD, while
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Table 1. Major plant-based meat analogs on sale by country

Rank China

Russia

United States United Kingdom

South Korea

Hoosier Hill Farm Beyond Steak Hoosier Hill Farm  Good Catch fish-

Hoosier Hill Farm  Hoosier Hill Farm
textured vegetable textured vegetable free tuna - naked in textured vegetable textured vegetable
protein protein water protein protein

Big Franks

¥egan Hot Dogs

T fwm W

o by herfs

i sEaFD USTE

P i

i rw

o e

Lorna Linda Gardein classic Primal spirit Good Catch fish- Hearty plant protein Verisoy vegan beef
big franks plant-based vegan jerky free tuna - unflavored strips
- vegan hot dogs meatballs - Texas BBQ - 0il & herbs
3
J..inkettg-_
FriChik original ~ Impossible burger Lorna Linda Hearty plant protein  Good Catch fish- Hearty plant protein
(plant-based meat) patty linketts -vegan - unflavored chunks free tuna - naked - unflavored round
hot dogs in water
4 :

nadlinds e
gig?ltable FIELD  ROAST %'4"'{;

Lorna Linda Field Roast chef’s  Plant Boss organic Hearty plant protein Hearty plant protein  Dojo Fresh plant

vegetable skallops  signature plant- plant crumbles - unflavored - unflavored chunks protein mix
based burgers - all-purpose crumbles - taco seasoned
5

" meat-free
[UNCHEON iz
MEAT-STYLE

unMEAT wheat-  Hilary’s world’s  Hearty plant protein ~ Beyond burger ~ Plant Boss organic  Rani soya chunks
free luncheon best veggie burger - unflavored chunks plant crumbles
meat-style - all-purpose
Keyword: “plant-based meat”,

meat alternative”, or “plant meat.” Search reference date: March 18-31, 2024. Search engine: Amazon, Walmart.
All product references can be found in the Supplementary Materials.
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Table 2. Characteristics and ingredients of plant-based meat analogs

Brands Countries Names Meat Ingredients
Aellog Protein sources Fat sources Binders and stabilizers Additives (e.g,
flavorants, colorants,
and meat extenders)
Beyond  United  Beyond  Steak Wheat gluten, faba Expeller-pressed Fruit juice color, Fruit juice color, garlic
Meat States steak type bean protein, canola oil vegetable juice color, powder, natural flavor,
sunflower lecithin water onion powder,
pomegranate concentrate,
salt, vegetable juice color,
yeast extract
Beyond United  Beyond Patty Pea protein isolate Expeller-pressed Cellulose from Acetic acid, annatto
Meat States burger type canola oil, refined ~ bamboo, gum arabic, extract, ascorbic acid,
coconut oil, sunflower maltodextrin, beet juice extract,
oil methylcellulose, non-  citrus fruit extract,
GMO modified food natural flavors, salt,
starch, potato starch,  succinic acid, yeast
vegetable glycerin extract
Dojo United Plant Ground Chickpea flour, vital Chipotle powder, Rice concentrate -
Fresh States protein meat wheat gluten cumin powder, garlic
mix-taco  type powder, kosher salt,
seasoned light chili powder,
Mexican oregano,
nutritional yeast, onion
powder, paprika
Field United Chef’s Patty Vital wheat gluten, Expeller-pressed  Barley, Irish moss sea Balsamic vinegar, barley
Roast States  signature  type yellow pea flour safflower oil, organic  vegetable extract, malt, black pepper,
plant- expeller-pressed palm filtered water carrots, celery, celery
based fruit oil seed, garlic, mushrooms,
burgers naturally flavored yeast
extract, onion powder,
onions, porcini
mushroom powder, sea
salt, shiitake
mushrooms, spices
Gardein  Canada  Gardein Meatball Soy protein isolate, Canola oil Methylcellulose, water Barley malt extract,
classic type textured soy protein crushed red pepper,
meatless concentrate, vital fennel, folic acid,
meatballs wheat gluten, wheat garlic powder, natural
flour flavors, niacin, onion
powder, reduced iron,
riboflavin, salt, spices,
sugar, thiamine
mononitrate, yeast,
yeast extract
Good United Plant-  Seafood  Chickpea flour, faba Algal oil, Soy lecithin Citric acid, garlic
Catch States based type  protein, Good Catch® 6- sunflower oil powder, onion
tuna- plant protein blend (pea powder, salt, seaweed
naked in protein isolate, soy powder, yeast extract
water protein concentrate,

chickpea flour, faba
protein, lentil protein,
soy protein isolate, navy
bean powder), lentil
protein, navy bean
powder, pea protein
isolate, soy protein
concentrate, soy protein
isolate
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Table 2. Characteristics and ingredients of plant-based meat analogs (continued)

Brands  Countries Names Meat Ingredients
analogs . . . ..

Protein sources Fat sources Binders and stabilizers Additives (e.g,
flavorants, colorants,
and meat extenders)

Good United Plant- Seafood Chickpea flour, faba Algal oil, olive oil, Soy lecithin Chives, citric acid,
Catch States based tuna type  protein, Good Catch® sunflower oil garlic powder, lemon
-o0il & 6-plant protein blend juice concentrate,
herbs (pea protein isolate, soy lemon oil, onion
protein concentrate, powder, salt, seaweed
chickpea flour, faba powder, spices, yeast
protein, lentil protein, extract
soy protein isolate, navy
bean powder), lentil
protein, navy bean
powder, pea protein
isolate, soy protein
concentrate, soy protein
isolate
Hilary’s  United  Hilary’s  Patty Cooked whole Canola oil, safflower Potato starch Apple cider vinegar,
States world’s type grain millet, oil, sunflower oil dried onion,
best ground flaxseed granulated garlic, kale,
veggie sea salt, spinach, sweet
burger potato
Hoosier =~ United Textured Ground  Defatted soy flour - - -
Hill States  vegetable  meat
Farm protein type
Impossible  United Impossible Patty Soy protein Coconut oil, Methylcellulose Natural flavors, yeast
Foods States burger type concentrate, soy sunflower oil extract
patty protein isolate, soy
leghemoglobin
Loma United Plant-  Sausage Soy protein Corn oil, diglycerides, = Hydrolyzed corn Autolyzed yeast
Linda States  based big  type concentrate, defatted monoglycerides protein, hydrolyzed extract, caramel color,
franks soy flour, wheat gluten soy protein, soy dried onion, garlic
lecithin powder, natural
flavors from non-meat
sources, natural smoke
flavor, spices
Loma United  FriChik  Steak Soy protein Corn oil, soybean oil ~ Carrageenan, guar  Natural flavors from
Linda States original type concentrate, soy gum non-meat sources,
protein isolate, wheat onion powder
gluten
Loma United Vegetable Steak Textured vegetable - Water L-Lysine
Linda States skallops type  protein (wheat gluten, monohydrochloride,
soy protein monosodium
concentrate, water for glutamate, salt
hydration)
Loma United Plant-  Sausage Soy protein Corn oil Hydrolyzed corn Caramel color, garlic
Linda States based type concentrate, defatted protein, hydrolyzed soy powder, onion powder,
linketts soy flour, wheat gluten protein, soy lecithin natural smoke flavor
Plant United Hearty Steak Defatted soy flour - - -
Basics States plant type
protein -
unflavored
chunks
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Table 2. Characteristics and ingredients of plant-based meat analogs (continued)

