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Introduction

Population growth and improvement of socioeconomic

conditions worldwide have increased the need for meat and

animal-based goods. It is anticipated that the world population

will increase from 7.5 billion people currently to 10 billion

people by 2050. As a result, the demand for protein may

double the existing supply. Considering the unsustainability

of traditional meat production methods, scientists have been

seeking alternative protein sources (Stephens et al. 2018;

Gaydhane et al. 2018). According to the Food and Agriculture

Organization of the United Nations (FAO 2011), 70% more

food will be required by 2050 to meet the expanding

population needs, which is a huge problem owing to limited

resources and agricultural land. For centuries, people have

relied on conventional meat production methods (raising and

slaughtering whole animals). However, this process is time-

consuming and wasteful and causes environmental pollution.

Furthermore, outbreaks of Ebola, avian influenza, and other

livestock diseases have introduced an element of uncertainty

in traditional animal farming. So, it is crucial to establish a

meat production plan that is highly efficient, environmentally

friendly, and long-lasting (Godfray et al. 2018).

Cultured muscle cells have recently started to be tested as

a substitute for meat. Muscle-derived cells from slaughtered

animals are the primary cell source used to generate cultured

meat, which is also referred to as in vitro meat or alternative

meat. It is believed that cultured meat technologies can

enhance or substantially replace existing animal production

practices; therefore, this technology has gained a lot of

interest (Xin et al. 2021). Among alternative protein sources,

cultured meat has the potential to minimize the use of meat

from animals in the long run. Cultured meat has also been

regarded as a possible way to alleviate cattle farming

challenges, as it has the advantages of requiring less water,

emitting less greenhouse gases, and reducing pollutant risks.

According to Tuomisto et al. (2011), cultured meat has

approximately 78-96% lower greenhouse gas emissions than
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traditionally manufactured beef, sheep, pork, and poultry, as

well as 99% less land use, 82-96% less water use, and 7-45%

less energy use, depending on the comparison between the

cultured meat product and the type of conventionally

produced meat.

To demonstrate the safety of cultured meat, it is necessary

to understand its manufacturing process. As this information

is gathered and analyzed, it becomes easier to determine

potential problems and areas where better practices can be

implemented. An assessment of the manufacturing process is

required to ensure the safety of cultured meat products.

Possible risks should be identified in each phase of the

cultured meat manufacturing process and examined for their

potential impact on food safety, human health, and environ-

mental consequences. In this review, we discuss the most

prevalent manufacturing techniques, tools, and ingredients

used in cultured meat production, potential risks associated

with product safety, and accessible methods for assessing

food safety. Overall, a number of factors must be considered

before cell-cultured beef products can be safely manufactured

and commercialized.

Cultured meat

A type of meat produced using animal cell cultures grown

in vitro is known as cultured meat. (Datar et al. 2010). It is

a type of cellular agriculture in its basic form. Various terms

are used to describe meat produced using in vitro techniques,

including clean, cell-based, cultivated, in vitro, synthetic, and

lab-grown meat. This type of meat is produced using

techniques that do not require the use of whole animals; it is

generated in a bioreactor using tissue engineering techniques

(Bhat & Fayaz 2011; Stephens et al. 2018; Tiberius et al.

2019). The benefits of cultured meat outweigh the disadvantages

of regular meat, such as cost, animal welfare ethics, resource

scarcity, and public health concerns (Bhat et al. 2017;

Stephens et al. 2018). Frederick Edwin Smith and Winston

Churchill first proposed the concept of cultured meat as an

alternative to regular meat in the 1930s (Arshad et al. 2017).

In the early 2000s, the National Aeronautics and Space

Administration first proposed a laboratory examination of

cultured meat with the goal of cultivating myoblasts in

suspension culture as a sustainable supply system for long-

term spaceflights and space stations (Benjaminson et al.

2002; Wolfson 2002).

Cultured meat production process

According to Xin et al. (2021), the cultured meat production

method is a combination of cellular development and food

manufacturing procedures that produce a consumable meat

product. It may be categorized into four major stages: (1)

collection of target cells, (2) multiplication of cells on a

massive scale, (3) differentiation of seed cells into muscle

fibers, adipose tissues, or other matured cellular components

in myocytes, and (4) integration and processing of all

produced cells into meat. Detailed information on each step

is as follows:

Step 1: Seed cells are animal cells that have the ability to

multiply and form myofibroblasts, adipose tissues, and other

cellular components that comprise muscular tissue <Figure

1>. These cells are sometimes referred to as stem cells

because of their ability to multiply and form muscle tissue.

