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Abstract
Proof-of-principle for large-scale engineering of edible muscle tissue, in vitro, was established with the product’s 
introduction in 2013. Subsequent research and commentary on the potential for cell-based meat to be a viable food option 
and potential alternative to conventional meat have been significant. While some of this has focused on the biology and 
engineering required to optimize the manufacturing process, a majority of debate has focused on cultural, environmental, 
and regulatory considerations. Animal scientists and others with expertise in muscle and cell biology, physiology, and 
meat science have contributed to the knowledge base that has made cell-based meat possible and will continue to have 
a role in the future of the new product. Importantly, the successful introduction of cell-based meat that looks and tastes 
like conventional meat at a comparable price has the potential to displace and/or complement conventional meat in the 
marketplace.
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Introduction 
Meat has long served human cultures as a dense source of 
essential nutrients and will continue to do so in the future. 
To date, the acquisition of meat has required the killing of an 
animal, whether obtained through hunting or husbandry efforts. 
The concept of producing meat from cell culture systems dates 
back to the 1930s when Winston Churchill predicted: “Fifty 
years hence we shall escape the absurdity of growing a whole 
chicken in order to eat the breast or wing by growing these parts 
separately under a suitable medium” (Churchill, 1932). The recent 
evolution of cell culture techniques that facilitate the growth of 
edible animal tissue in vitro represents an example of potential 
disruptive technology (van der Weele et  al., 2019) with many 
interesting aspects to consider (Stephens et al., 2018, 2019).

The application of scientific principles and prior discoveries to 
advance research and answer questions of interest has long been 
a focus of the Journal of Animal Science. Biological science provides 

a means to address possibilities and demonstrate the fundamental 
potential to realize a goal. Social science research demonstrates 
the probabilities to which scientific potential is likely to be adopted; 
it considers values as much as facts of nature. In her best-selling 
book, Gulp, Roach (2013) captured this critical concept when she 
noted her initial hesitancy to taste Inuit-prepared muktuk by 
writing, “…to a far greater extent than most of us realize, culture 
writes the menu. And culture doesn’t take kindly to substitutions.” 
Neophobia associated with foods is an obstacle associated with the 
negative connotations of new or nontraditional foods and is not 
uncommon given that many consumers tend to be conventional 
with their food purchases. A  number of meat alternatives have 
been developed and continue to emerge in the marketplace (van 
der Weele et al., 2019; Kuhn, 2020); their acceptance depends on 
various cultural considerations and this will be especially true for 
cell-based meat. Our goal was to provide a holistic assessment 
of cell-based meat as food and highlight the challenges and 
opportunities associated with this novel food product.
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Cell-Based Meat
Cell-based meat has been identified by many other names, 
including, artificial meat, cell-cultured meat, cellular meat, clean 
meat, cultured meat, engineered meat, factory-grown meat, fake 
meat, in vitro meat, lab-grown meat, laboratory-grown meat, 
and synthetic meat. Regardless of the identifier used, recent 
interest in the topic has been significant. The number of articles 
published in the last 10 years that have focused on this topic 
has grown dramatically with 885 recorded for 2019 in the Google 
Scholar bibliographic database (Figure  1). For the purposes of 
this review, we have chosen to adopt the term “cell-based meat”; 
this moniker was endorsed by both the North American Meat 
Institute and Memphis Meats, a producer of an animal-free 
product and universally accepted as official terminology among 
several companies involved with its production (Watson, 2018). 
The latter recently formed the Alliance for Meat, Poultry and 
Seafood Innovation, as a single point of contact for regulatory 
and other discussions (Bottemiller Evich, 2019).

Cell-based meat, at its simplest, is muscle grown without 
the involvement of an animal and its physiological processes. 
Unlike plant-based analogs or other meat alternatives (van der 
Weele et  al., 2019), it is derived from muscle cells and much 
more closely approximates postmortem skeletal muscle from 
livestock species (i.e., mammals, birds, fish historically raised for 
their edible tissues; Figure 2). To be clear, cultured muscle tissue 
is not technically meat (Hocquette, 2016) as the latter is also a 
product of postmortem biochemistry. Thorrez and Vandenburgh 
(2019) have highlighted several challenges that remain with the 
functional engineering of meat including whether or not cell-
based meat can provide essential minerals, creatine, carnosine, 
and B and D vitamins to the same extent as conventional meat.