Brands  Countries Names Meat Ingredients
analogs . . . "

Protein sources Fat sources Binders and stabilizers Additives (e.g,
flavorants, colorants,
and meat extenders)

Plant United Hearty Ground  Defatted soy flour - - -
Basics States plant meat
protein - type
unflavored
crumbles
Plant United Hearty Steak Defatted soy flour - - -
Basics States plant type
protein -
unflavored
strips
Plant United Hearty Ground  Defatted soy flour - - -
Basics States plant meat
protein-  type
unflavored
ground
Plant United Plant boss Ground Organic textured pea - Organic rice Organic black pepper,
Boss States organic meat protein concentrate organic chili pepper,
plant type organic garlic, organic
crumbles - lemon peel, organic
all- mushroom, organic
purpose onion, organic
paprika, organic
parsley, organic yeast
extract, sea salt
Primal United Primal Jerky Isolated high-fiber soy =~ Expeller-pressed - Licorice root, natural
Spirit States spirit type protein canola oil smoke flavoring,
Foods vegan natural vegetarian
jerky - spices, naturally
Texas brewed soy sauce
BBQ (water, soybeans, sea
salt), sea salt,
unrefined evaporated
cane juice, yeast
Rani United Ranisoya Nugget Defatted soya - - -
Brand States chunks type
Factory
Store
unMEAT Philippines Luncheon = Ham Soy protein Palm olein Modified vegetable  Black pepper, natural
style meat  type gum, potato starch, flavors, onion, paprika
wheat oil, potassium salt,
sugar, vinegar, yeast
extract
Verisoy  United  Verisoy  Steak Soy protein isolate, - Wheat starch, calcium Caramel color
States vegan type wheat gluten carbonate
beef

LEINNTS

Keyword: “plant-based meat”, “meat alternative” or “plant meat.” Search reference date: March 18-31, 2024. Search engine: Amazon, Walmart.
All product references can be found in the Supplementary Materials.
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Germany has a market turnover of 661 million USD and investments of 68 million USD (Airtable, 2024; Statista, 2024).
Additionally, South Korea, despite showing a lower market sales figure of 86 million USD compared to other countries, has
demonstrated significant investment with 23 million USD, indicating potential for growth through expanded support (Airtable,
2024; Statista, 2024).

The top two marketplaces with the largest global retailing (Amazon: U.S, Walmart: China, U.K, Russia, Germany, and
South Korea) were used as search engines, and the top five selling products by country were selected (Deloitte, 2023).
Hoosier Hill Farm’s “Textured vegetable protein” product was the top-selling product in China, the U.K, Germany, and South
Korea (Table 1). Plant Basics’ “Hearty Plant Protein” is the brand with the highest number of rankings, with products in
chunks, strips, and crumbles ranked in six categories (Table 1). When we checked the country of origin of the listed products,
we found that the U.S. was the most represented with 21 products, followed by Canada and the Philippines with 1 product
each (Table 2). The most common types of plant-based meat analogs sold were steak (6), ground meat (5), and patties (4),
along with sausages, hams, meatballs, nuggets, and jerky (Table 2). There were also two products listed that replaced seafood
with plant-based ingredients (“Plant-based tuna” products manufactured by Good Catch, Table 2). As mentioned earlier in
this section, almost all plant-based meat analogs contain soy-based protein, often in combination with wheat gluten (Table 2).
This is done to improve the texture of the plant-based meat analogs, and many other ingredients can be found in the
formulation, such as methylcellulose, dextrin, starch, soybean oil, glutamic acid, dietary fiber, yeast extract, salt, sugar, soy
sauce, or spices (Table 2). To compensate for the lack of fat, coconut oil, canola oil, palm oil, sunflower oil, algal oil, and
corn oil are used (Kim et al., 2019; Maningat et al., 2022; Table 2).

Plants as a food contain anti-nutritional factors (ANFs), such as trypsin inhibitors, protease inhibitors, tannins, lectins,
phytates, and saponins, which have an inhibitory effect on digestion through the inactivation of digestive enzymes and the
formation of specific sugar-protein complexes (Nowacka et al., 2023; Samtiya et al., 2020). Since most meat analogs contain
wheat or soybeans as their main ingredients, preventing ANFs that inhibit the utilization of plant-based proteins is a major
challenge to be addressed when manufacturing meat analogues. Processing methods such as fermentation, germination,
cooking, soaking, and milling can effectively reduce the impacts of ANFs, and traditional high-protein foods such as tofu,
tempeh and seitan are also foods with increased absorption rates of plant-based proteins by applying these processing
methods (Nowacka et al., 2023; Samtiya et al., 2020). Wheat or soy, which are included in plant-based meat analogs, they
have the potential to cause allergies to legumes, gluten, or wheat (Lima et al., 2023; Nowacka et al., 2023). Wheat should be
avoided by people with gluten-related disorders, such as dermatitis herpetiformis and celiac disease, an immune-mediated
intestinal disorder caused by prolamin in gluten acting as an immune-mediated reactive substance. These disorders can also
cause gluten ataxia and wheat allergy (Jones, 2016; Kim, 2019). Legumes also contain a large amount of ANFs, such as
trypsin inhibitors, tannins, and saponins, which have an inhibitory effect on digestion through the inactivation of digestive
enzymes and the formation of specific sugar—protein complexes (Nowacka et al., 2023). In addition, it is difficult to
completely mimic meat products due to the lack of texture and the presence of the distinct soy flavor, so the palatability of the
products is not as good as meat (Kumari et al., 2024; Wang et al., 2022; Yoo et al., 2020). Therefore, it is necessary to
develop technologies to reproduce the taste and texture of meat using various plant materials other than soy to develop meat

analog products similar to real meat.

Insect protein-based meat analogs

In 2013, the Food and Agriculture Organization of the United Nations (FAO) warned of a food crisis due to explosive
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population growth and global warming and proposed “edible insects” as an alternative food source (FAO, 2013). Edible
insect companies around the world are raising insects, mainly crickets, grasshoppers, and mealworms, for their use as
powders and protein extracts (Tavares et al., 2022). Insects contain approximately 7%-48% protein, with some species
containing up to 85% protein (Nowacka et al., 2023; Nowakowski et al., 2022). Additionally, mealworms, one of the most
commonly consumed edible insects, have a fat content ranging from 31.65% to 43.21% on a dry matter basis and boast an
n6/n3 ratio of 42.17, making them a high-quality energy source (Benzertiha et al., 2020). Many other insect species have also
been found to contain high levels of polyunsaturated fatty acids (Nowakowski et al., 2022). In addition to protein and fatty
acids, insects also contain higher levels of micronutrients, such as iron, zinc, and vitamin B12, compared to beef, pork, and
chicken (Smith et al., 2021). Notably, house crickets contain approximately 5.4 mg of vitamin B12 per 100 g, which is about
10 times higher than that of beef (Nowakowski et al., 2022).