Different types of stem cells, including embryonic stem cells,

induced pluripotent stem cells, skeletal stem cells, and

mesenchymal stem cells, have been proposed as potential

seed cells (Díaz-Flores et al. 2006; Williams et al. 2012;

Kadim et al. 2015; Genovese et al. 2017). Transdifferentiation

or dedifferentiation of adult cells, for instance, fibroblasts,

can produce myoblasts and lipoblasts (Kazama et al. 2008;

Boularaoui et al. 2018). Animal tissue samples can be easily

isolated, mechanically disrupted, and purified by flow

sorting using surface markers to obtain these cells (Ding et

al. 2017). Multiple cell types can be employed to generate

cultured meat, but each one requires a unique proliferation

and differentiation method based on its developmental

properties (Stephens et al. 2018; Fish et al. 2020; Zhang et

al. 2020).

Step 2: To obtain a large number of cells from seed cells,

they must be multiplied after they are obtained. As lab-scale

culture is insufficient to meet market demand, a large-scale

fermentation device is required (Post et al. 2020). The

procedure should also employ a cost-effective, non-serum-

containing media, and a variety of indicators, including pH,

dissolved oxygen and carbon dioxide, proportion of key

nutrients, and metabolic product streams, need to be continuously

monitored (Allan et al. 2019). Medium recycling with

continuous disposal of harmful contaminants and replacement

of nutrients based on monitoring output is also essential to

maximize the use of resources and control manufacturing

costs.
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Step 3: Differentiation into myoblasts or other matured

muscular tissue cell types is carried out after the appropriate

number of cells has been obtained. It is important to assess

the maturity level of the produced cells at this stage since

features such as protein structure, fatty acid composition, and

vitamin levels are influenced by cell maturity (Liu 2019).

The myofiber diameter, length, and protein content of living

animals can vary considerably depending on their growth

conditions and may be significantly lower than those of

actual muscle fibers. Despite this, muscular stem cells are

thought to have considerable myogenic capacity to differentiate

(Park et al. 2016; Braga et al. 2017; Lamarche et al. 2021).

Thus, optimizing differentiation conditions and increasing

the maturation of differentiated cells in accordance with the

principle of in vivo muscle tissue formation is essential.

Step 4: In the final phase of cultured meat manufacturing

process, all harvested matured cells are processed in various

ways, such as shaping, dyeing, and seasoning, before being

transformed into the finished cultured meat product (Zhao et

al. 2019). As the usual culturing method can only produce a

thin double cell layer, it is necessary to combine myofibers

and adipose tissues, and possibly collagenous cells, to obtain

a marbled and textured meat (Stephens et al. 2018).

Furthermore, the shaping step can be incorporated into Stage

3, which involves co-culturing different cell types in a

biomimetic three-dimensional (3D) atmosphere created by a

scaffolding or hydrogel (Tuomisto 2019). In addition,

improvements in 3D bioprinting technology allow the

creation of large-scale muscle tissue composites using

mitochondrial hydrogels (Kang et al. 2016). Finally, after

food treatment, for example, addition of heme proteins and

flavoring compounds, the finished product is obtained.

Food safety and health issues in the cultured 

meat production process

Thorough examination of the raw materials, intermediate

products, and final products of cultured meat production

systems is necessary to detect potential safety risks. These

are identified at each process step; certain risks may be

present at any point during the process, whereas some may

be particular to a single process step or even a single

manufacturing method.

According to the findings of a recent exploratory

qualitative study conducted by Ketelings et al. (2021),

certain aspects of cultured meat demand greater attention

from scholars in order to assure the maximum protection for

consumers. Recently, research on cultured meat mostly

focuses on manufacturing operations (such as cell collection,

growth medium composition, biological agents, and digesters),

as well as consumer perceptions and legal requirements.

However, to bring cultured meat to the consumer’s plate,

studies on the various safety elements of cell-cultured meat

are vital. In the following subsections, we discuss in detail

the sources of potential hazards and their impact on food

safety.

Figure 1. Production process of cultured meat (Xin et al. 2021).
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1. Source animal

The first step in the cultured meat production process

involves selecting the source animal. For the end product to

be safe, the animal must be disease free. For instance, animal

leukemia viruses, such as the bovine leukemia virus, are

commonly detected in cattle (Polat et al. 2017) and can

spread to humans through infected meat consumption

(Buehring et al. 2019). Researchers believe that some viruses

may be capable of spreading and/or surviving in certain

circumstances (Graves & Ferrer 1976; Gillet et al. 2004). It

is also important to investigate the existence of zoonotic

viruses (viruses capable of spreading from animals to

humans) and their propensity to persist or multiply during

cultured meat production. After choosing a disease-free

animal, crucial steps are cell selection/screening and

modifying/ adapting cell lines.

