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process technologies for
cultivated meat and claims about
their social impacts

Lisa Woelken™, Dagmara M. Weckowska?, Carsten Dreher? and
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Berlin, Germany, 2School of Business and Economics, Freie Universitat Berlin, Berlin, Germany

Introduction: Cultivated meat has received growing attention since claims were
made that cultivated meat can be produced more ethically and sustainably
than the current meat production. However, there are still major challenges
in the development of cell lines, scaffolding, growth media, and bioprocess,
which need to be overcome to reach industrial production levels. Numerous
technological innovations have been proposed to overcome these challenges
but they have rarely been evaluated with regard to their social sustainability.
Consequently, it remains unclear if and how cultivated meat would contribute
towards creating inclusive food systems.

Methods: To bring more clarity, the study identifies different technological
solutions that are used or developed for production of cultivated meat and
identifies the positive and negative claims about the expected contributions of
these technological solutions to social inclusion in food systems, using evidence
from the literature review and 11 expert interviews. An innovation radar for
cultivated meat is proposed to visualise the variety of technological innovations
and the claims about their expected contributions to social sustainability.

Results: The technologies in the areas cell line development, scaffolding, growth
media, and bioprocess are expected to have an impact on inclusion in consumption
of cultivated meat. Some cell innovations are expected to raise cognitive barriers due
to complex technologies that might be difficult for the consumer to understand.
Cultural barriers are expected to be raised by cell innovation entailing genetic
engineering and medium innovation using FBS or animal components, which is
considered to harm animals. Further, regulatory barriers are expected in the EU if
genetic modification is used in the production process, which concerns the areas
cells, media, and scaffolding. The innovations for scaffolds are expected to mainly
lower cost and cultural barriers since most technologies are already used in the food
industry. Bioprocess innovations promise to lower cost barriers, however it must be
considered, that most of the collected data for innovations in the bioprocess domain
are based on assumptions.

Discussion: The study concludes that at this point in time, the most socially
sustainable approach to cultivated meat production is not obvious. Under the
current technological state of the art, it is not thinkable that production and
consumption of cultivated meat could be socially inclusive. As it remains poorly
understood if technologies for cultivated meat production could raise or lower
barriers to inclusive consumption and production, further research is needed.
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1 Introduction

The current agricultural and food systems are characterized by
interlinkages of environmental, social and health problems (IPCC, 2023).
Agricultural and food systems produce around 31% of human-caused
greenhouse gasses, of which conventional meat production accounts for
alarge proportion. The livestock sector is the largest anthropogenic source
of methane emissions and therefore has a high impact on climate change
(Godfrayetal,, 2018; Scherer et al., 2023). Further, the production of meat
is very inefficient due to a poor feed to food conversion rate. Thus, to
produce 1kg of boneless meat around 2.8kg of feed is needed. Ruminants
have a worse feed to food conversion rate and lead to the highest emissions
per unit of energy produced compared to non-ruminant mammals and
poultry (Mottet et al.,, 2017; Godfray et al., 2018; Scherer et al., 2023). 560
million ha of the arable land is used for livestock feed, which represents
40% of the worlds arable land (Mottet et al.,, 2017). Meat production
acquires a third of the total fresh water used for agriculture (Hoekstra and
Mekonnen, 2012; Godfray et al., 2018). In addition to the environmental
issues, there are also food safety issues related to the meat production.
Foodborne illnesses caused by Salmonella, Campylobacter, Listeria
monocytogenes and E. Coli found in meat lead to consumer health
problems (Sofos, 2008; Painter et al, 2013; Jairath et al, 2021).
Additionally, it has been shown that the use of antibiotics in the livestock
production contributes to antibiotic resistant bacteria (Mathew et al,,
2007). However, the demand for meat is predicted to increase worldwide,
driven by global wealth and population growth (Steinfeld, 2006; Godfray
etal, 2018). Satisfying this increased demand will present a challenge, as
it is predicted to rise by over 60%, representing 464 million tons, until
2050 (Revell, 2015; Jairath et al., 2021). Due to the above mentioned
problems meat alternatives are needed (Ben-Arye and Levenberg, 2019).
Many stakeholders call for a broad transition to more inclusive, healthier,
climate-smart, and resilient food systems (United Nations, 2020; Food
Systems Summit Dialogs, 2021). The meat alternatives present possible
transition pathways. Nevertheless, the comprehension of how a transition
to inclusive food system can be achieved is presently limited (Weckowska
etal., 2022).

One alternative for conventional meat is cultivated meat, also
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known as “cultured meat, “artificial meat, “synthetic meat,
“laboratory meat” or “in vitro meat” (Smetana et al., 2023). The aim
for cultivated meat is to replicate conventional meat in taste and
texture by growing cells, such as adipose and muscle stem cells, in vitro
(Scherer et al., 2023). This approach originates from regenerative
tissue engineering and biotechnology (Enrione et al., 2017; Jairath
etal, 2021; Scherer et al., 2023). Cultivated meat is produced through
cell isolation from an animal’s biopsy or necropsy. These cells can then
be expanded in bioreactors and manufactured into meat (Newton and
Blaustein-Rejto, 2021; Seah et al., 2022). Cultivated meat promises to
reduce the above-mentioned hazards (Enrione et al., 2017; Fernandes
etal, 2020). Selling of cultivated meat is allowed in Singapore and the
USA (Chodkowska et al., 2022).

It is still unclear how cultivated meat would contribute to
creating socially inclusive food systems. Various approaches to
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production of cultivated meat are currently developed but their
social, environmental, and economic impacts are yet to be fully
explored. Some studies report environmental impacts (Tuomisto
and de Mattos, 2011; Tuomisto et al., 2014; Smetana et al., 2015;
Mattick et al., 2015a,b; Lynch and Pierrehumbert, 2019; Post et al,,
2020; Tuomisto et al,, 2022) and debate social impacts, but the
evidence remains scattered and limited. There is a need to
recognize that it is not enough to speak about impacts of cultivated
meat as the impacts of different technological solutions for
production of cultivated meat may vary. The understanding of
impacts of innovative solutions is urgently needed to enable
scientists, firms, investors, funders, and policy makers to dedicate
their efforts toward supporting, developing, and diffusing
solutions that have a potential to create inclusive systems for
production and consumption of alternative proteins.