One of the great advantages of insect farming is that it is less resource-intensive than traditional meat production, as it uses
relatively less water, feed, and land, and has low greenhouse gas emissions, which can minimize environmental pollution
(Akhtar and Isman, 2018; Nowacka et al., 2023; van Huis and Oonincx, 2017). In addition, insects have a high reproductive
rate and fast growth rate, making them of great value as a potential future protein source (Akhtar and Isman, 2018). In
particular, the high digestibility of insect protein (76%—98%) makes it an excellent substitute for meat protein (Nowacka et
al., 2023). In addition to their use as protein powders, insect-based meat analogs are also being incorporated into snacks such
as sweets, energy bars, and chocolates, in pasta and bread products, and their use in the development of meat analogs is
growing rapidly (Ismail et al., 2020; Kim et al., 2022). In Germany, companies such as Bold Foods and Bugfoundation have
launched protein patties made of buffalo worms (larval form of Alphitobius diaperinus), and in the the Netherlands, Protix
provides frozen and dried forms of the insect to be used in different food categories (Mancini et al., 2022; Shivanna, 2023). In
South Korea, the Korea Edible Insect Laboratory (KEIL) is one of several companies in the insect-based meat analogs
business, and large companies such as CJ Cheil Jedang and Nongshim are also researching the availability of edible insects
(Shin et al., 2018).

We surveyed insect-based products that are currently marketed as meat analogs (Table 3). We found that most of them are
sold in their original form, and there are only a few cases where they are consumed as powders, energy bars, and other
products and served as finished dishes like meat (Imathiu, 2020). Compared to other meat analogs, the variety of products
made from insect-based meat analogs is narrow as the companies tend to sell only one type of product. We identified a total
of six insect products currently marketed as meat analogs, with four using buffalo worms and two using mealworms (larval
form of Tenebrio molitor), and all containing less diverse materials compared to other edible insect species (Table 3). Among
the plant-based meat analogs, five products were in the form of patties, and one was in the form of meatballs (Table 3). All
products take the form of processed meat products that can hide the shape of insects, and various additives such as pepper,
celery, garlic, and smoky spices are used to mask the unique off-flavor of insect protein (Table 3). To compensate for the lack
of texture of insect meat analogs, the majority of the products also included plant-based ingredients, such as wheat gluten, soy
protein, chickpeas, and quinoa.

Currently, various species of insects are consumed in many countries around the world, but the actual consumption of
insect-based meat analogs is low due to the low consumer preference for insects as a material (Anusha and Negi, 2023).
Consumer sensory evaluations suggest the “unattractive” features of insect-based meat analogs are their unique rough texture
and fishy off-flavor (more fishy in terms of aroma and taste compared to traditional meat products; Mishyna et al., 2020).

However, a survey by the Spire Food Group and the North American Coalition for Insect Agriculture (NACIA) found that
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Table 3. Characteristics and ingredients of edible insect-based meat analogs

Brands Countries Products Meat Ingredients
analogs . . ..
Protein sources Fat sources Binders and Additives (e.g,
stabilizers flavorants, colorants,
and meat extenders)
Bold Germany Patty Buffalo worms Glucose syrup,  Chili, full cream powder,
Foods type (Alphitobius plant fibers garlic,
L e diaperinus), egg (wheat straw, herbs, onions
Tex mex burger white, milk protein potatoes) salt, spices, sugar
patties mit
insektenprotein
Dambhert The Patty  Chicken egg protein ~ Vegetable oil Inulin, potato Bell pepper, carrot,
Netherlands type powder, ground  (sunflower oil) fibers, water, corn, salt,
buffalo worms wheat starch white pepper
(4. diaperinus),
wheat gluten
Dambhert nutrition
insecta
groenteburger
met
buffalowormen
Essento Switzerland g =Y Meatballs Bulgur, chickpeas, = Rapeseed oil ~ Methylcellulose,  Carrots, celery, garlic,
essento’ type organic mealworms potato flakes ground tomatoes, lemon
(Tenebrio molitor), juice, onions, soy sauce
spelt, wheat gluten (water, soybeans, wheat,
salt), spices (paprika,
salt, garlic, onion,
s savory, pepper, chili,
Insect protein 0regano, rosemary,
balls mealworms thyme)
Kupfer Germany A ﬁ Patty Ground buffalo Rapeseed 0il,  Calcium alginate, Brandy vinegar, mustard
. type worms rosemary oil ~ methylcellulose, flour, smoked dextrose
(A4. diaperinus), starch, water (dextrose, smoke),
Burger patties pea protein spices, table salt
made from
insects
Yum United Patty Black beans, dried - - Garlic clove, ketchup,
Bug Kingdom type mealworms smoked paprika, spring
(T. molitor), oats onions, tamari soy sauce,
vegan smoky bacon
seasoning
ZIRP Germany Patty Ground buffalo Fried onion  Calcium alginate, Beetroot juice powder,
type worms (onion, methylcellulose, caramel sugar,
(A4. diaperinus), sunflower oil), water mushrooms, parsley,

ZIRP zuper
burger

pea protein,
quinoa flour

linseed flour

rosemary extract, sauce
(fermented rice flour,
onion juice), seasoning
salt (salt, spices), salt

Keyword: “insect-based meat” or “bug-based burger.” Search reference date: March 18-31, 2024. Search engine: Google. All product references

can be found in the Supplementary Materials.
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about 50% of Western consumers are willing to try insects in their diet (Food Dive, 2022). In addition, a survey of more than
1,000 U.S. consumers conducted by Oklahoma State University found that one-third of consumers would be willing to eat
food made using crickets if the taste and safety of the food were guaranteed (Reed et al., 2021).

Consequently, it has been suggested that the solution for improving the acceptance, production, and consumption of edible
insects lies in the development of processing technology. In fact, processing insects into powder form can increase utilization
and improve consumer preference (Sanchez-Velazquez et al., 2024). Because of the large lipid content in insects, which can
accelerate decay and make transportation and storage of raw materials difficult, it is important to utilize various processing
technologies to increase the applicability of insects as food materials (van Huis, 2022). To extract insect proteins, traditional
extraction methods using water, salt, solvents, and alkalis, as well as more modern extraction methods using enzymes,
ultrasound, microwaves, and electromagnetic fields, are being applied (Lee et al., 2024a; Pan et al., 2022). Various extraction
methods for insect proteins are effective in enhancing their functional properties. Removing fats during the extraction of
insect proteins, compared to whole insects in powder form, can improve foaming capacity and foam stability (Gravel and
Doyen, 2020). Additionally, removing chitin enhances the emulsifying properties of fats, thereby improving the application
of insect proteins as a food ingredient after processing (Purschke et al., 2018). Components such as chitin, a polysaccharide
that makes up the exoskeleton of insects, hexamerin 1B precursor found in insect hemolymph, or arginine kinase have the
potential to cause allergies (Jeong and Park, 2020; Pick et al., 2008; Srinroch et al., 2015; Yao et al., 2009). Consequently,
when using insects as food, the potential risk of allergic reactions must be kept in mind, and the product’s suitability for
consumption after manufacture must be evaluated.