2. Microbiological contamination by bacteria, toxins, and

viruses during the manufacturing process

Compared to conventional meat, cultured meat is less

vulnerable to infection, degradation, and spoilage because of

the aseptic and regulated environment in which the production

takes place (Genovese et al. 2011). Different types of

pathogenic bacteria found in gastrointestinal tracts and

excrements of living animals can contaminate conventional

meat, making it unsuitable for human consumption (Rhoades

et al. 2009). Thus, cultured beef may have a longer shelf life;

nevertheless, contamination can occur at any point throughout

the manufacturing process and must be regulated. In order to

avoid contamination, extra attention is required during

critical manufacturing procedures. For example, bacteria

(including mycoplasma), fungi, and viruses may be present

in raw materials and additional chemicals, which if introduced

into the cell culture, may cause cell contamination. Because

of this, ensuring the identification, quality, and (where

possible) cleanliness of the ingredients, as well as evaluating

their safety, is critical for ensuring the quality of the end

product. Impurities must be avoided during cell storage,

handling, preparation, transfer, interaction with infectious

materials, or immersion in water baths to ensure that

pollutants are not introduced into the cells (Fountain et al.

1997; Cobo et al. 2005; Thirumala et al. 2009). To improve

the safety and control of hazardous pollutants, fully enclosed

equipment is preferred. Special attention should be paid to

plastics, strainers, covering equipment, packing materials,

and cleaning agents, which contain leachable particles that

can migrate into food products and leave residues if not

properly cleaned.

3. Composition of the cell culture medium

While cell culture is a critical step in cultured meat

production, selecting the significant culture medium is

essential. Medium and serum are required for cell proliferation

and differentiation. Owing to the possibility of residual

medium and serum presence in the final product, the origin

of the culture media and sera is a major concern. Growing

cells require a variety of nutrients. A typical culture medium

comprises amino acids, vitamins, sodium chloride, glucose,

growth factors (hormones), and other nutrients. Among

these, growth factors are the most significant components. It

is generally accepted that the absence of growth factors

prevents cells from multiplying; hence, the use of growth

factors in cell cultures is crucial. Therefore, determining the

composition of the medium and identifying possible threats

is an integral aspect of the safety evaluation process.

Myosatellite cells are commonly cultured with fetal bovine

serum (FBS), which is derived from bovine adults, infants, or

even fetuses in the early stages of pregnancy (Dessels,

Potgieter, & Pepper 2016). Therefore, the use of FBS in

cultured meat production is a challenging approach because

it contradicts animal welfare, ethics, food safety, and quality

concerns. FBS consists of thousands of ingredients. For

commercial media, the exact composition can vary from

batch to batch because many formulations are not adequately

described or their identification is not generally accessible

(van der Valk et al. 2010; Gstraunthaler et al. 2013). This

ambiguity impedes the capacity to track by-products that

may pose a risk to human health if they remain in the final

product. An acceptable way to assess residues in a product is

to conduct residual testing using toxicological standards.

However, according to researchers, it will soon be possible

to replace animal-based serum and antibiotics used in the

manufacturing of cultured meat with synthetic alternatives

(Andreassen et al. 2020; Kolkmann et al. 2020). Several

experiments conducted using serum-free media with the

inclusion of other proteins (Shiozuka & Kimura 2000) or

novel media such as AIM-V (Fujita et al., 2010), Sericin, and

UltroserG (Portiér et al. 1999; Fujita et al. 2010) have shown

encouraging outcomes. For example, AIM-V has demonstrated

higher dynamic tension during the differentiation stage than

that in medium with serum. To lessen the reliance on animal

products, additional research must be performed to determine

how to eliminate sera from the entire culturing process.

The development of an optimal medium composition



Food Safety Perspectives of Cultured Meat 23

containing hormones and growth factors is also an important

field of endeavor. Growth factors facilitate cell development

and proliferation. Purified growth factors or hormones

derived from plants, animals, or transgenic bacterial species

that produce recombinant proteins can be added to the

culture media (Houdebine, 2009). In some species, co-

cultured hepatocytes can also create insulin-like growth

factors that stimulate myoblast proliferation and differentiation,

as well as myosatellite cell proliferation (Cen et al. 2008).

4. Residual antibiotics in the final product

Initially, non-sterile conditions are used for the collection

of tissues or cells from living or newly slain livestock. This

processing step is vulnerable to microbiological invasion;

hence, antibiotics or other drugs may be required to inhibit

the growth of bacteria, fungi, yeast, or other pathogens in this

environment (Cobo et al. 2005). In addition, to prevent

infection in cell cultures, it is a usual practice to add

antibiotics or a combination of antibiotics and antimitotics to

the cells, especially in long-term cultures. Nevertheless, the

use of antibiotics in cultured meat production is controversial

and may actually exacerbate the problem associated with

antibiotic resistance.

To minimize the risk of antibiotic presence in the finished

product, several manufacturers are decreasing or eliminating

the use of antibiotics altogether or only utilizing them in

earlier stages of the production process and then rinsing,

cleaning, and purifying the cells and tissues at various points.