To address this gap, this study aims (1) to identify the technologies
for production of cultivated meat, using a literature review focused on
four areas: cell line development, growth media, scaffolding and
bioprocessing and (2) to identify the criteria for assessing the potential
impacts of identified technologies on social inclusion in food systems
and (3) to provide an overview of the positive and negative claims
made in the literature and by the interviewees about the potential of
the identified technologies for production of cultivated meat to
contribute toward creating inclusive food systems. The results of this
study are derived from a review of primary and secondary sources,
including scientific literature, Good Food Institute (GFI) databases
and expert interviews (see Section 2). The results are presented in the
format of an innovation radar for cultivated meat.

2 Materials and methods
2.1 Identifying impact categories

A set of the social impact categories was derived from the
literature on social inclusion, social exclusion, and social cohesion
(Percy-Smith, 2000; Berger-Schmitt, 2002; Labonté et al., 2011;
Giambona and Vassallo, 2014; Miranti and Yu, 2015; Vrooman
etal.,, 2015) before April 2022. Social exclusion and inclusion is a
multidimensional concept as people can be excluded from
“normal” participation in economic activity, political activities,
social activities or from possession of individual qualities such as
health (Percy-Smith, 2000) or from food. Moreover, it is important
to consider who experiences the exclusion (Percy-Smith, 2000). In
the context of agri-food transformations, two important groups of
actors are food producers and consumers. Finally, we also
specified the reasons for social exclusion - that is, various barriers
that could hinder participation in consumption or production of
cultivated meat. The above insights were captured in a
multidimensional coding scheme (see Table 1), which was
subsequently used in the analysis of the literature on cultivated
meat and interview transcripts.
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TABLE 1 Deductive coding scheme for identifying claims related to impacts on social inclusion.

Who could

be excluded?

From what could the
actors be excluded?

Why could they be excluded? (barriers to
inclusion)

Possible claims on how technological solutions contribute to social in/
exclusion

Consumers Food Financial barriers Changes to the price of cultivated meat
Cultural barriers Improves/reduces compatibility with people’s values (e.g., animal welfare, safe food, nutritious food),
habits (e.g., taste preferences), food identities, religious beliefs
Regulatory barriers Increasing the probability of permission for/ban of sales of cultivated meat
Cognitive barriers Makes it more/less difficult to understand cultivated meat
Health Food properties Changes to nutritional value, allergenic properties,
Food contamination Increases/lowers the chances of contamination and food-borne illness
Quality social life Discrimination Makes it more/less likely that people are repudiated for their food choices
Incompatible dietary habits Creating/destroying opportunities for shared meals
Political influence Information barriers Less/more transparent information about food products, production processes
Power imbalance More/less public participation in science, public access to research labs
Producers Economic activities Cost barriers Lowered/increased costs of production inputs

Capability barriers (lack of capability to handle production

process)

Makes production process more/less complex and/or more/less compatible with the existing capabilities of

producers

Legal barriers

Intellectual property rights for production technologies/inputs, e.g., seeds

Health

Working conditions

Work related illnesses, work related injuries, occupational exposure

Quality of social life

Discrimination

More/less repudiating people working in production

Low social contact

Possibilities for social connectedness at work changed by automation of work

Political influence/decision-

making

Information barriers

Increases/reduces transparency about the production process

Power imbalance

Makes production system less controllable by the producers
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4 5 Solutions
5.1 Cells (9)
4 5.2 Culture Media (11)
4 5.2.1 Existing innovative solutions for culture media

4 52.1.1 Serum-based medium production (2)
5.2.1.1.1 Basic info about the innovation (5)
5.2.1.1.2 Impacts of the innovation

4 5.2.1.2 Serum-free media production using recombinant proteins
5.2.1.2.1 Basic info about the innovation (5)
5.2.1.2.2 Impacts of the innovation

4 5.2.1.3 Medium with protein extracted directly from native plants
5.2.1.3.1 Basic info about the innovation (7)
5.2.1.3.2 Impacts of the innovation
5.2.1.3.3 Challenges (2)

FIGURE 1
Excerpt from the knowledge structure illustrating the coding of
technological solutions.

2.2 |ldentifying technologies

To identify different technological solutions that are used or
developed for production of cultivated meat, the GFI database was
reviewed and a literature review was conducted.

The Web of Science (WoS) was searched with the search string:
“cultured meat*” OR “clean meat*” OR “lab-grown meat*” OR “lab
grown meat*” OR “animal-free meat*” OR “animal free meat*” OR
“in vitro meat*” OR “in-vitro meat*” OR “synthetic meat*” OR
“cultivated meat*” OR “slaughter-free meat*” OR “slaughter free
meat*” OR “cell-based meat*” OR “cell based meat*” OR “artificial
meat*” OR “Frankenmeat*“OR “lab meat*” OR “craft meat*” OR
“cruelty-free meat*” OR “cruelty free meat*” OR “shmeat*” OR “test
tube meat*” OR “unnatural meat*” OR “cellular meat*” OR ((“meat*
substitute*” OR “meat* alternative*” OR “meatless meat*” OR
“synthetic meat*” OR “meat replace*” OR “imitation meat*” OR
“simulated meat*” OR “meat analog* OR “meat analog* OR “meat-
free meat*” OR “meat free meat*” OR “man-made meat*” OR
“manmade meat*” OR “meat like meat*” OR” meat-like meat*” OR
“mock meat*” OR “imitation meat*” OR “fake meat*” OR “faux
meat*”) AND (cultured OR cultivated OR “in-vitro” OR “in vitro”)).
The searches were conducted from April 2022 to May 2023. The
search yielded 610 articles. The subset of 241 articles classified by WoS
as ‘Food Science Technology’ was screened by a researcher with
technical expertise to identify articles related to different technologies
for production of cultivated meat. The search was updated for specific
technological areas in January 2024. The articles referring to various
approaches for production of cultured meat were downloaded for full
text review.