The market for insect protein is steadily growing, with the global market valued at 1,230 million USD in 2023 and
projected to reach 7,620 million USD by 2033 at a compound annual growth rate (CAGR) of 20% (Precedence Research,
2024). In particular, North America held a 34% share of the insect protein market in 2023, making it the largest consumer,
and it is expected to grow at a CAGR of 20.03% through 2033 (Precedence Research, 2024). The aggressive growth of the
insect industry and increasing demand for protein are driving the necessity for mass-production technologies. Automating the
production and processing of insects can achieve cost efficiency and enhance competitiveness (Dossey et al., 2016; Kroncke
et al., 2020). Specifically, utilizing information and communications technology-based smart farms for insect rearing
monitoring and environmental control can create optimal breeding conditions, thereby promoting growth and shortening
development periods (Seok, 2022).

However, while the insect protein market in the U.S. is growing, institutional arrangements at the national level are
insufficient. The U.S. Food and Drug Administration (FDA) has stated that insects can be used as food but has not specified
particular insects. Instead, insects are considered food if they comply with existing food regulations, including pre-market
review and FDA approval (Larouche et al., 2023). In contrast, the European Union has approved crickets, mealworms, and
locusts for human consumption and has implemented stringent safety measures for producers and retailers (Bloomberg, 2021;
Stull and Patz, 2020). Therefore, the effective utilization of insect-based proteins with excellent nutritional value will require

establishing a systematic system and conducting research for full-scale product sales and market expansion.

Algae-based meat analogs

Unlike the eating habits of East Asia (e.g, Korea, China, Japan), an area where a wide variety of algae is consumed by
humans, in most countries, algae are a relatively underutilized food source due to an aversion to their texture or appearance

(Govaerts, 2023). Algae, which are classified as red, green, or brown algae based on their major pigments, have high
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concentrations of essential amino acids (Diaz et al., 2023). On a dry weight basis, red algae have been found to have a high
protein content of up to 47%, green algae 32%, and brown algae 26%, and their high yields per area make them a low-cost
alternative protein source (Forster and Radulovich, 2015; Pereira, 2011). These algae do not require land or fertilizer when
grown and play an environmentally friendly role by absorbing carbon as they grow (Sayre, 2010). Therefore, using protein-
rich algae as a main ingredient in alternative meat products can add value to discarded algae. Spirulina, a member of the
cyanobacteria family with a protein content of up to 63%, contains balanced essential amino acids and is an excellent protein
source with high digestibility (Lupatini et al., 2017; Soni et al., 2021). In order to use algae-based proteins as food
ingredients, it is necessary to increase the extraction yield and concentrate the protein through chemical extraction techniques
using enzymes, acids, and alkalis or physical extraction methods, such as freeze-thaw, osmotic shock, and compression (de
Souza Celente et al., 2023). Heme, a complex of iron and porphyrin, can be biosynthesized by algae themselves or obtained
by seawater uptake (Hogle et al., 2014). Heme molecules are structures that are also present in the myoglobin and
hemoglobin of meat. When the heme cofactor is exposed during cooking, it reacts with amino acids, vitamins, and sugars in
the tissues and acts as a catalyst to generate the characteristic flavor of meat (Fraser et al., 2018). Leghemoglobin, which can
be obtained from plants, has a similar structure to heme and has been confirmed to perform the same catalytic role. Therefore,
heme in seaweed can also be effective in imitating the flavor of meat in meat analogs using the same principle as above
(Fraser et al., 2018).

Currently, algae-based meat analogs are manufactured in a relatively diverse range of countries, including the U.S, the
Netherlands, South Korea, Thailand, Ireland, and Germany (Table 4). Seaweed-based meat-like products are often made from
kelp, seaweed, Spirulina, and carrageenan, which, in many cases, are labeled collectively as “seaweed” or “sea moss extracts”
rather than the exact variety (Table 4). This is believed to be because many countries in which the consumption of algae by
humans is rare, “seaweed” is used as the collective term without distinguishing between seaweeds, and the scientific names are
generally not listed among the food ingredients (exceptionally, there are meat analogs using scientific names in ingredients: Viva
Maris ALGEN Wiener); but it was not possible to confirm accurate information on the processing method used to obtain the
seaweed-based protein and the addition ratio. Similar to the previous type of meat analogs, most algae-based meat analogs
contain plant-based soy protein, flour, starch, sunflower oil, or methylcellulose (Table 4). Carrageenan, which is added to algae-
based meat analogs and many other meat analogs, is an algae-type hydrocolloid that is often used to bind ingredients and
improve product texture (Majzoobi et al., 2017). The addition of carrageenan can reduce drip loss by improving the water
holding capacity and hardness of sausages (meatless, low-salt, low-fat) and can be used in a variety of foods due to its excellent
gelling, emulsifying, and stabilizing effects (Garcia-Garcia and Totosaus, 2008; Majzoobi et al., 2017).

Despite these benefits, several issues need to be addressed before algae can be used as a major protein substitute. For
example, the characteristic off-odor and color of algae can reduce the sensory preference for products made from algae-based
meat analogs (Espinosa-Ramirez et al., 2023). Moreover, excessive algae consumption can lead to excessive iodine intake,
which has the potential to cause hyperthyroidism (Cherry et al., 2019). In a study involving women with an average age of
58, it was found that taking capsules containing 5 g of seaweed (Alaria esculenta), which included 475 pg of iodine daily for
7 weeks, increased serum thyroid-stimulating hormone levels from 1.69 to 2.19 pU/mL (Murai et al., 2021). This increase
can potentially lead to thyroid dysfunction. Accordingly, in the U.K, the iodine content in seaweed-containing foods is
disclosed, and iodine intake exceeding 600 pg/day is limited to prevent potential health risks (Cherry et al., 2019). Therefore,
it is crucial to control the iodine content when producing algae-based meat analogs and to avoid excessive consumption of

such ingredients. However, currently, most algae-based meat analogs are manufactured with soy, grain, or
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Table 4. Characteristics and ingredients of algae-based meat analogs