One of the earliest U.S.  patents related to the tissue 
engineering of meat was awarded to Jon Vein in 2004 (Vein, 2004). 
However, it was not until August 2013 that Dutch researchers, 
led by Dr Mark Post, established proof-of-principle for the 
manufacture of cell-based meat when they presented the first 

cell-cultured hamburger to the public (Fountain, 2013). It was 
produced at a cost of US$325,000 $325,000 and required 2 years 
to produce. There are now more than 34 companies worldwide 
involved with efforts to produce cell-based meat (Cell Based 
Tech, 2020), and their goal is to produce this food at a cost and 
scale sufficient to compete with conventional meat.

Specific processes/inputs associated with current cell-based 
meat efforts are largely proprietary. The general cell culture 
and related needs for growing a meat-like product have been 
reviewed with different emphases considered (e.g., Edelman 
et al., 2005; Post, 2012; Kadim et al., 2015; Mattick et al., 2015; 
Sajid Arshad et al., 2017; Bodiou et al., 2020; Boler et al., 2020). 
Ben-Arye and Levenberg (2019) recently published a highly 
detailed and extensively referenced summary of the issues 
critical to tissue engineering of cell-based meat.

The starting materials for producing cell-based meats are 
myoblasts (satellite cells), which are difficult to proliferate in 
vitro, but easily differentiate into myotubes (immature muscle 
cells) and myofibrils under the appropriate conditions. To 
facilitate replication of skeletal muscle satellite cells in vitro, 
cells are attached to an immobile substratum such as a scaffold 
or microbead that may be coated with protein (e.g., laminin, 
collagen, or chitosan) to mimic the natural tissue. The scaffold 
may be edible, biodegradable during the culture process, or it 
may be made of a material that can be reused to save resources 
(Stephens et  al., 2018). Satellite cells are grown in a nutrient-
rich medium, unique to the proliferation phase and the 
differentiation phase, as well as antibiotics, anti-fungal agents, 
or other chemicals to prevent contamination. Historically, a 
small amount of fetal bovine serum (e.g., 5% to10%) in culture 
media was used to optimize growth and differentiation of 
satellite cells in vitro, although, some laboratories have had 
success with commercially available, chemically defined and 
serum-free culture media (Edelman et  al., 2005). However, 
commercially available serum-free media are very expensive 
and the composition is proprietary.

The majority of protein content and quality in these cultured 
muscle cells consists of contractile proteins; however, tissue 
engineering could allow expression of other proteins important 
for texture, color, and taste of cell-cultured food products. 
For example, myoglobin (an iron-carrying protein) is partially 
responsible for the pink or red color of meat and may enhance 
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Figure 1. Cell-based meat in published articles. Citations included one or more of the following phrases in their titles: cell-based meat, cellular meat, clean meat, 

cultured meat, engineered meat, artificial meat, in vitro meat, lab-grown meat, laboratory-grown meat, cell-cultured meat, and synthetic meat. 
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the taste of meat. The transcriptional regulation of myoglobin 
is reasonably well understood (Kanatous and Mammen, 2010), 
and it seems plausible that myoglobin synthesis could be 
stimulated before the harvest of muscle cells to enhance the 
flavor of cell-cultured food products. Similarly, bioengineered 
removal of the carbohydrate, galactose-α-1,3-galactose (α-gal), 
would reduce allergies to conventional meats due to the lone 
star tick (Kuehn, 2018).

Scaling up muscle cell culture in large bioreactors on an 
industrial scale also presents significant challenges. It has been 
estimated that approximately 8 trillion muscle cells will be 
required to produce 1 kg of protein from a 5,000-liters traditional 
bioreactor (Stephens et  al., 2018). When cultured muscle cells 
reach more than 200-µm thick, oxygen and nutrients cannot 
penetrate to the inner layer of cells and those cells begin to die 
(Jones, 2010). At this point, strips of muscle are harvested from 
the bioreactor, processed, and various compounds are added to 
enhance nutritional value, flavor, color, and texture (e.g., vitamins, 
iron, fat, seasonings, beet juice or heme for color, and bread 
crumbs or other binding agents to hold the patties together). 
Production of a specific cut of meat (e.g., steaks, chops, or roasts) 
requires additional technology to organize the muscle cells into 
the correct shape and structure. For example, formation of blood 
vessels or channels in the cultured muscle cells would be needed 
to transport oxygen and nutrients into the structured muscle cells 
to prevent the death of the interior cells.