Early in the review it became apparent that there are four broad
technological areas in the production of cultivated meat, namely:
growth media, cell line development, scaffolding, and bioprocess
(Stephens et al., 2018; Bhat et al., 2019; Chen L. et al., 2022; Ye et al.,
2022). These four categories were subsequently used for
categorization of all technologies identified in the literature. In
scientific articles, text passages describing a technological solution
were identified and coded in an inductive way to capture the key
characteristics of each technology. This process was executed in
Citavi and resulted in a ‘knowledge structure’ of which a section is
presented in Figure 1.
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2.3 Identifying claims about the impacts of
technological innovation: mixed methods

2.3.1 Literature review

To identify the positive and negative claims about the
contributions of technological solutions to social inclusion in food
systems, the selected literature in ‘Food Science Technology’ (see
Section 2.2) was further analyzed by a researcher with technical
expertise. The hybrid process of inductive and deductive thematic
analysis (Fereday and Muir-Cochrane, 2006) was performed with
assistance of Citavi. The deductive coding scheme (see Section 2.1)
was used to sensitize the researcher to claims about social impacts.
The emerging insights were regularly discussed with a social scientist
to ensure the consistent use of the coding scheme. A few additional
categories emerged from the data in an inductive way, related mostly
to specific reasons for social exclusion. The review took place between
April 2022 and May 2023. It identified some claims about social effects
of technologies but also revealed technologies of which social impacts
were not discussed in the literature.

As the above search strategy (see Section 2.2) was aiming at the
maximum variety of technological solutions for production of
cultivated meat, there was a possibility that some articles focused on
impacts were overlooked. To address this shortcoming, another search
strategy was performed in the Web of Science database. First, a search
string which aimed to identify papers focused on inclusion was used:
(“cultured meat” OR “cultivated meat” OR “cell-cultured meat” OR
“in-vitro meat” AND inclus*). Only one document was identified. The
search string was then broadened to social impacts: (“cultured meat”
OR “cultivated meat” OR “cell-cultured meat” OR “in-vitro meat”)
AND “social impact*” Only two documents were identified.
Subsequently, the search string was broadened to capture papers that
address various impacts: (“cultured meat” OR “cultivated meat” OR
“cell-cultured meat” OR “in-vitro meat”) AND ((social OR political
OR environmental OR health OR economic) AND impact). The
searches were executed between December 2022 and May 2023 and
yielded 133 publications, which include the search terms in title,
abstract or keywords. All abstracts were reviewed, and 98 articles were
selected for a full text analysis. The papers were analyzed by researchers
with technical or social science expertise, as appropriate. Most papers
referred to environmental impacts and to cultivated meat in general,
rather than to specific production technologies.

2.3.2 Expert interviews

Given the limited literature about social impacts of various
technological solutions, 11 expert interviews were conducted between
December 2022 and May 2023. Experts are believed to understand the
“causal mechanisms” or to be the mechanics behind the “causal
mechanisms” and hence expert interviews are suitable to gain insights
into how “x and y interact” (von Soest, 2023). This provides insights
into how technological choices and social impacts are related to
each other.

Researchers and entrepreneurs with expertise relevant to
production of cultivated meat were identified using the
aforementioned secondary sources and were invited to an
interview. The selected experts have either extensive expertise in
this field or have expertise on technologies for which the social
impacts could not be identified in the literature (see the
interviewee list in Table 2). In advance of the interview, experts
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TABLE 2 List of Interviewees.

1 Researcher/business developer in a start-up

2 University professor (technology management)
3 CEO of a food company

4 CEO of a technology company

5 University professor (biology)

6 Researcher in a university (food technology)

7 CTO of a cultivated meat start-up

8 University professor (food technology)

9 Senior Manager in a food company

10 Researcher in a cultivated meat start-up

11 Division Head in a science and technology company

were provided with information about the project, the data
management policy and an interview consent form. The interviews
were conducted online by two researchers with expertise in social
and technical sciences and lasted 1-2h. One interview took place
in person. Experts were asked how different technological
solutions relate to food affordability, food acceptability, health,
and social relations. The interview recordings were transcribed
using an automatic transcription software and were verified
manually. The anonymized interview transcripts were numbered
I1 to I11, uploaded to Citavi, analyzed by a social scientist and
consulted with the scientist with technical expertise. As in the case
of literature analysis, the hybrid process of inductive and
deductive thematic analysis (Fereday and Muir-Cochrane, 2006)
was performed to analyze the interview transcripts and identify
positive and negative claims about the contributions of
technologies to social inclusion.

2.4 Visualization of results: innovation
radar

To present the findings in an accessible way, they are visualized
in form of an innovation radar. Innovation radars are used to
generate information about a range of technologies and their impacts,
typically with a focus on technologies relevant to a specific firm or
2006; 20105
Boe-Lillegraven and Monterde, 2015). Unlike commercial radars, the

industry (Rohrbeck et al, Golovatchev et al,
radar presented here is based on qualitative analysis of the secondary
sources and interview data and it illustrates the positive and negative
claims about the expected effects of various cultivated meat
production technologies on social inclusion in food systems. Given
the exploratory and qualitative nature of this study, it is possible that
both positive and negative claims are identified for the
same technology.

3 Results

The results are structured according to the four technological
areas which are identified in the literature: cell line development,
growth media, scaffolding, and bioprocess (Stephens et al., 2018; Bhat
et al, 2019; Chen L. et al., 2022; Ye et al., 2022). Each area includes
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numerous technological solutions, which could have different social
implications. The literature review revealed that there is very little
evidence about the potential impacts of cultivated meat production on
social inclusion. In the next sections the technologies identified in
each area and the claims about their expected impacts, identified in
the literature and by expert interviews, are presented. An overview of
the four technological areas and their connected technologies is
provided in Figure 2.

3.1 Cells

3.1.1 Overview of cells used in production of
cultivated meat

Meat is composed of muscle fibers, connective, adipose,
vascular and nervous tissue (Listrat et al., 2016). For cultivated
meat, skeletal muscle cells, fat cells and cells of the connective
tissue are considered (Post et al., 2020; Jara et al., 2023). Muscle
cells make up the largest proportion and are rich in proteins. The
fat cells serve as flavor carriers while the connective tissue cells
contribute to the tenderness and texture (Weston et al., 2002; Li
et al., 2020a; Jara et al., 2023). Additional requirements for cell
selection are the capacity for replication and for the development
into a specific cell type, also called differentiation (Post et al.,
2020). The long-term capacity of replication allows a continuous
production process which enables to lower the overall costs of
cultivated meat production (Specht et al., 2018). The following
paragraphs will therefore focus on different approaches to
sourcing cells and cell innovations for production of cultivated
meat.