Brands Countries Products Meat Ingredients
analogs ) . o
= Protein sources ~ Fat sources Binders and Additives (e.g,
stabilizers flavorants, colorants, and
meat extenders.)
AKUA United Patty Black beans, Organic extra  Agar, konjac, Cremini mushrooms,
States type chickpea flour,  virgin olive pea starch, nutritional yeast, organic
BU kelp, pea protein oil potato starch ~ coconut aminos (organic
The kelp burger coconut nectar, organic
bundle pure coconut blossom
sap, natural unrefined
sea salt), spices, tomato
powder
Hichung Korea Meatballs Beans, radish - - Green onion, onion,
Farm e type sprouts, soaked vegetarian seasoning
seaweed
Donggeurangttaeng
with seaweed
HN Korea Croquette  Intake innocent =~ Margarine,  Flour, leavening Black pepper, diced
Novatech type vegetable mince, soybean oil, agent, modified  carrot, minced garlic,
seaweed extracted  sesame oil starch, water diced onion, other
amino acid processed products,
complex, processed grain products,
FUSCA vegetable soybeans refined salt, sauce,
croquette soy sauce, spices
sugar, yeast
Jtip Food  Thailand Meatballs  Seaweed, soy Soybean oil Konjac, -
type protein, wheat modified starch,
gluten wheat flour
Vegetarian seaweed
meat ball
Roaring Ireland Patty Irish atlantic Olive 0il ~ Buckwheat flour, Blueberry powder,
Water type wakame, textured xanthan gum garlic powder,
Sea vegetable lemon juice,
Vegetable soy-protein mixed herbs,
onion powder,
paprika, tamari
The The Patty Seaweed, soy Sunflower  Potato fiber, rice Caramelized sugar,
Dutch Netherlands type protein, wheat oil flour, thickener  dried onion, flavoring,
Weed protein (methylcellulose, lemon granulate,
Burger carrageenan, spices, yeast extract
The dutch weed modified corn
burger starch),
wheat flour
Tofurky United Sausage Faba bean protein,  Expeller- Buffer, Beetroot juice
States type flax seed flour, pressed carrageenan, concentrate, crushed
pea protein canola oil, dextrose, enzyme, chili pepper, dried
sunflower oil ~ konjac gum, brandy vinegar,

Plant-based
pepp’roni

modified cellulose
gum, tapioca
starch, water

fermented sugar,
fenugreek extract, garlic,
lactic acid, lemon juice
powder, natural flavors,
paprika juice
concentrate, salt, spices
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Table 4. Characteristics and ingredients of algae-based meat analogs (continued)

Brands Countries Products Meat Ingredients
analogs . . o
< Protein sources ~ Fat sources Binders and Additives (e.g,
stabilizers flavorants, colorants, and
meat extenders.)

Umaro United E 4 Bacon Protein blend Coconut oil, - Cane sugar, natural
Foods States type (chickpea protein,  high oleic flavor, paprika extract,

seaweed protein),  sunflower sea salt, vegetable juice

sea moss extracts oil added for color

(agar, carrageenan)

Umaro plant-based
vegan applewood

bacon
Vegan The JEGAN @ Seafood - Soybean Humectant Acidity regulator
Finest Netherlands . type oil (D-sorbitol), (calcium hydroxide,
Foods . water, calcium oxide, sodium
. wheat fiber carbonate), flavorings,
i : '\i‘ humectant (D-sorbitol),
W ‘ fy0 * paprika extract, salt,
o s ol sugar, yeast extract
King no crab powder
Viva Germany Sausage Saccharina Rapeseed  Starch, thickener Beechwood smoke,
Maris type latissima, potato oil (methylcellulose),  citric acid, dextrose,
GmbH protein, pea cellulose, sea salt, sodium
protein, seaweed processed gluconate,
euchema algae, spice extracts, spices,
S. latissima, sucrose,
Viva maris ALGEN water, pea flour table salt

wiener

LLIT3

Keyword: “algae meat”, “marine plant-based meat analogs,” or “seaweed meat”. Search reference date: March 18-31, 2024. Search engine:
Google. All product references can be found in the Supplementary Materials.

>

their derived proteins, as well as various types of vegetables (Table 4). Phytochemicals in vegetables containing chlorine (e.g,
isothiocyanates from cruciferous plants such as broccoli and cabbage, isoflavones from soybeans) can inhibit the absorption
of iodine, and consuming seaweed as an extract (e.g, in broth) can reduce iodine intake by about 50% (Murai et al., 2021;
Zava and Zava, 2011). The risk of contaminants from marine pollution should also be considered, as heavy metals can be
adsorbed and present on the surface of algae, and there is a risk of heavy metal poisoning in cases of excessive consumption
(Nowacka et al., 2023; Wells et al., 2017). Consideration must also be given to components such as phycobiliprotein and
phycoerythrin in red algae, which are potentially allergenic (Thiviya et al., 2022). However, seaweed is a material that can
provide excellent protein. Although the possibility of these ingredients remaining in the process of processing seaweed into
food is relatively low, the above dangerous ingredients can be screened out in the process of verifying the food safety of the
final product as a meat protein analog. Additionally, it will be important to identify safe algae-based meat analog

manufacturing methods through research on the safety and tolerability of processed algae-based proteins.

Mycoprotein-based meat analogs
Mycoprotein-based meat analogs are a common ingredient for making meat analogs (Saeed et al., 2023). Extracted from
mushrooms or molds, mycoproteins can be obtained in large quantities at the laboratory level by fermenting fungal mycelium

on a carbohydrate substrate (Saeed et al., 2023). Mycoprotein contains essential amino acids, such as leucine, valine, and
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threonine, and it provides 44 g of protein and 24 g of fiber per 100 g of dry weight (Saced et al., 2023). Notably, the high
fiber content in mycoprotein forms delicate layered structures and fiber—gel complexes, which effectively mimic the texture
of meat analogs, especially chicken breast (Hashempour-Baltork et al., 2020; Kurek et al., 2022). Various fungi strains are
used in mycoprotein production, and they exhibit diverse quality characteristics depending on the fungi type and fermentation
conditions (Hashempour-Baltork et al., 2020). Koji protein is produced by solid-state fermentation of A. oryzae and is a
representative mycoprotein and a high-protein food (Daba et al., 2021). Mycoprotein derived from A. oryzae represents a
protein content of 37%—44%, whereas raw mushrooms have a protein content of 1%—5% (Manzi et al., 1999; Rousta et al.,
2021). Additionally, it also offers numerous benefits, such as a rich vitamin content, high energy efficiency, and relatively
low calories count, and it has higher essential amino acids than plant-based protein because of its high protein digestibility-
corrected amino acid score (Gamarra-Castillo et al., 2022; Hashempour-Baltork et al., 2020; Majumder et al., 2024). Quorn, a
multinational food company specializing in the production of products made from mycoprotein, currently sells its products in
17 countries, including the U.S., the U.K, and Australia, so its market penetration rate is already relatively high (Finnigan et
al., 2019).

In our research of mycoprotein-based products, we identified several mushroom-based meat analogs, but we did not
specify these products (data not shown). This is because, as mentioned above, raw mushrooms have a low protein content and
are often added to improve the texture of vegan products rather than to replace the protein in traditional meats. Our research
shows that there are currently nine companies selling mycoprotein, four of which are based in the U.S. (Table 5). The
products were added with mycoprotein-based meat analogs labeled as mycelium, mycoprotein, Fy Protein™ (Nutritional
Fungi Protein), koji, and others (Table 5). Interestingly, one of the mycoprotein-based products is a protein replacement for
tempeh—one of the traditional non- meat analogs—with 30% of the ingredients being mycoprotein (Table 5). Mycoprotein-
based meat analog substitutes also contain a mix of milk protein, soy protein, and starch, and the lack of fat is met by canola,
olive, coconut, sunflower, and palm oil (Table 5). Among the mycoprotein-based meat analogs, there is a greater number of
bacon, ham, roast meat, and other forms of meat in which meat texture is of particular importance to acceptability (Table 5).