In most cases, antibiotics that are now permitted for use in

food-producing livestock are also allowed for humans

(National Research Council 1999). As they are present at

lower levels in food, they are less likely to cause allergic

reactions compared to direct ingestion (National Research

Council 1999). The current assumption is that if antibiotics

are used in cultured meat manufacturing processes, they will

only be used at low concentrations. Since the end product

from cell-cultured meat manufacturing procedures will have

to be characterized, it is necessary to determine the types and

amounts of antibiotics used during the manufacturing

process, as well as whether appropriate human health safety

data are available to support their usage.

5. Safe use of cryoprotectants for cultured meat

preservation

The cryopreservation method uses deep freezers and liquid

nitrogen to preserve cells for long periods of time at cryogenic

temperatures. In situ muscular stem cell identity and

myogenic powers steadily diminish over time, and the use of

effective cell banking is necessary to preserve essential

characteristics. To retain the self-renewal and myogenic

characteristics of muscle stem cells after they have been

cultured in vitro for an extended period of time, cryopreservation-

based cell banking is necessary. In vitro cultivation of

thawed frozen muscle stem cells or dissociated muscle tissue

cells can preserve their quality until they are needed for

further research. During cryopreservation, water crystallization

in the medium and cytoplasm must be minimized. Cryoprotectants

including dimethyl sulfoxide, ethylene glycol, and sucrose

are used in freezing procedures. Additionally, the slow-

freezing technique is widely used in animal cell storage

(Freshney, 2015). Two cryoprotectants, inulin and sorbitol,

are now utilized as food processing enhancers and have been

shown to be acceptable at specific quantities in foodstuffs

(MacDonald & Lanier 1997; Savini et al. 2010).

Cryoprotectants, on the other hand, can be harmful when

utilized during cell storage. Dimethyl sulfoxide, a prominent

cryoprotectant, has been established to be hazardous when

used in medical applications (Hornberger et al. 2019). A

standard methodology for the preservation of cultured meat

has not yet been defined. The cryoprotectant employed in the

freezing procedure will have to be tested for safety to

determine any harmful effects caused by it, irrespective of

the method used.

Food safety management methods

1. Safety concerns during the manufacturing process

The safety of cultured meat is dependent on the ability to

characterize and assess the finished product, as well as on a

production method that focuses on product safety. Various

areas of production need to be controlled to minimize the

risk of contamination in the end product, whether cooked or

served raw. This subsection includes methods and procedures

from relevant areas that could be applied to the cultured meat

production line [particularly, the hazard management system,

Good Manufacturing Practices (GMP), Good Cell Culture

Practices (GCCP), and Good Tissue Practices (GTP)] to

produce products that are safe, uniform, and of high quality.

Management systems can assist in the identification of

potential hazard sources. Hazard analysis and critical control

point (HACCP) management systems are widely used in the

food industry, encompassing all stages of production and

distribution, as well as marketing and the preparation of food

for consumption. In the food processing industry, the
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HACCP technique is a systematic evaluation of each step of

the process that identifies every possible threat or contaminant

origin. A regulation or process is implemented for each

potential danger (biological, chemical, or physical) to prevent

or limit the occurrence of contamination. Specifically, a

thorough documentation of every processing step and

identification of probable contaminants aids in the identification

of the types of impurities and other undesirable pollutants

that should be examined in the final product.

To ensure consistent product quality and safety, standard

operating procedures (SOPs) from the food industry, meat

processing, and pharmaceutical and medical disciplines can

be implemented for cultured meat production. The GMP are

a collection of commonly accepted guidelines for producing

food that ensure a consistent output (Regulation 2023/2006/

EC; 21 C.F.R. § 117). For in vitro work, the GCCP establish

minimal criteria and recommend the best practices to ensure

the quality of the final product, as well as recommend using

antiseptics, eliminating antibiotics, adopting SOPs, and

monitoring of the quality of nutrient supplementation and

additives. Furthermore, documentation is highlighted as a

critical component of quality control and a means of

ensuring the safety of the final product. Currently, GTP are

typically applied in the medical manufacture of human cells

and tissues, but some aspects may also be applied to cultured

meat. They are likely to be particularly relevant for the

prevention of infectious disease agent contamination (i.e.,

contamination from viruses, bacteria, fungi, parasites, and

prions), while ensuring that cells and tissues maintain their

function (Price & Coecke 2011; U. S. Food and Drug

Administration 2011).

2. Safety of the final product

To ensure that the final product is safe, it will be necessary

to determine the types and amounts of residues, by-products,

and metabolites present in the final product, as well as a

safety evaluation of the inputs and the final product itself.

Physiochemical and proteomic assays are available to

evaluate the production of novel products, revealing variations

in protein, peptide, amino acid, and metabolite levels relative

to traditional meats (World Health Organization, 2008).