3.1.1.1 Primary cell lines

Cells directly isolated from a biopsy and cultivated in vitro are
referred to as primary cells. It is regarded as a cell line when it is
further successfully subcultured (Schaeffer, 1990). Primary cells are
usually not viable for a long period of time (Gstraunthaler and Lind],
2013). Due to limited replication times recurring biopsies are needed
(Pasitka et al., 2023). The development of a cell line can be divided into
three phases. Phase one represents the primary cell culture. In phase
two the maximum replication rate is reached, it is possible that
spontaneous cell changes occur, which leads to a continuous cell line,
which is indefinitely viable. If no spontaneous cell changes occur, the
cell line enters phase three where the cell division decreases, and the
cell culture dies (Gstraunthaler and Lindl, 2013).

3.1.1.2 Immortalized cells

To avoid recurring biopsies, primary cells need to be immortalized
allowing indefinitely viability of the cells. Immortalization can
be induced by inactivation proteins that regulate the cell cycle or
excessive cell growth or by forcing the expression of another protein
that maintains cell viability (Maqgsood et al., 2013). Those procedures
are based on genetic engineering (Gstraunthaler and Lindl, 2013).

3.1.1.3 Adult stem cells

Adult stem cells allow 30 to 50 divisions before they stop dividing
(Roobrouck et al., 2008; Jara et al., 2023). Due to their limited proliferation
capacity this would require frequent reseeding of the cells in the
production process. The proliferation capacity can be influenced by the

frontiersin.org


https://doi.org/10.3389/fsufs.2024.1390720
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Woelken et al.

10.3389/fsufs.2024.1390720

celldensity

Surface areato volume ratio
of scaffolds have an
influence on the size of the

bioreactor

Scaffolds have an impacton
the bioreactor design and
costs

FIGURE 2

the control of cell growth and

Bioprocess design has an
impacton cellviability

Scaffolding
Scaffolds allow mass Bioreactor choicesdepend on
production of cellsina celltypes during proliferation
bioreactor and maturation stages

\

Bioprocessing

Cell culture medium contains
nutrients and oxygen for the cell

Scaffolds ensure efficient transport of culture
oxygen, nutrients and waste products
to and fromcells
Cell culture mediuminfluencesthe
characteristics of the final product
Scaffolds offer stability tothe cells L ) \
and mimic their natural environment Cultivation modes influence

Each celltype has unique
requirements formedia composition

Cell culture

media

The bioprocessand cell
culture media canbe
connected through medium
recycling strategies

Z

Choice of bioreactor
influences mediayield

Graphical summary of the technological areas visualizing their interconnectivity.

age of the donor animal wherefore the quality might vary dependent on
the animal (Jara et al, 2023). In their natural environment they can
differentiate into a certain tissue type and replace dead cells. An example
for adult stem cells are myosatellite cells, which are muscle stem cells.
Since 1 out of 10° cells in tissue is an adult stem cell, they are very rare.
Furthermore, they are hard to identify and isolate. The variation in quality
is dependent on the donor animal and requires more research to
determine the ideal animal source (Jara et al., 2023).

3.1.1.4 Embryonic stem cells

Embryonic stem cells are sourced from early-stage in vitro cultivated
blastocysts and allow unlimited expansion. ESCs can differentiate in
different cell types and tissues. Stable ESCs have been recently successfully
established for cows, pigs and chicken (Intarapat and Stern, 2013;
Bogliotti et al., 2018; Pain et al., 2018; Choi et al., 2019; Post et al., 2020).
ESCs are suitable for establishing a cell bank for cultured meat production
purposes, since it is possible to use one vial of cells for several production
batches. Zehorai et al. (2023) isolated bovine ESCs for cultivated meat
production and showed that the cells could maintain their pluripotency
and were genetically stable, which makes them suitable for
cultivated meat.

Induced pluripotent stem cells (iPSCs) have an unlimited replicative
capacity and are therefore considered for cultivation for cultured meat
(Pasitka et al., 2023). Furthermore, they can differentiate into any cell
type (Gstraunthaler and Lindl, 2013; Post et al., 2020). They are
obtained by reprogramming of cells (Rackham et al, 2016). The
advantage of iPSCs is that they can be obtained from differentiated
cells. iPSCs exist for livestock species such as pig and cattle (Fzashi
etal, 2009; Wu et al,, 2009; Su et al., 2021). However, the production
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of iPSCs is expensive and the proliferation and differentiation of those
cells need to be strictly monitored.

3.1.2 Expected impacts of cells used in
production of cultivated meat

Technological solutions for sourcing and optimizing cells for
cultivated meat production are expected to have various impacts,
which with the use of the coding framework (see Table 1) can
be categorized as positive or negative claims about the barriers to
social inclusion. The overview of impact claims is provided in Table 3
and is displayed on the innovation radar (see Figure 3).

Some people could be excluded from consumption when ESCs are
used because they would find it difficult to understand the production
(I4) (cognitive barrier is expected=negative claim) or consider it
unethical (Zehorai et al., 2023) (cultural barrier is expected = negative
claim). However, those following kosher diets would be included in
consumption as ESCs are expected to be compatible with Jewish
dietary laws (14) (lack of religious barrier is expected = positive claim).
Further, ESCs could improve inclusion in production as the cost
barrier would be lowered given the reduced need for biopsies taken
from animals and reduced costs for cell isolation and analytics.
Positive claims about inclusion in health are exemplified by expected
increases in food safety and security (Zehorai et al., 2023) (food
contamination not expected = positive claim).

The use of adult stem cells harvested by biopsies could raise
concerns about animal welfare (I12) - for some it would create a
cultural barrier to consumption (negative claim). But biopsies could
be replaced by necropsies (Gstraunthaler and Lindl, 2013), which
could lower such cultural barriers (positive claim).
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TABLE 3 Cells used in cultivated meat production and their expected impacts.