Why Does Cell-Based Meat Have Traction?
Between 1961 and 2011, global meat consumption on a per capita 
basis increased from 61 to 80g/d and was highly correlated with 
growth in per capita annual gross domestic product (Sans and 
Combris, 2015). In 2006, a Food and Agriculture Organization 
(FAO) report predicted that total global meat consumption 
would double from 1999/2001 to 2050 (465 million tons; Steinfeld 
et al., 2006). This prediction is based on increasing population 
size and improved standards of living that generally lead to 
increased consumption of animal protein. Post (2014) noted the 
relative caloric inefficiency of procuring meat through raising 
livestock. Potential concerns for increased production of meat 
included the concomitant need for more land, water, and energy 
to support greater numbers of animals which, in turn, will lead 
to increased greenhouse gas emissions and an increased carbon 
footprint for food-producing livestock over what currently exists 
(Nijdam et al., 2012; Post, 2012; Mattick et al., 2015; Hocquette, 
2016; Poore and Nemecek, 2018). Capper (2011, 2014), Mattick 

et al. (2015), and Lynch and Pierrehumbert (2019) have assessed 
the relative climate impacts of livestock and beef cattle.

Their results support a lesser environmental impact for meat 
obtained through cell-based processes than by conventional 
means. It appears that the energy requirements for cell-based 
beef culture could be significant and the associated climate 
impacts could approximate or exceed those for cattle husbandry 
(Lynch and Pierrehumbert, 2019). However, a well-defined 
process for the manufacture of cell-based meat has yet to be 
finalized and as such, it is not possible to accurately predict the 
climate impacts of cell-based meat (Mattick et al., 2015; Thorrez 
and Vandenburgh, 2019).

Additional concerns expressed for the anticipated increase 
in conventional meat production stem from issues related to 
the ethics of raising animals for food, animal welfare, and the 
perception that conventional meat may be detrimental to the 
human diet (Post, 2012; Stephens et al., 2018). Wilks et al. (2019) 
reported that the positive perceptions of consumers for cell-
cultured meat arise from reduced waste, reduced environmental 
impacts of farmed meat, and improved animal welfare. In some 
cases, even the removal of an animal from the meat production 
process may fail to satisfy animal welfare concerns that 
motivate nonmeat eaters toward their dietary choice. Alvaro 
(2019) argued that cell-based meat should not be supported 
because it originates from “unvirtuous motivations,” a desire to 
satisfy a taste for meat despite the concomitant alienation from 
a nature that accompanies cell-based processes.

Sociocultural Acceptability of 
Cell-Based Meat
Culture is critical to the acceptance of a new or nontraditional 
food, and how cell-cultured meat is framed in research studies 
(Siegrist et  al., 2018) and in the popular press (Goodwin and 
Shoulders, 2013) has a substantial impact on study results 
and consumer acceptance, respectively. Hocquette (2016) cited 
evidence that culturally based opposition to cell-based meat 
may be underrepresented in the media. Bryant and Dillard 
(2019) noted that consumer attitudes toward cell-based meat 
trend more negative when the food product is presented from 
a strong technology perspective, and there may be important 
parallels between genetically modified organisms foods and 
the introduction of cell-cultured meat that require careful 
consideration of sociocultural perspectives (Mohorčich and 
Reese, 2019). Several cultural issues have been featured in the 

Figure 2. General approach for the production of cell-based meat.
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literature and these include the connection between meat and 
animals, perceptions of naturalness, sustainability, religious 
perspectives, and affordability.

The connectivity between animals and their flesh/organs 
figured significantly into how Chinese, Ethiopians, and Dutch 
consumers defined meat (Bekker et al., 2017), and Stephens et al. 
(2019) raised an interesting point regarding the relative cultural 
value placed on animal husbandry/livestock in different global 
cultures. They noted that in the Global South (Asia/Africa/Latin 
America/Caribbean) there is a relatively greater value placed on 
the connection of food to its source and they cautioned about 
assumptions made relative to the degree to which those cultures 
would accept a move away from conventional to cell-based meat 
(particularly if encouraged to do so by the Global North).