Some newly produced or changed proteins may have an

effect on the stability or natural characteristics of the product,

consequently affecting its toxicological or allergy risk. The

evaluation of a unique protein’s toxic effect or allergenicity

may be based on its amino acid sequence resemblance to

recognized toxins or allergens (Ladics et al. 2011). Cell-

cultured products can be analyzed by genetically and

biochemically to evaluate the amount of any genomic

variations and detect the unexpected consequences which

could contribute to the development of metabolites not

ordinarily observed in meat (Stout et al. 2020).

Microbial challenge analysis may be an appropriate strategy

to identify the potential impact on food safety as well as

physicochemical changes that may occur throughout the

manufacturing and storage of a food product. Following

intentional contamination of food, it is processed or stored in

test conditions and then evaluated (Komitopoulou 2011). In

addition to product safety, this evaluation can assess micro-

organism elimination treatments’ efficacy. Performing a

compositional evaluation is potentially an important part of a

safety comparison. Contaminants, nutritional content, and

allergens can all be examined throughout the process. The

combination of a cell-cultured product's micronutrients can

serve as a benchmark for comparison with traditional products

(Williams 2007; U. S. Food and Drug Administration 2011).

In vitro tests can be a useful first step for safety assessment.

In addition to avoiding or reducing animal experimentation,

these procedures are more economical and resource-efficient

than alternative evaluation metrics. Components are tested in

vitro instead of whole foods since test chemicals are

dissolved in solutions. Additional study is essential to define

whether certain in vitro quality testing can be performed to

entire products efficiently. Analytical testing may be necessary

for companies that use innovative medium or additives to

detect certain abnormalities, metabolic by-products or other

undesired pollutants in the finished product. If, for instance,

any drugs, growth hormones, or blood proteins employed in

cell proliferation and differentiation are present, they should

be evaluated and proven scientifically. Molecular approaches

(e.g. polymerase chain reaction and enzyme-linked immuno-

sorbent assays) are effective methods that can be used to

characterize microorganisms. Biosensors can also analyze

and identify harmful microorganisms in meat products

(Sionek et al. 2020). A variety of standard toxicity testing

procedures can be employed to evaluate cell culture

production methods. It is widely accepted that all ingredients

into food should be of food-grade quality, following particular

parameters and standards to Codex Alimentarius. For this

reason, toxicological studies may be necessary to prove the

safety of the finished products.

Overall, the safety of the cultured meat product depends on

the ingredients utilized in manufacturing and the finished

product’s composition. For example, a cultured meat product



Food Safety Perspectives of Cultured Meat 25

containing both cultured meat and other elements such as

binders, seasoning compounds, and organic elements must

be examined for safety. Section 402 of the Federal Food,

Drug, and Cosmetic Act considers a product contaminated if

it carries or includes any food enhancer that is harmful under

the Section 409 of the Act (Federal Food, Drug, and

Cosmetic Act 1938). Products are considered contaminated

if it has been prepared, packaged, or stored in unsanitary

conditions, causing contamination or harm to the consumer’s

health (21 C.F.R. 117.1). Food Safety and Inspection Service

should take appropriate enforcement steps to prevent or

remove contaminated or mislabeled consumer food products

produced with animal tissue from market (FDA CFSAN

2020).

Conclusion

The purpose of this review was to investigate the food

safety and health risks associated with cultured meat in order

to confirm its safe introduction in the market. This review

also resulted in a more comprehensive understanding of the

quality aspects that should be included in cultured meat

evaluation. Regulatory agencies must conduct inspections at

the facilities where cells obtained from live animals and

poultry are handled in order to ensure their safety. These

establishments must obtain inspection grants from regulatory

authorities and follow regulations, including sanitation and

the creation and implementation of HACCP systems. The

inspectors should check batch records created during cell

culture to ensure that the cellular products are safe,

wholesome, pure, and accurately labeled in accordance with

the regulatory requirements. The application of existing

methods and concepts from adjacent industries can aid in the

development of a safety framework for cultured meat

production. In addition to focusing on how to produce

cultured meat, researchers should focus on threat evaluation

and interpretation within these sections to ensure that

cultured meat is introduced safely into the food supply.

Acknowledgment

This research was supported by Basic Science Research

Program through the National Research Foundation of Korea

(NRF) funded by the Ministry of Education (2020R1A6A1A

03044512).

Conflict of Interest

No potential conflict of interest relevant this article was

reported.

References

Allan SJ, De Bank PA, Ellis MJ. 2019. Bioprocess design consider-
ations for cultured meat production with a focus on the expansion
bioreactor, Front. Sustain. Food Syst., 3:44.

Andreassen RC, Pedersen ME, Kristoffersen KA, Rønning SB. 2020.
Screening of by-products from the food industry as growth pro-
moting agents in serum-free media for skeletal muscle cell cul-
ture, Food & Function., 11(3):2477-2488.