Although mycoprotein is relatively simple to use, its large-scale production using culture methods, such as solid-state
fermentation, submerged fermentation, and surface culture, is capital-intensive and requires safety verification of food by-
products that can be utilized during solid-state fermentation (Majumder et al., 2024). In addition, continuous consumption of
mycoprotein has the potential to cause nausea, vomiting, diarrhea, hives, and anaphylactic shock due to mycelium-based
toxins, such as aflatoxin, mycotoxin, and fumonisin (Hashempour-Baltork et al., 2020; Jacobson and DePorter, 2018).
Nevertheless, the growth prospects for mycoprotein are bright, as it contains enough protein to replace meat protein and is a
useful ingredient for mimicking meat-like textures, which is one of the main challenges manufacturers face when developing
convincing meat analogs. Meat analogs manufactured by mixing mycoprotein and proteins based on other raw materials can

be effective in supplementing nutritional and taste aspects and complementing the texture of the product.

Cell-based meat analogs

Cell-based meat analogs are obtained by isolating stem cells from living animal tissues and growing them using cellular
engineering techniques. Cell-based meat analogs have been studied since the early 20th century, starting with embryonic
chick heart muscle (Carrel, 1912; Lee et al., 2024c). In 2013, Mark Post introduced cell-based meat analogs made from
cultured cow tissue cells (Mosa Meat, 2013), and the world’s first hamburger made from cell-based meat analog was tasted

(Post, 2014a; Post, 2014b). In 2016, U.S. startup Upside Foods (formerly known as Memphis Meats) introduced the first
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Table 5. Characteristics and ingredients of mycoprotein-based meat analogs

Brands Countries Products Meat Ingredients
analogs . . .-
Protein sources Fat sources Binders and Additives (e.g,
stabilizers flavorants, colorants,
and meat extenders)
Eat United Cutlet Chickpea flour, Canola oil Acacia gum, Dried garlic, dried onion,
Meati States type  MushroomRoot™ rice flour, natural flavor, paprika,
(mycelium), oar xanthan gum paprika extract, spice,
fiber, potato protein yellow corn flour
Eat meati classic
cutlets
Libre Spain Bacon  Oyster mushrooms Virgin olive Carrageenan, Carrot, natural
Foods type (Pleurotus oil konjac gum flavorings, paprika
ostreatus) 15%, concentrate, radish,
pea protein, smoked flavoring,
tapioca starch vinegar
MyForest  United Bacon Organic mushroom Organic - Natural flavoring,
Foods States type mycelium coconut oil organic sugar, salt
Nature’s  United Patty Fy Protein™ High oleic Carrageenan,  Black pepper, fruit juice
Fynd States type (nutritional fungi sunflower oil ethyl cellulose, color, lactic acid, natural
\ EBoEn protein), hydrolyzed modified food  flavors, onion powder,
. rice protein, soy starch salt, spices, vinegar,
Meadess Fy : protein copqcntrate, yeast extract
breakfast patties soy protein isolate
Prime United Ham Koji culture, pea Rice bran oil, Calcium Garlic powder, hydrated
Roots States type fiber, rice, water sesame oil carbonate, lime, natural flavor,
konjac root flour, natural smoke flavor,
sea salt onion powder, sodium
ascorbate, spices, yeast
Classic smoked
koji turkey
Quorn United Roast  Mycoprotein, milk Palm oil Calcium acetate, Gluten-free roasted
Kingdom meat  proteins, rehydrated calcium chloride, barley malt extract,
: - type free-range egg white pea fiber natural flavorings
Quorn vegetarian
beef roast
Revo Austria 0 Seafood Mycoprotein, soy Sunflower oil, Carrageenan, Flavorings, iron oxide,
Foods type protein extrudate DHA- and methylcellulose lycopene
(water, soy protein EPA-rich oil
? concentrate), from microalgae
rapeseed protein  Schizochytrium
sp.
THE FILET 3D
structured
Schouten The Nugget Mycoprotein, Vegetable oils ~ Methylcellulose Natural flavoring, spices
Food Netherlands type vegetable protein (sunflower,
(wheat, pea) rapeseed in
o varying
Mycoprotein proportions)
nuggets
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Table 5. Characteristics and ingredients of mycoprotein-based meat analogs (continued)

Brands Countries Products Meat Ingredients
analogs . . .
& Protein sources Fat sources Binders and Additives (e.g,
stabilizers flavorants, colorants,

and meat extenders)

Tempty  Denmark Tempeh Mycoprotein Sunflower oil Psyllium husk Black pepper, dried
Foods type parsley, onion powder,
salt

Tempty original

LIS

Keyword: “fungi-based meat”, “mycoprotein-based meat,” or “product of mycoprotein-based meat”. Search reference date: March 18-31, 2024.
Search engine: Google. All product references can be found in the Supplementary Materials.

meatballs made from beef cell-based meat analogs. The following year, the world’s first cultured chicken and duck meat were
created, and in December 2018, Israel’s Aleph Farms produced the first laboratory-grown muscle-like pork steak (Business
Insider, 2016; Dezzen, 2018; FoodNavigator-USA, 2017; Lee et al., 2023a). Then, Eat Just, another U.S. startup, produced
chicken cell-based meat analogs, a blend of 70% cultured chicken cells and plant protein, and in December 2020, became the
first company in the world to receive a formal license from the Singapore Food Authority (SFA) to produce and sell chicken
cell-based meat analogs (The Guardian, 2020). In June 2023, chicken cell-based meat analogs developed by Upside Foods
and Eat Just’s subsidiary, GOOD Meat, were approved for marketing by the U.S. Department of Agriculture (USDA) and the
FDA, respectively, indicating the potential for further commercialization of the cell-based meat analogs industry (Reuters,
2023).

Because there are no commercially available cell-based meat analogs, we examined the number of cell-based meat analog
prototypes announced by companies over a 5-year period from April 2019 to March 2024 (Table 6). Of the total 24 products,
the U.S. announced the most prototypes (7), followed by South Korea with 6 (Table 6). We also found that cell-based meat
analogs often do not clearly specify the form of the product being marketed, so in these cases, we categorized the product as
“meat.” Eight of the products were beef, four were chicken, three were pork, and one was foie gras (Table 6). Unusually,
seafood accounted for 25% of the total products (6), indicating a relatively high proportion of seafood substitute meat
development, and the types of seafood substitutes included salmon, tuna, shrimp, and lobster (Table 6). We also found that
cell-based meat analogs, like other meat analogs, are often blended with plant-based protein ingredients, probably to
compensate for the scarcity of cell-based meat analogs, which are relatively more expensive to produce, rather than to
compensate for product texture, as with other meat analogs (Table 6). Consequently, we were unable to determine the actual
amount of cell-based meat analog protein in almost all of the cell-based meat analogs we examined (Table 6).