Alternative solutions

Positive claims

10.3389/fsufs.2024.1390720

Claims about impacts relevant to social inclusion

Negative claims

Primary cells without immortalization,

harvested by biopsy

Cost barriers (frequent biopsies create additional costs) (I4)
Cultural barriers (biopsies hurt the animal (I4) and could
be seen as against animal welfare (I2), isolation process uses

animal enzymes) (I3)

Primary cells without immortalization,

harvested by necropsy

Cultural barriers (harvesting cells via necropsy without

hurting animals is expected to be acceptable) (I3) (13)

Cost barriers (frequent necropsies create additional costs)

Primary cells immortalized without GM

harming animals) (12)

Cost barriers (immortalized cells’ capability to replicate is
good, hence costs are lower) (Zehorai et al., 2023)

Cultural barriers (immortalized cells can be used without

Cost barriers (immortalization without GM is more
expensive, longer, and less reliable) (I12)

Capability barriers (very few firms in the world can do it)
(12)

Cognitive and regulatory barriers (use of immortalization
techniques can be misunderstood or not allowed) (Soice

and Johnston, 2021)

Primary cells immortalized through GM

researchers are lower) (12)

Cost barriers (GM cells are affordable for producers/

Cost barriers (immortalized cells’ capability to replicate is

good, hence costs are lower) (Zchorai et al., 2023)

Cultural barriers (use of GM can be seen as unacceptable)

(12, 14)

Cognitive barriers (use of immortalization techniques can
be misunderstood) (Gaskell et al., 2000; Hubalek et al.,
2022)

Regulatory barriers (unclear if sales in EU would

be approved) (12, 14)

Adult stem cells

Cultural barriers (compared to embryonic stem cells adult
stem cells are more accepted because they can be isolated out

of slaughterhouse waste) (Gstraunthaler and Lindl, 2013)

Cultural barriers (frequent biopsies could be seen as against

animal welfare) (12)

Embryonic stem cells

Cost barriers (cells’ capability to replicate is good, hence
costs are lower because costs for cell isolation and analytics
decrease) (Zehorai et al., 2023)

Food contamination risk (food safety and security increases)
(Zehorai et al., 2023)

Religious barriers (end product would be compatible with

kosher diet) (I14)

Cognitive barriers (harvesting of blastocysts could
be misunderstood) (14, (Zehorai et al., 2023)]
Cultural barrier (ESCs considered unethical [Zc¢horai et al.,

2023)]

Induced pluripotent stem cells

Cost barriers (cells’ capability to replicate is good, hence
costs are lower) (Zehorai et al,, 2023)
Cultural barriers (cells have the properties of embryonic

stem cells without needing to isolate them from an embryo)

Cultural barriers (use of GM can be seen as unacceptable)
(12, 13, 14)
Regulatory barriers (unclear if sales of cultivated meat

produced with the use of GM cells would be approved in

(55)

EU) (13,12)

An alternative to stem cells are primary cells but as they require
frequent biopsies, they are expected to raise not only concerns about
animal welfare but also production costs (I4), that is cultural barriers
to consumption and cost barriers to production (negative claims).
Should the primary cells be harvested by necropsies, experts raise
concerns about production costs and additionally see the need for new
safety procedures to manage the risk of contamination (I3) (expected
extra costs to production = negative claim). However, as mentioned
above, necropsies allow cells isolation without hurting animals and
could be positively perceived by consumers (I3) (no cultural barrier
to consumption = positive claim).

Primary cells can be immortalized without genetic modification
(GM), leading to an enhanced replication which lowers the production
costs (Zehorai et al., 2023) (positive claim). Those cells can be used
continuously without harming animals (I12) - they create no cultural
barriers to However, the

consumption (positive claim).
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immortalization process without GM is more expensive, longer, and
less reliable compared to immortalization using GM (I2), resulting in
increased production costs compared to immortalization with GM
(negative claim about cost barrier). The techniques used for
immortalization can be misunderstood or not allowed (Soice and
Johnston, 2021) (negative claims about cognitive and regulatory
barriers to consumption). Further, only a few firms in the
world can immortalize cells without GM (I2) (expected capability
barrier = negative claim).

Primary cells can also be immortalized through GM. The cells are
affordable for producers and researchers (12) and offer a good replication
capacity further lowering the production costs (Zehorai et al., 2023)
(positive claims about the cost barriers). However, the use of GM can
be seen as unacceptable to consumers (12, 14) (expected cultural
barriers=negative claim) and the technologies used for immortalization
can be misunderstood by them (Gaskell et al., 2000; Hubalek et al., 2022)
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(expected cognitive barriers=negative claim). It is further unclear if
selling in the EU would be approved for cultured meat if GM is used (12,
14) (expected regulatory barriers =negative claim).

iPSCs come without the need for frequent biopsies, have neither
the donor-to-donor variability that primary cells suffer from (Hubalek
etal., 2022), nor the ethical issues connected to embryonic stem cells
(Rosselld et al., 2013). These are positive claims about the lack of
cultural barriers to consumption and lower costs barriers to
production. However, the regulatory approval and public acceptance
for iPSCs cells is seen as uncertain, e.g., in the EU, as their stem cell-
like properties are induced with GM methods (I3, 12, 14), (Gaskell
et al.,, 2000; Soice and Johnston, 2021; Su et al., 2021). Such claims
about cultural barriers and regulatory barriers are negative.

3.2 Scaffolding

3.2.1 Scaffolds used in cultivated meat
production

The natural microenvironment of the cells is often mimicked by
the scaffold. Its microstructure ensures the efficient transport of
oxygen, nutrients, and waste products to and from the cells (O'Brien,
2011). The production techniques can be divided into bottom-up and
top-down approaches. For bottom-up approaches smaller building
blocks such as tubes, sheets, spheres or other microstructures seeded
with cells are built together to reconstitute the meat cut. Whereas for
top-down approaches, a prefabricated scaffold is used to seed cells,
which grow inside the 3D-Structure and mature into tissue (Nichol
and Khademhosseini, 2009; Bomkamp et al., 2022).