Arshad MS, Javed M, Sohaib M, Saeed F, Imran A, Amjad Z. 2017.
Tissue engineering approaches to develop cultured meat from
cells: A mini review, Cogent Food Agric., 3(1):1320814.

Benjaminson MA, Gilchriest JA, Lorenz M. 2002. In-vitro edible
muscle protein production system (MPPS): Stage 1, Fish, Acta
Astronaut., 51(12):879-889.

Bhat ZF, Fayaz H. 2011. Prospectus of cultured meat—advancing
meat alternatives, Int J Food Sci Technol., 48(2):125-140.

Bhat ZF, Kumar S, Bhat HF. 2017. In vitro meat: A future animal-
free harvest, Crit Rev Food Sci Nutr., 57(4):782-789.

Boularaoui SM, Abdel-Raouf KMA, Alwahab NSA, Kondash ME,
Truskey GA, Teo JCM, Christoforou N. 2018. Efficient transdif-
ferentiation of human dermal fibroblasts into skeletal muscle, J
Tissue Eng Regen Med., 12(2):e918-e936. 

Braga M, Simmons Z, Norris KC, Ferrini MG, Artaza JN. 2017.
Vitamin D induces myogenic differentiation in skeletal muscle
derived stem cells, Endocr Connect., 6(3):139-150.

Buehring GC, DeLaney A, Shen H, Chu D, Razavian N, Schwartz
DA, Demkovich ZR, Bates MN. 2019. Bovine leukemia virus
discovered in human blood, BMC Infect Dis., 19(1):1-10. 

Cen S, Zhang J, Huang F, Yang Z, Xie H. 2008. Effect of IGF-1 on
proliferation and differentiation of primary human embryonic
myoblasts, Chin. J Repar Reconstr Surg., 22(1):84-87.

Cobo F, Stacey GN, Hunt C, Cabrera C, Nieto A, Montes R, Cortes
JL, Catalina P, Barnie A, Concha Á. 2005. Microbiological con-
trol in stem cell banks: Approaches to standardisation, Appl
Microbiol Biotechnol., 68(4):456-466.

Current good manufacturing practice in manufacturing, packing, or
holding human food. 21 C.F.R. § 117.1(2001). 

Datar I, Betti M. 2010. Possibilities for an in vitro meat production
system, Innov Food Sci Emerg Technol., 11(1):13-22. 

Dessels C, Potgieter M, Pepper MS. 2016. Making the switch: Alter-
natives to fetal bovine serum for adipose-derived stromal cell
expansion, Front Cell Dev Biol., 4:115. 

Díaz-Flores L, Madrid JF, Gutiérrez R, Varela H, Alvarez-Argüelles
H. 2006. Adult stem and transit-amplifying cell location, Histol
Histopathol., 21(9):995-1027. 

Ding S, Wang F, Liu Y, Li S, Zhou G, Hu P. 2017. Characterization
and isolation of highly purified porcine satellite cells, Cell Death
Discov., 3(1):1-11.

FAO. 2011. World Livestock 2011–Livestock in Food Security.
Rome, FAO. 

FDA CFSAN.2020. FDA and USDA Roles and Responsibilities for
Cultured Animal Cell Human and Animal Food Products -(site
visited on September 25, 2020).

Fish K, Rubio N, Stout A, Yuen J, Kaplan D. 2020. Prospects and
challenges for cell-cultured fat as a novel food ingredient, Trends
Food Sci Technol., 98:53-67. 

Federal Food, Drug, and Cosmetic Act. 1938. Chapter VI: Cosmetic
Sec., 601:21.

Fountain D, Ralston M, Higgins N, Gorlin J, Uhl L, Wheeler C,



26 급식외식위생학회지 Vol. 3, No. 1  (2022)

Antin JH, Churchill WH, Benjamin R. 1997. Liquid nitrogen
freezers: A potential source of microbial contamination of hema-
topoietic stem cell components, Transfusion, 37(6):585-591.

Freshney RI, Capes-Davis A. 2015. Culture of animal cells: A man-
ual of basic technique and specialized applications, NJ: John
Wiley & Sons.

Fujita H, Endo A, Shimizu K, Nagamori E. 2010. Evaluation of
serum-free differentiation conditions for C2C12 myoblast cells
assessed as to active tension generation capability, Biotechnol
Bioeng., 107(5):894-901.

Gaydhane MK, Mahanta U, Sharma CS, Khandelwal M,
Ramakrishna S. 2018. Cultured meat: state of the art and future,
Biomanuf Rev., 3(1):1-10.

Genovese NJ, Domeier TL, Telugu BPVL, Roberts RM. 2017.
Enhanced development of skeletal myotubes from porcine
induced pluripotent stem cells, Sci Rep., 7(1):1-11. 