Cell-based meat analogs can theoretically be produced without the slaughter of animals, and in this context, they have the
potential to reduce religious restrictions, the use of soil and water resources, and the risk of livestock infectious diseases (Bhat
et al., 2014; Lee et al., 2023a). Cell-based meat analogs are also listed as one of the sustainable foods not only because
nutritionally beneficial meats can be selected and produced in the production process but also because cells are cultured in
vitro, so they are not affected by external environmental factors and can be continuously produced in a certain quantity (Bhat
et al., 2014; Kepnews, 2021). However, despite the various potential benefits of cell-based meat analogs, there are technical
limitations to their commercialization, such as a long production process and high cost compared to plant-based meat analogs
(Lee and Kim, 2018). More research is needed to overcome these limitations. Additionally, research on cell-based meat

analogs is primarily focused on innovations for scalable muscle tissue culture, with fat, blood, and connective tissue also
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Table 6. Characteristics and ingredients of cell-based meat analogs

Brand Country Product Meat analogs Manufacturing technology

Aleph Farms Israel Steak (beef) type Fertilized cow eggs are used, and young cells are cultured in
a separate incubator to mature into various cell types.
Additionally, a plant protein matrix is used to form the shape
and texture.

BlueNalu United Seafood (tuna) type  After obtaining and cultivating various cell types from the

States desired fish species, the cells are concentrated to form

seafood parts.

Bluu Germany Pp— Seafood (salmon) type Cell-based meat analogs produced with non-GMO trout and

Biosciences salmon cell lines using animal serum-free growth media.

A s
CellMEAT South Korea [ "™ Seafood (shrimp) type Development of cell line production technology to produce

e,

_

&

cell-based meat analogs, serum-free cell culture fluid source
technology, and support physical texture realization technology
using engineering technology.

DaNAgreen  South Korea .

! Meat (beef) type

Muscle tissue culture using a three-dimensional (3D) scaffold
derived from vegetable protein.

Finless Foods United Seafood (tuna) type  Cell-based meat analogs are manufactured through the
States differentiation of bluefin tuna tissue-derived cells.

Fork & Good United Ground meat (pork) Increased yield and production density by growing without a
States type scaffold through a patented biological process.

Future Meat Israel Meat (chicken) type A floating cultivation method and plant-based meat analogs

Technologies based scaffolds for adipogenic differentiation.

GOOD Meat United Meat (chicken) type  Immortalized cells grow and differentiate in culture. Afterward,
States processing (e.g, molding and 3D printing) is performed.

Gourmey France Foie gras (duck) type Stem cells from duck eggs are cultured, and cultured cells

are harvested to produce products.
Joes Future China Cell-based meat analogs are produced using low-cost serum-

Food

free medium, carrier-free cell suspension culture, and multi-
channel precision control-based cell-based meat analogs
printing.
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Table 6. Characteristics and ingredients of cell-based meat analogs (continued)

Manufacturing technology

Developing and refining its process to grow cell-based meat
analogs using opti-ox™ technology without ever needing to
use fetal bovine serum (FBS).

Creation of meat fiber texture based on extruding paste
material through a narrow nozzle.

Producing cultured fat intended for addition to plant-based
meat analog animal products.

Selected meat cells are cultured in a growth medium that
does not contain animal ingredients, differentiated, and
myotubes are placed in a gel composed of 99% water to
grow into tissue.

Research on 3D printer technology for the production of
cell-based meat analogs and the development of technology
to overcome antibiotic resistance.

ACe-gel (algae-based cell culture gel) is developed and used
as the basis for cell-based meat analogs, and the cell culture
medium also uses microalgae to replace FBS.

Cells are matured by culturing them in a nutrient-rich culture
medium.

Muscle tissue is created using an edible scaffold of muscle
stem cells extracted from cows, pigs, and chickens by means
of muscle stem cell culture techniques specialized for each
livestock species, using a 3D differentiation technique. Mass
culture optimization shortens the cell culture period and
increases cell culture yield.

Cells constituting chicken muscle, fat, and tissue are collected
and cultured in a meat fermenter that provides an
appropriate environment.

Selected cells are obtained from muscle and fat tissue, and
the meat is cultured by supplying nutrients in a sterilized
incubator that resembles a beer fermentation tank.

Brand Country Product Meat analogs
Meatable The — Sausage (pork) type
Netherlands m
Steakholder Israel
Foods
Mission Barns ~ United Bacon type
States
Mosa Meat The Patty (beef) type
Netherlands
HN Novatech South Korea Meat (beef) type
SeaWith South Korea Meat (beef) type
Shiok Meats Singapore & Seafood (lobster) type
D,
Space F South Korea Sausage (pork) type
SuperMeat Israel Meat (chicken) type
TissenBio South Korea Meat (beef) type
Farm
Upside Foods United Meat (chicken) type
States

Primary cells are obtained, and cell lines are formed and
cultured with the same nutrients needed in the animal body.

50



Ingredients of Commercial Meat Analogs

Table 6. Characteristics and ingredients of cell-based meat analogs (continued)

Brand Country Product Meat analogs Manufacturing technology
Vow Food Australia Ygg } Meat (beef) type Meat product production and animal cell culture.
ot
Wildtype United Seafood (salmon) type Cells collected from salmon are cultured in an incubator
States similar to a fermentation tank used in brewing, then

harvested and combined with plant ingredients.

”» <

Keyword: “cell-based meat analogs”, “cultivated meat,” or “cell-based meat analogs technology”. Search reference date: March 18-31, 2024.
Search engine: Google, Google Scholar. All product references can be found in the Supplementary Materials.

being important but often overlooked components of this technology (Slate, 2015). In addition, there are limitations to
developing serum-free cell culture media or replacing other animal-derived additives that are essential for cell culture (Stout
et al., 2022). Finally, in order for cell-based meat analogs to be commercialized as a new food source, they must adhere to
food certification procedures, and it is necessary to establish standards for safety and nutritional content (Mariano et al., 2023;

Oh et al., 2021).

Future Perspectives

Interest in meat analogs has been gradually increasing, and the global alternative food market size has accelerated and is
estimated to reach 290 billion USD by 2035 (Tyndall et al., 2024). In addition, if meat analogs that perfectly mimic
traditional meat are developed, the continued growth of the meat analogs market can be accelerated. However, several factors
are hindering the market growth of currently produced meat substitutes. A representative example is that they do not perfectly
embody the sensory characteristics of traditional meat, such as texture, aroma, color, and flavor. In response, research and
technology development of processing technologies, raw materials, and additives to increase consumer satisfaction and
preference are actively being conducted worldwide (Xiong, 2023). In order to improve the texture of meat substitutes,
delicate processing technologies and additives, such as binders, are being developed to replicate the long and thick fiber
structure characteristic of animal proteins (Ozturk and Hamaker, 2023). Regarding the processing technology for plant-based
alternative foods, various processing methods such as extrusion, electrospinning, freeze-structuring, shear cell technology,
and 3D printing have been developed to form a more solid fiber structure (Dinali et al., 2024; Ozturk and Hamaker, 2023). In
particular, the extrusion method is a method of structuring through mixing melted protein molecules under high temperature,
high pressure, and shear conditions, and low-moisture and high-moisture extrusion methods are widely used because of their
high resource- and energy-efficiency (Dinali et al., 2024; Schmid et al., 2022). Additives are also used to increase the binding
strength of plant-based alternative meat, which easily collapses due to low hardness and viscoelasticity (Marczak and
Mendes, 2024). Additives act as binders when forming fiber structures, and methylcellulose and wheat gluten, which have the
characteristics of high binding strength, low cost, and high availability, are widely used. However, methylcellulose is
chemically synthesized from cellulose using a concentrated sodium hydroxide solution, and wheat gluten may cause allergies
in consumers, which may raise concerns about food safety (Ozturk and Hamaker, 2023). Therefore, to avoid such concerns,
natural additives, such as corn zein or dietary fiber, can be developed to maintain the fibrous structure of alternative meat

foods and increase hardness, texture, and mouthfeel (Marczak and Mendes, 2024; Ozturk and Hamaker, 2023; Twarogowska