The following paragraphs will present the current scaffolding
innovations. Until now, the main consideration was the structure and
the scale up of scaffolds but social impacts have not been considered
so far. Currently, six innovative approaches exist for scaffolding:
hydrogels, microcarriers, porous scaffolds, fiber scaffolds, 3D-printing
and decellularization (Bomkamp et al., 2022; Chen Y. P. et al., 2022).
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3.2.1.1 Hydrogel

Hydrogels can be versatilely used as a soft scaffold, in or for
microporous scaffolds or as a component of a bioink (Enrione et al,
2017; Ben-Arye and Levenberg, 2019; Simsa et al., 2019; Furuhashi
etal, 2021; Bomkamp et al., 2022; Lee et al., 2022). Hydrogels mimic
the natural environment of the cells in the tissue and are cell
compatible. The cells must be provided with nutrients wherefore
diffusion of nutrients throughout the hydrogel must be possible.
During cell culturing the cells should degrade the hydrogel and
produce their own extracellular matrix.

3.2.1.2 Microcarriers

Mass production of cells is mostly realized using microcarriers,
which allow anchorage dependent cells to attach, grow and
differentiate while being suspended in a bioreactor (Bomkamp et al.,
2022; Zernov et al., 2022). For cultivated meat purposes microcarriers
are used that are food grade, avoiding cost intensive detaching of the
cells from the microcarrier post cultivation and increasing the cell
yield (Bodiou et al., 2020; Zernov et al., 2022; Yen et al., 2023).

3.2.1.3 Porous scaffolds (includes extrusion)

Porous scaffolds remain in the final product and have a sponge-
like structure. Interconnectivity of pores is beneficial for supplying
nutrients and oxygen to the cells and removing waste products from
the cell. Porous scaffolds offer mechanical stability to the cells and
aim to mimic their natural environment (Bomkamp et al., 2022;
Singh et al, 2023). One method to produce porous scaffolds is
through extrusion. The process originates from the food industry and
uses plant proteins and polysaccharides (Bomkamp et al., 2022).

3.2.1.4 Fiber scaffolds (electrospinning)

Fiber scaffolds are typically produced through electrospinning or
rotary jet spinning but can also be cultivated by some fungi (Bomkamp
et al., 2022). Food grade materials, such as collagen, gelatin, whey
protein, chitosan, zein, cellulose, starch, soy isolate, egg albumen, and
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pullulan have shown to be suitable for electrospinning (Law et al.,
2017; D'Odorico et al., 2018; Kumar, 2019). The scalability of
electrospinning for the food industry is however limited due to low
production rates (MacQueen et al., 2019; Levi et al., 2022). MacQueen
etal. (2019) overcame this limitation by developing a fiber production
called immersion rotary jet spinning (iR]S). This allowed to improve
the production by two to four-fold. The porosity of gelatin spun
scaffolds lay between 20 and 60%, which depends on the fiber
composition, and ensures the transport of oxygen, nutrients and waste
(Bomkamp et al., 2022).

3.2.1.5 3D-printing

3D-printing allows the fabrication of complex scaffolds by
depositing ink layer-by-layer based on a 3D-model (Barbosa et al.,
2023). Those 3D-models aim to mimic the natural environment of the
cells (Ramesh et al, 2021). The most common method is 3D
extrusion-based bioprinting. It is applicable to a broad field, low in
cost and simple to handle. The cells are embedded in the ink used for
printing, which further allows their exact deposition (Cui et al., 2020;
Levi et al,, 2022). The limitations of extrusion printing are slow
printing times and low cell viability between 40 and 80% (Levi et al.,
2022). The bioinks used for the process must fulfill requirements to
be suitable for printing but also for cultivated meat production. The
ink must flow during the printing process but hold its shape right after
deposition to prevent spreading and obtain shape fidelity.

10.3389/fsufs.2024.1390720

Furthermore, the ink should contain food grade ingredients only
(Schwab et al., 2020; Ianovici et al., 2022). A remaining challenge for
3D-printing is the scalability of the process for industrial production
(Dong et al., 2023).

3.2.1.6 Decellularization

Decellularized scaffolds originate from tissue engineering. The
production procedure consists of removing cells from a tissue, which
preserves the natural surrounding structure of the cells including the
extra cellular matrix. Furthermore, the vasculature is kept, which
allows the perfusion of the scaffold. Tissue engineering uses
predominantly organs or other tissues derived from animals or
humans. For cultivated meat, plants and fungi are used to produce
decellularized scaffolds. A wide variation of vegetables has been tested
to produce decellularized scaffolds. Additional post processing of the
scaffolds needs to occur to make it compatible for cell attachment and
support cell growth (Levi et al., 2022; Singh et al., 2023).

3.2.2 Expected impacts of scaffolds used in
production of cultivated meat

Literature was analyzed and interviews were conducted to
understand if scaffolding technologies are expected to make the
production and consumption of cultivated meat inclusive. The results
are summarized in Table 4 and used for the creation of the innovation
radar in Figure 3.

TABLE 4 Solutions for production of scaffoldings for cultivated meat and claims about their expected impacts.

Alternative solutions

Positive claims

Claims about impacts relevant social inclusion

Hydrogels
yeros 2023)]

Cost barriers [cost-effective, widely used in the food industry (Seo et al,

Negative claims

Microcarriers

et al., 2022; Yen et al., 2023)]

ingredient selection (Yen et al., 2023)]

Cost barriers [cost-effective, no need to separate the cells from the

microcarrier, higher yields can be produced (Bodiou et al., 2020; Zernov

Cultural barriers [taste and color of final product can be improved with

Food property [production of healthier meat products possible by

replacing animal fat with oleo gels (Yen et al., 2023)]

Regulatory barriers (not recognized as GRAS, hence
need costly regulatory approvals) (I11)

Cultural barriers [if animal by-products of the food
industry such as turkey collagen or eggshell

membrane are used (Andreassen et al., 2022)]

Porous scaffolds (incl. Extrusion)

(Levi et al., 2022)

Cultural barriers (extrusion expected to have public acceptance) (I4)

Cost barriers [extrusion is cheap and well established in food industry

(I4), has good scalability (Levi et al., 2022)]
Food property (using plat-proteins for porous scaffolds can increase the
nutritional value of the product) (Ben-Arye and Levenberg, 2019; Ben-

Arye et al., 2020; Lee et al., 2022)

Fiber scaffolds (incl. Electrospinning) Cost barriers [cost-effective and simple, widely used in the textile Cultural barriers (product from electrospinning

industry and tissue engineering (Levi et al., 2022)] considered not tasty) (14)

3D-printing Cultural barriers (expected to enable steak-like sensory experience) (I5),
expected to mimic precisely the structure of conventional meat (Handral
et al., 2022; Levi et al., 2022)

Food properties (product’s composition is expected to be more easily
manipulated) (I5)

Food properties [expected to be customizable for elderly people with chewing

or swallowing problems (Portanguen et al., 2019; Handral et al, 2022)]

Decellularization Cost barriers (expected to have low cost and scalability) (Levi et al., Food properties (product’s composition can be more

2022; Singh et al., 2023) difficult to control) (I5)
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Scaffolds can influence the organoleptic properties by creating
structures that resemble the structure of conventional meat.
Furthermore, scaffolds may have an impact on costs and on scalability
of the process by enabling to suspend cells that need to attach to a
surface in a bioreactor (Bomkamp et al., 2022).