Genovese, Nicolas, Kris Notaro. 2011. “The Crusade for a Cultured
Alternative to Animal Meat: An Interview with Nicholas Geno-
vese, Ph D PETA.” Institute of Ethics and Emerging Technolo-
gies.

Gillet L, Minner F, Detry B, Farnir F, Willems L, Lambot M, Thiry
E. 2004. Investigation of the susceptibility of human cell lines to
bovine herpesvirus 4 infection: Demonstration that human cells
can support a nonpermissive persistent infection which protects
them against tumor necrosis factor alpha-induced apoptosis, J
Virol., 78(5):2336-2347.

Godfray HCJ, Aveyard P, Garnett T, Hall JW, Key TJ, Lorimer J,
Pierrehumbert RT, Scarborough P, Springmann M, Jebb SA.
2018. Meat consumption, health, and the environment, Science,
361:6399.

Graves DC, Ferrer JF. 1976. In vitro transmission and propagation of
the Bovine Leukemia Virus in monolayer cell cultures, Cancer
Res., 36(11 Part 1):4152-4159.

Gstraunthaler G, Lindl T, van der Valk J. 2013. A plea to reduce or
replace fetal bovine serum in cell culture media, Cytotechnology,
65(5):791-793. 

Hornberger K, Yu G, McKenna D, Hubel A. 2019. Cryopreservation
of hematopoietic stem cells: Emerging assays, cryoprotectant
agents, and technology to improve outcomes, Transfus Med
Hemother., 46(3):188-196. 

Houdebine LM. 2009. Production of pharmaceutical proteins by
transgenic animals, Comp. Immunol. Microbiol. Infect Dis.,
32(2):107-121.

Kadim IT, Mahgoub O, Baqir S, Faye B, Purchas R. 2015. Cultured
meat from muscle stem cells: a review of challenges and pros-
pects, J Integr Agric., 14(2):222-233. 

Kang HW, Lee SJ, Ko IK, Kengla C, Yoo JJ, Atala A. 2016. A 3D
bioprinting system to produce human-scale tissue constructs with
structural integrity, Nat Biotechnol., 34(3):312-319. 

Kazama T, Fujie M, Endo T, Kano K. 2008. Mature adipocyte-
derived dedifferentiated fat cells can transdifferentiate into skele-
tal myocytes in vitro, Biochem Biophys Res Commun., 377(3):
780-785.

Ketelings L, Kremers S, Boer A. 2021. The barriers and drivers of a
safe market introduction of cultured meat: A qualitative study,
Food Control, 130:108299.

Kolkmann AM, Post MJ, Rutjen MAM, Van Essen ALM, Moutsat-
sou P. 2020. Serum-free media for the growth of primary bovine
myoblasts, Cytotechnology, 72(1):111-120. 

Komitopoulou E. 2011. Microbiological challenge testing of foods. In
Food and Beverage Stability and Shelf Life, Elsevier, pp 507-523

Ladics GS, Cressman RF, Herouet-Guicheney C, Herman RA, Pri-
valle L, Song P, McClain S. 2011. Bioinformatics and the allergy
assessment of agricultural biotechnology products: Industry prac-
tices and recommendations. Regul Toxicol Pharmacol., 60(1):46-
53.

Lamarche É, AlSudais H, Rajgara R, Fu D, Omaiche S, Wiper-
Bergeron N. 2021. SMAD2 promotes myogenin expression and
terminal myogenic differentiation, Development, 148(3):dev
195495. 

Liu W. 2019. A review on the genetic regulation of myogenesis and

muscle development, Am J Biochem Biotechnol., 15(1):1-12. 
MacDonald GA, Lanier TC. 1997. Cryoprotectants for improving fro-

zen-food quality. In M. C. Erickson & Y.-C. Hung (Eds.), In
Quality in Frozen Food (pp. 197-232). Boston, MA: Springer US.

National Research Council. 1999. The use of drugs in food animals:
Benefits and risks. Washington, D.C. National Academies Press.

Park S-Y, Yun Y, Lim J-S, Kim M-J, Kim S-Y, Kim J-E, Kim I-S.
2016. Stabilin-2 modulates the efficiency of myoblast fusion
during myogenic differentiation and muscle regeneration, Nat
Commun., 7(1):1-15.

Polat M, Takeshima S, Aida Y. 2017. Epidemiology and genetic
diversity of bovine leukemia virus, Virol J., 14(1):1-16. 

Portiér GL, Benders AG, Oosterhof A, Veerkamp JH, van Kuppevel
TH. 1999. Differentiation markers of mouse C2C12 and rat L6
myogenic cell lines and the effect of the differentiation medium,
In Vitro Cell. Dev Biol Anim., 35(4):219-227.