Psychological predictors of cell-based meat acceptance 
were investigated by Wilks et al. (2019). They reported that the 
most significant predictors of opposition to cell-based meat 
were “food and hygiene disgust sensitivity, food neophobia 
and conspiratorial ideation.” Verbeke et  al. (2015) surveyed 
consumer reactions to the concept of cell-based meat in 
Belgium, Portugal, and the United Kingdom. They reported 
that consumers demonstrated initial reactions to the idea that 
fostered perceptions of disgust and unnaturalness. While those 
surveyed expressed an understanding of potential global benefit 
for cell-based meats to replace conventional meat, they failed 
to identify much in the way of personal benefit (largely due to 
unknowns related to price and taste). Similar results related to 
unnaturalness and/or realization of potential environmental 
benefits were reported for surveys of Italian (Mancini and 
Antonioli, 2019), Swiss (Siegrist and Sütterlin, 2017), and German 
(Weinrich et al., 2020) consumers.

Hartmann and Siegrist (2017) reviewed 38 different studies 
concerned with the general concept of sustainable protein 
consumption. They reported that consumers appeared reluctant 
to reduce their meat consumption and were not generally 
aware of environmental challenges associated with procuring 
conventional meat. Bryant and Barnett (2018) similarly reviewed 
14 studies of consumer acceptance of cultured meat conducted 
in at least eight different countries and reported that the 
greatest perceived benefit of cell-based meat over conventional 
meat was related to animal welfare. At the same time, the 
authors noted that results to date suggest that animal welfare 
or environmental issues are not central to consumer purchase 
decisions.

Wilks and Phillips (2017) surveyed potential consumers 
of cell-based meat in the United States and found that 
approximately one-third of respondents would definitely/
probably be willing to eat the new product as a replacement 
for conventional meat. Respondents also noted a perceived 
preference for cell-based meat over soy analogs. A majority of 
respondents favored conventional meat over a cell-based option 
derived from traditional meat-producing species (fish, poultry, 
pork, and beef); however, 5.3% and 3.1% of respondents reported 
a statistically significant and greater willingness to try cell-
based products from horses and dog/cat, respectively, than if 
these were available as farmed meats. The authors noted that 
this finding was not completely unexpected given the Western 
definition of what does and does not constitute a food-producing 
animal. 

Islamic and Orthodox Jewish communities follow specific 
dietary laws based on their religions. The extent to which cell-based 
meat would be seen as compliant with these laws and acceptable 
for consumption by observant consumers has been considered 
(Chriki and Hocquette, 2020). Hamdan et al. (2018) suggested that 

for cell-based meat to be considered halal and appropriate for 
consumption, stem cells for production of the product would have 
to be obtained from an animal slaughtered according to Islamic 
law. Additionally, no blood or serum would be permissible in the 
process of growing cell-based meat. The former would be relatively 
easy to accomplish but the latter much less so. Parallel concerns 
have been raised regarding whether or not cell-based meats could 
be considered Kosher. Kenigsberg and Zivotofsky (2020) noted 
that the source of cells and culturing method would determine 
the suitability of cell-based meat for Kosher designation. They 
maintained that cells secured from the ritualistic slaughter of a 
Kosher species should be acceptable but were reluctant to express 
an opinion on the role of culturing method/process without 
greater transparency of how a given process is undertaken. The 
nature of growth media and specific manufacturing processes 
used by different cell-based meat companies will likely be highly 
proprietary, at least initially, and so a decision regarding Halal or 
Kosher status may come later rather than sooner.

In addition to cultural considerations, taste (Wilks and Phillips, 
2017; Kuhn, 2020) and affordability (Frankl-Duval, 2019) of cell-
based meat will strongly influence near- and long-term success 
of this nontraditional food. When cell-based meat becomes 
publicly available, it is expected to carry an initial price premium 
over conventional meat, which would deter some consumers 
from engaging with the product (Wilks and Phillips, 2017). 
Johnson et al. (2018) undertook a survey of consumer willingness 
to try cell-based meat and reported that high-income earners  
(> US$75,000 $75,000/year) and younger respondents (18 to 29 year 
olds) reported the greatest intention to purchase. A survey of 394 
consumers in Mumbai, India, found that they would be willing 
to pay a premium of US$0.81/kg over the price of conventional 
meat (Arora, 2019). Stephens et al. (2018) noted that a high cost 
product could result in a “nonmeat eating elite.” Studies have 
addressed markets/market share for cell-based meats (Mouat 
and Prince, 2018; Slade, 2018) but extensive economic analyses 
have not appeared in the public literature; this is not unexpected 
given that manufacturing processes are still being refined.