Microcarriers that are food grade and remain in the final
product, lower the production costs (positive claim), since the cells
do not need to be separated from the scaffold, which results in higher
cell yields (Bodiou et al., 2020; Zernov et al., 2022; Yen et al., 2023).
It is possible to enhance the nutritional value of the final product
when using microcarriers, for example, by encapsulating
nutraceuticals (Yen et al., 2023) (enhancing food properties = positive
claim). Additionally, the color of the final product can be influenced
(Chen L. et al., 2022; Chen Y. P. et al., 2022; Yen et al., 2023) leading
to greater consumer acceptance, (expected low cultural
barriers = positive claim). Yen et al. (2023) incorporated oleo gels into
microcarriers, which had similar properties to beef fat with enhanced
nutritional values (enhanced food properties=a positive claim).
Others produced microcarriers out of by-products of the food
industry, such as turkey collagen and eggshell membrane
(Andreassen et al., 2022). Those components are low in cost, have a
high nutritional value and are biocompatible for the cells (enhanced
food properties = positive claim). However, they are not vegetarian/
vegan, thus there could be cultural barrier for some consumers
(negative claim). One main advantage of microcarriers is that they
are simple to control and monitor compared to the other scaffolds,
which can result in enhanced quality, consistency and cost reduction
(Moslemy et al.,  2023) (expected lower production
cost=positive claim).

When using hydrogels for scaffolding some of the ingredients,
such as alginate, are already widely used in the food industry and
therefore represent and affordable solution for cultivated meat
producers (Sco et al., 2023) (expected no cost barriers = positive claim).

For porous scaffolds plant proteins represent a suitable scaffolding
ingredient due to their affordability, high nutritional value, and
compatibility with cells (Ben-Arye and Levenberg, 2019; Ben-Arye
etal, 2020; Lee et al,, 2022). These positive claims refer to low cost
barriers for producers and food properties that are conducive to
consumer health. Using extrusion to produce porous scaffolds allows
for the use of side streams, for example from the oil industry,
increasing the sustainability of the process (Ben-Arye et al., 2020).
Even though further steps need to be taken to increase the
functionality of extruded scaffolds, this technology represents a
promising approach due to its scalability, affordability, and consumer
acceptance (14) (Levi et al,, 2022). It is thus associated with reduction
of cost barriers for producers and lowering of cultural barriers for
consumers (positive claims).

Electrospinning is a cost-effective and simple process and already
widely used in the textile industry and tissue engineering (Levi et al,
2022), (expected low cost barriers for producers=positive claim).
However, products made by electro-spinning are not considered tasty
(14) and therefore the technology is associated with cultural barriers
to consumption (negative claim).

3D-bioprinted cultivated meat could lead to more consumer
acceptance due to the possibility to precisely mimic the structure of
conventional meat (Handral et al., 2022; Levi et al., 2022) (expected
low cultural barriers=positive claim). Furthermore, it could offer
appealing food by bringing it into desired shapes for elderly people
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who might have chewing or swallowing problems (Portanguen et al.,
2019; Handral et al., 2022) (food properties enhancing inclusion in
consumption = positive claim). Including antioxidants as a scaffolding
component during 3D-bioprinting allows to enhance the nutritional
value of the final product (Dutta et al., 2022) (food properties
conducive to consumer health = positive claim).

Decellularized scaffolds are low in cost, sustainable, contain the
vascularization and have the potential to be scaled up in a bioreactor
(Levi et al., 2022; Singh et al., 2023). These positive claims refer to
lowering the cost barriers for producers. However, the composition of
the scaffold might not be as easy to enhance compared to the other
scaffolds. The nutritional value of the final product would
be influenced directly by the growth of the cells (I5) (no possibility to
enhance food properties =negative claim).

3.3 Media

3.3.1 Media used for scaffolds in cultivated meat
production

Cell culture media is the major cost driver when considering large
scale cultivated meat production (Post et al., 2020; Pajcin et al., 2022).
It is estimated to make up to 99% of the total cultivated meat
production cost (Stout et al., 2021; Yang et al., 2023). Therefore, it is
important to ensure that a medium enables efficient proliferation and
differentiation of cells while maintaining food safety of the final
product (Guan et al., 2021). The media contains nutrients and oxygen
for the cell culture and influences the characteristics of the final
cultivated product (Post et al., 2020). Efficiency of the cell culture is
impacted by the composition of the medium and each cell type has its
unique requirements. Therefore, adjusting the medium based on the
specific needs of the cell type is crucial. Finding appropriate
concentrations of growth factors and proteins is essential to prevent
inefficient nutrient uptake and excessive buildup of metabolic
compounds (Hubalek et al., 2022).

3.3.1.1 Serum-based medium

The medium contains fetal bovine serum (FBS), which contains
200-400 different proteins along with thousands of small molecule
metabolites in undefined concentration and is hence suitable for
different cell types (Post et al., 2020). It supports cell attachment and
proliferation (Gstraunthaler and Lindl, 2013).

3.3.1.2 Medium with plant components

There are ongoing efforts to replace the serum in the culture
media. It has been shown that cell viability of muscle cells can
be improved by using glucose and amino acids extracted from algae.
Nevertheless, the use of FBS is still necessary to maintain and increase
cell viability (Okamoto et al., 2020, 2022).