Post MJ, Levenberg S, Kaplan DL, Genovese N, Fu J, Bryant CJ,
Negowetti N, Verzijden K, Moutsatsou P. 2020. Scientific, sus-
tainability and regulatory challenges of cultured meat, Nat Food.,
1(7):403-415.

Price A, Coecke S. 2011. Guidance on Good Cell Culture Practice
(GCCP). In M. Aschner, C. Suñol, & A. Bal-Price (Eds.), Cell
Culture Techniques, Totowa, Springer, p 1-25.

Rhoades JR, Duffy G, Koutsoumanis K. 2009. Prevalence and con-
centration of verocytotoxigenic Escherichia coli, Salmonella
enterica and Listeria monocytogenes in the beef production chain:
A review, Food Microbiol., 26(4):357-376.

ThirumalaS,GoebelWS,WoodsEJ.2009.Clinicalgradeadultstemcellbank-
ing,Organogenesis, 5(3):143-154. 

Savini M, Cecchini C, Verdenelli MC, Silvi S, Orpianesi C, Cresci
A. 2010. Pilot-scale production and viability analysis of freeze-
dried probiotic bacteria using different protective agents, Nutri-
ents, 2(3):330-339.

Shiozuka M, Kimura I. 2000. Improved serum-free defined medium
for proliferation and differentiation of chick primary myogenic
cells, Zool Sci., 17(2):201-207.

Sionek B, Przybylski W, Tambor K. 2020. Biosensors in evaluation
of quality of meat and meat products–A review. Ann Anim Sci.,
20(4):1151-1168.

Stephens N, Di Silvio L, Dunsford I, Ellis M, Glencross A, Sexton
A. 2018. Bringing cultured meat to market: Technical, socio-
political, and regulatory challenges in cellular agriculture, Trends
Food Sci Technol., 78:155-166. 

Stout AJ, Mirliani AB, Soule-Albridge EL, Cohen JM, Kaplan DL.
2020. Engineering carotenoid production in mammalian cells for
nutritionally enhanced cell-cultured foods. Metab Eng., 62:126-
137.

Tiberius V, Borning J, Seeler S. 2019. Setting the table for meat con-
sumers: An international delphi study on in vitro meat, NPJ Sci
Food., 3(1):1-6.

Tuomisto HL. 2019. The eco-friendly burger: could cultured meat
improve the environmental sustainability of meat products,
EMBO Rep., 20(1):e47395. 

U. S. Food and Drug Administration. 2011. Guidance for industry-
current good tissue practice (CGTP) and additional requirements
for manufacturers of human cells, tissues, and cellular and tissue-
based products (HCT/Ps). Retrieved from https://www.fda.gov/
media/82724/download

Van der Valk JBF, Brunner D, De Smet K, Fex Svenningsen A,
Honegger P, Knudsen LE, Lindl T, Noraberg J, Price A, Scarino
ML, Gstraunthaler G. 2010. Optimization of chemically defined
cell culture media Replacing fetal bovine serum in mammalian in
vitro methods, Toxicol In Vitro., 24(4):1053-1063.

Ventola CL. 2015. The Antibiotic Resistance Crisis: Part 1—Causes
and Threats, P T. 40(4):277-283.

Williams LA, Davis-Dusenbery BN, Eggan KC. 2012. SnapShot:
directed differentiation of pluripotent stem cells, Cell, 149(5):
1174-1174.e1.

Williams P. 2007. Nutritional composition of red meat. Nutr Diet.,
64(s4): S113-S119. 

Wolfson W. 2002. Raising the steaks. New Sci., 176(2374):60-63.



Food Safety Perspectives of Cultured Meat 27

World Health Organization. 2008. Codex Alimentarius: Animal Food
Production.

Xin G, Lei Q, Yan Q, Li X, Zhou J, Du G, Chen J. 2021. Trends and
ideas in technology, regulation and public acceptance of cultured
meat, Future Foods., 3:100032.

Zhang G, Zhao X, Li X, Du G, Zhou J, Chen J. 2020. Challenges
and possibilities for bio-manufacturing cultured meat, Trends
Food Sci Technol., 97:443-450.

Zhao X, Zhang G, Li X, Sun X, Zhou J, Du G, Chen J. 2019. Com-
mercial production of artificial meat, Food Ferment Ind., 45(11):
248-253.

Regulation 2023/2006/EC of 22 December 2006 on good manufac-
turing practice for materials and articles intended to come into
contact with food. Retrieved from https://eur- lex.europa.eu/legal-
content/EN/TXT/?uri=celex%3A32006R2023

Author information

Mst Khodeza Akter, Graduate Student, Department of Food Science and Technology, Yeungnam University, Gyeongsan, Gyeongbuk 38541, Republic of Korea 
Myunghee Kim, Professor, Department of Food Science and Technology, Research Institute of Cell Culture,Yeungnam University, Gyeongsan, Gyeongbuk 38541,
Republic of Korea 