When Is Meat, Meat?
Considerable energy has been expended around debates 
of what cell-based meat should be called. Each sector that 
has a vested interest in the outcome of this new technology 
has a preferred term that is consistent with advancing their 
respective perspective. Proponents of cell-based meat have 
favored a name that does not alienate consumers; advocates for 
conventional meat want their product identity to remain as it 
has been without concern for consumer confusion (Bryant and 
Barnett, 2019; Chriki and Hocquette, 2020; Ong et al., 2020). In 
the conversations focused on naming, a logical starting point 
has been to consider the definition of meat. The American 
Meat Science Association addressed this topic recently (Boler 
and Woerner, 2017; Seman et al., 2018) and noted that meat is 
“the portions of the animal consumed as food.” This includes 
skeletal and cardiac muscle as well as organ/variety meats. Boler 
and Woerner (2017) maintained that cell-based meat can be 
considered “meat” if it is sourced from an animal cell, inspected 
for safety, and at a minimum provides nutritional and sensory 
properties comparable with conventional meat. This is helpful, 
particularly for standardizing communication among scientists, 
but the marketplace and/or courts will likely prevail on the final 
term. Unlike milk, meat lacks a federal standard of identity. The 
U.S. Department of Agriculture (USDA) defines meat products 
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as “any product … made wholly or in part from any meat or 
other portion of the carcass” and Food and Drug Administration 
(FDA) defines meat as “part of the muscle of any cattle, sheep, 
swine or goats which is skeletal” (Ong et  al., 2020). FDA and 
USDA have preferred the term “cell-cultured product” or “cell-
cultured food product” (Stephens et al., 2019). In each of their 
press releases, USDA and FDA referred to cell-based meat as a 
cell-cultured product and appear to have intentionally avoided 
using the term “meat” (USDA, 2019). Livestock producers clearly 
have a vested interest in protecting how the term “meat” is 
applied to food products as do the U.S. states with a significant 
portion of their economy derived from animal agriculture. In 
late 2019, legislation was introduced in the U.S. Senate entitled 
the Real MEAT (Marketing Edible Artificials Truthfully) Act of 
2019 (National Cattlemen’s Beef Association, 2019). In brief, 
the bill attempts to protect the use of the words meat and beef 
to refer only to edible tissue from livestock. Missouri was the 
first U.S. state to prevent the use of the word “meat” if the food 
product did not originate from livestock or poultry. Fourteen 
states passed meat labeling laws in 2019, and nine states were 
considering such legislation in 2020 (Poinski, 2020). These laws 
are not focused only on differentiating conventional meat from 
cell-based meat but more broadly from all meat substitutes 
including plant- and insect-based sources. Lawsuits have been 
initiated challenging these laws on the grounds they violate 
First Amendment rights provided by the U.S. Constitution (Good 
Food Institute, 2018; Sullivan, 2018; Judkis, 2019), and decisions 
by courts appear destined to determine what foods may/may 
not be identified as meat.

Regulation as a Food
The National Academies of Sciences, Engineering, and Medicine 
(2017) recently reported that cell-based meat products will be 
among a larger and varied group of biotechnology products that 
have the potential to overwhelm the U.S. regulatory system. Safety 
of new food substances/products is of paramount concern and 
safety assessment applies to both the nature of the substances 
themselves and the processes used to produce them (Fasano, 2018).

Penn (2018) noted that rennet is a cellular agricultural product 
that is regulated by the FDA as a food additive. As such, it required 
premarket approval. However, rennet is an enzyme ingredient 
while cultured meat would be an end product and thus require 
inspection/certification for safety. She further noted that Courts 
have established that substances used for their effect(s) on another 
substance classify them as food additives. This would not generally 
be the case for cell-based meat intended for use by itself and as 
such would be identified as a food (Penn, 2018) although it is not 
clear how the inclusion of chemical substances necessary for 
tissue engineering would be regulated.