51



Food Science of Animal Resources Vol. 45, No. 1, 2025

et al., 2022). In a study by Ong et al. (2021), it was discovered that one of the plants, jackfruit (Artocarpus heterophyllus),
has a structure that can mimic marbling in meat, and a cultured meat scaffold was manufactured using color changes caused
by the oxidation of natural polyphenols hidden in the vacuoles of jackfruit cells. The development of these additives can be
used to improve the texture and mouthfeel of alternative meat products, as well as the color and remove off-flavors (Ong et
al., 2021). Off-flavors and colors are factors that greatly affect consumer preference in sensory evaluations. Off-flavors are
mainly removed using spices with antioxidant properties, which delay oxidation reactions and the Maillard reaction involved
in flavor formation, thereby reducing unpleasant volatile compounds (Yuan et al., 2023). In order to imitate a color similar to
cooked meat, natural colorants and leghemoglobin are used (Ryu et al., 2023). Mishyna et al. (2020) removed off-flavors
using spices and herbs, such as garlic, basil, chili, and lemongrass, in insect-based alternative foods and representative plant-
based alternative food brands. Beyond Burger® and Impossible Burger® mimicked the color of traditional meat using beet
juice/powder or soy leghemoglobin (Gastaldello et al., 2022; Mishyna et al., 2020). Finally, flavor is an important sensory
characteristic that determines the quality of traditional meat, and flavor ingredients are essential in meat-like products because
they act as a texture and binding agent. In order to mimic the flavor of meat, proteins and fats are processed by mixing them
appropriately. As briefly mentioned in the mechanism of removing off-flavors above, flavors are changed by volatile or
nonvolatile compounds generated by pathways such as oxidation reactions and the Maillard reaction. Because these
compounds also originate from fatty acid oxidation processes, fat is important in determining flavor (Yuan et al., 2023).
Vegetable oils, which are used as raw materials to replace animal fats, provide excellent health benefits and processing
properties. These vegetable oils can be mixed with polysaccharides and then processed into proteins to obtain a
protein—polysaccharide network structure, which can enhance the binding effect of fat and protein and improve the shape,
texture, and flavor (Zhao et al., 2022). A study by Lee et al. (2024b) designed compounds of flavor components released
when traditional meat is cooked and applied them to the scaffold, showing that the flavor properties of cultured meat were
similar to those of beef:

Awareness of meat analogs can act as an important factor in changing consumer dietary preferences. Results from a survey
of Dutch and Finnish consumers showed that the intention to purchase plant-based meat analogs was relatively high due to
the traditionally consumed products, such as tofu and tempeh, but this was not the case for cell-based meat analogs (van Dijk
et al., 2023). In addition, vegetarians, flexitarians, or even vegans are more likely to become the largest consumers of meat
analog compared to omnivores, and many are already considering consuming alternative proteins instead of meat (Joseph et
al., 2020; van Dijk et al., 2023). Analyses of the characteristics of meat analog consumption groups can help strategically
promote meat analogs and expand the market. Conflicts with the traditional livestock industry are one of the biggest factors
hindering the sales and market growth of meat analogs (Lee et al., 2023b). Traditional meat producers around the world are
opposing the use of the term “meat” to refer to meat analogs, arguing that it could cause confusion among consumers (Lee et
al., 2023b). Therefore, appropriate support and regulatory measures from each government ministry are needed for the
development of the alternative food industry. These include setting standards for distinguishing between traditional meat and
meat analogs, selecting relevant government agencies, and enacting laws related to meat analogs. Moreover, it will require
verification of the safety of consumption of meat analogs, selection of the name of meat analogs (e.g, meat, egg, milk), and
the establishment of management standards according to the content of traditional/alternative mixed meat (Lee et al., 2024a).

Nevertheless, the growth potential of the meat analog market appears bright. In 2022, the global plant-based beef market
was valued at 2.1 billion USD, and the plant-based pork market was valued at 1.8 billion USD (Caputo et al., 2024). Looking
ahead, it is expected that by 2040, the meat analog market could replace 60% of global meat consumption (Lee et al., 2023a).
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While the market growth rate of traditional meat analogs, such as tofu, tempeh, and seitan, is only 5%—6%, the growth
potential of the plant-based meat analog market is much higher at 13%-35% (Caputo et al., 2024). In addition, cell-based
meat analogs have been approved for sale in the U.S. and Singapore, and are expected to generate sales of more than USD
300 million by 2028, centered on the North American market (Caputo et al., 2024; Lee et al., 2023a). In line with this trend,
research into the development of meat analogs should continue. Finally, the development of meat and dairy alternative foods
as potential substitutes for animal-sourced foods may impact the overall food market due to changes in food trends,

innovative alternative protein materials, and new sales and distribution methods.

Summary

In this study, we examined traditional and emerging technologies and product formulations for meat analogs. We found a
significant number of plant-based, edible insect-based, algae-based, mycoprotein-based, and cell-based meat analogs on the
market. However, it was not possible to determine the amount of cell-based protein in cell-based meat analogs, and none
were officially marketed. Plant-based meat analogs were almost always based on soy protein and combined with other
ingredients, including wheat gluten. Insect-based meat analogs were more likely to be processed from larval forms rather than
adult insects and contained a combination of soy protein, gluten, and starch. Following commercialized plant-based meat
products, mycoprotein-based meat products were the second largest category, and texture based on mycoprotein
characteristics was an important aspect of many products. Algae-based meat analogs were often not clearly labeled as such,
and, in general, these products were formulated with many types of binding agents (e.g, wheat gluten, starch, carrageenan),
flavors, and spices to compensate for the lack of meat flavor or texture. Products containing cell-based meat analogs are not
limited to animal products; many seafood products have been investigated, including salmon, tuna, shrimp, and lobster.
However, at the time of writing, most of the cell-based meat analogs are still at the prototype stage. This study found that the
various meat analogs are similar in composition and often use a mixture of alternative protein sources from different sources
to replace meat protein. However, these products have not yet been evaluated as better than traditional meat products in the
market, and further research on the development of new ingredients, formulation methods, or manufacturing technologies is
needed to develop meat analogs. In the case of cell-based meat analogs, it is expected that research will continue to be needed
to produce them in large quantities in order to increase the proportion of cell-based meat analog ingredients in food products

and, thus, confirm their feasibility as alternative protein sources.
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