In March 2019, USDA and FDA reached agreement on the 
responsibilities of each agency for regulating cell-based meat. In 
brief, FDA will oversee cell collection and development of cells 
to harvest. USDA will be responsible for regulating manufacture 
and labeling of food products derived from the cells (USDA, 2019). 
Michael and Fasano (2020) recently summarized the essential 
components of that agreement and noted that it only “applies to 
cells extracted from animals already under USDA-FSIS jurisdiction 
– livestock, poultry and fish of the order Siluriformes.” Game meat 
is overseen only by FDA and presumably, cells obtained from 
these species would only be subject to that agency’s regulatory 
authority. Additional legislation is not anticipated to be required 
for accommodating the introduction of cell-based meats into the 
U.S.  food system by either agency (Michael and Fasano, 2020). 

The agreement between USDA and FDA (USDA, 2019) currently 
calls for the latter to “Conduct premarket consultation processes 
to evaluate production materials/processes and manufacturing 
controls, to include oversight of tissue collection, cell lines and 
banks, and all components and inputs.” This would appear to 
parallel the process used for new bioengineered plant varieties 
(Watson, 2019). As such, the differentiation of cell-based meat as 
a food additive or generally recognized as safe (GRAS) substance 
as previously hypothesized (Liu and Gasteratos, 2019), and 
the expected controversy that would surround such a debate 
(Faustman et  al., 2020) does not appear likely to occur. More 
specific details of how each agency will apply its regulatory 
authority within their scope of responsibility for cell-based meat 
manufacture and processing remain to be communicated but 
there is likely to be some controversy that develops (Johnson, 
2019; Sachs and Kettenmann, 2019; Watson, 2019).

Labeling will be the responsibility of USDA and conditions 
under which cell-based meat could be identified as organic 
or natural remain to be determined. At present, and based on 
public information available to date, cell-based meat would 
not be considered a genetically engineered substance and so 
the definition for bioengineered foods by USDA, and required 
labeling would not apply. However, one potential future 
advantage of cell-based meats would be the opportunity for 
designing products with specific nutritional characteristics not 
normally possible with animal feeding approaches.

Summary
Animal and meat scientists have contributed significantly to the 
understanding of animal tissues as food. Their discoveries have, 
ironically, facilitated the development of meat without slaughter 
of an animal. There has been significant investment in the science 
dedicated to the development of meat alternatives and cultured 
meat has been projected to grow rapidly such that by 2040, it would 
capture 35% of the value of meat sold (Kuhn, 2020). However, this 
would require a substantive change to how various cultures view 
the role of conventional meat in a diet and the degree to which 
they would accept cell-cultured meat as a substitute. A  recent 
Canadian study that employed a hypothetical choice approach 
demonstrated a strong preference for conventional beef burger 
over plant-based or cell-based meat products (Slade, 2018). If 
and when cell-based meat becomes publicly available, it is not 
anticipated to eliminate the need for meat-producing animals. It 
is even possible that the total consumption of meat (cell-cultured 
plus conventional) will be increased because: 1)  cell-cultured 
food products from livestock and poultry provide alternatives 
that satisfy the concerns of some people regarding the perceived 
animal welfare and environmental issues of conventional 
livestock or poultry production and 2) the increased demand for 
animal-sourced foods from a growing global population with 
increased incomes may exceed the global supply of conventionally 
produced meat (Stephens et al, 2018). Hybrid products might also 
be developed. At present, there are several blended products that 
combine plant-based alternatives and conventional meat into a 
single food item (Kuhn, 2020) and hybrid products of conventional 
and cell-based meat could bring opportunities for future designer 
foods (Rajasekaran and Kalaivani, 2013).

The challenges of providing conventional meat to a nation 
have been highlighted by the COVID-19 pandemic, and the 
potential advantages of a cell-based meat industry cannot be 
dismissed. The livestock/meat industry will be challenged to 
address the competition, perceived or real, provided by cell-
based meat. We are confident that the livestock/meat industry 
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will continue to improve its approach and communication 
regarding the nutritional benefits of conventional meat and 
the continued development and implementation of sustainable 
approaches to the production of conventional meat.
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