3.3.1.3 Chemically defined medium

In chemically defined media the composition of each component
is clearly defined. It can be mixed with pacificated hormones and
growth factors (Gstraunthaler and Lindl, 2013). Serum-free and
chemically defined media for proliferation and differentiation of
bovine and porcine muscle cells were recently developed (Kolkmann
et al., 2022; Messmer et al., 2022; Guan et al.,, 2023). However, more
research needs to be done for media optimization. The use of
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stochastic methods combined with mathematical networks was
proposed to analyze and predict the effect of the components
(Kolkmann et al., 2022).

3.3.1.4 Precision fermentation

FBS can be replaced by albumin, which is a protein present in
blood plasma (Harris and Hoeger, 2020; Stout et al., 2021). Albumin
can be recombinantly produced by (typically genetically engineered)
bacteria, yeast, animal or plant cells. However, the production is very
cost intensive and up to now not suitable for cultivated meat
production (Stout et al., 2021; Hubalek et al., 2022). A price calculation
of Hubalek et al., 2022 showed that the price for albumin would need
to be reduced by factor 100. While primary cells need albumin for
proliferation, iPSCs can proliferate without it (Hubalek et al., 2022).
Stout et al. (2021) suggested a serum-free medium containing B8
medium based on glucose, amino acids, vitamins, salts, fatty acids and
recombinant human albumin, which was expressed in rice. This
medium showed to be effective for the expansion of primary bovine
satellite cells and showed comparable short time growth rates of the
cells as cells grown with 20% FBS. A passaging protocol further
showed that the cells were able to retain their ability to form muscle
tissue when using this medium. The estimated costs of this medium
was between 46 and 74 $/L depending on the growth factor
concentration, which is 75-85% cheaper than serum-containing
media. However, the major cost driver of this medium remained the
recombinant proteins, wherefore more research is needed to decrease
the costs further (Stout et al.,, 2021).

3.3.1.5 Medium recycling

Metabolic waste produced by the cells during cell cultivation, such
as ammonium and lactate have an impact on the cell productivity and
growth. This makes it crucial to replace the medium frequently.
Therefore, the medium is often exchanged due to metabolic build ups
and not due to a lack in sufficient nutrient concentration, which has
an impact on the cost effectiveness of the medium (Haraguchi and
Shimizu, 2021; Haraguchi et al., 2022; Hubalek et al., 2022). Early
exchange of the medium will also remove growth factors or proteins
secreted by the cells that are needed for cell signaling. Therefore, the
cells constantly need to replace those proteins which can additionally
cause changes in the morphology or have an impact on the cell
interaction (Hubalek et al., 2022). Further, the wasted medium
contains nitrogen and phosphorus nutrients, which could lead to
eutrophication of water bodies (Mattick et al., 2015b). Therefore,
medium recycling is a crucial step for the sustainable production of
cultured meat (Haraguchi and Shimizu, 2021). Different feeding
regimes were tested on bovine adipose derived fat cells by exchanging
80, 65 or 50% of the medium. It was shown that 80% medium
exchange led to the most economical result, since the cell growth
decreased when exchanging less medium (Hanga et al., 2020).
Hubalek et al. (2022) suggested three different strategies to either
recycle the medium or extend its life span. One strategy would be to
reduce the accumulation of metabolic waste in the medium as such or
to dilute the metabolic waste. Another way would be to remove the
metabolic waste directly by an ion exchange and revalorize this for
example using ammonia as a plant fertilizer or reintroducing lactate
later in the cultivation process to induce myogenic differentiation

(Hubalek et al, 2022). By removing the harmful metabolic
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compounds, the valuable compounds left in the media could
be reintroduced into the bioreactor and supplemented with substrates.
Another strategy would be the circular use of conditioned medium by
growing animal cells and microalgae simultaneously. This strategy was
proposed by Haraguchi and Shimizu (2021) and will be explained in
more detail in the following paragraph (Hubalek et al., 2022).

3.3.1.6 Circular cell culture

Haraguchi et al. (2022) suggested a method, where mammalian
cells grow using microalgae culture waste medium. Once the nutrients
are used by mammalian cells, the medium can be reused for
microalgae, creating a circular usage pattern. The waste medium of the
microalgae is supplemented with growth factor produced by liver
cells. Amino acids and glucose are extracted from microalgae. During
muscle cell cultivation, the glucose concentration in the medium
decreased after two cycles while the total proteinogenic amino acid
concentration remained almost stable. Growth factors obtained from
the condition liver cells medium were added frequently to the
medium, since inactivation of those could occur after multiple cycles.
This system allows growth of muscle cells in a serum-free environment.
Further, waste medium produced by muscle cells can be used as a
culture media for microalgae. Ammonia produced by muscle cells
during cell cultivation is a valuable component for microalgae to
produce proteinogenic amino acids, which can then again be used for
muscle cell cultivation. It was shown that microalgae effectively
metabolized ammonia in the medium up to 90% without metabolizing
glucose or other amino acids left in the medium. This shows that
microalgae can be used to effectively reduce metabolic products
produced by mammalian cells which would otherwise be harmful for
mammalian cell culture. This system allows to decrease culture
medium costs by eliminating the need for FBS in the medium and
increasing the efficiency of the medium due to recycling of culture
medium by microalgae. Furthermore, reusing waste medium of
mammalian cell cultures will decrease the environmental impact and
the resource energy use associated with medium production
(Haraguchi et al., 2022).

3.3.2 Expected impacts of media used in
production of cultivated meat

As for the other technological areas, literature was analyzed and
interviews were conducted to understand if various approaches to
production of cultured medium are expected to help make the
production and consumption of cultivated meat inclusive. The results
are summarized in Table 5 and further used for the creation of the
radar in Figure 3.

The serum-based media using FBS are expected to have a high
batch to batch variation and be more expensive than serum-free
media (I11) (Gstraunthaler and Lindl, 2013; Post et al., 2020). These
claims relate to production cost and are negative. Moreover, the
serum-based media are expected to be seen by consumers as unethical
(14, 16, 111) (Gstraunthaler and Lindl, 2013; Post et al., 2020) and
incompatible with vegetarian diets due to animal welfare concerns (14,
15, 16) (expected cultural barriers to consumption = negative claims).
Including FBS or other animal components in the medium poses a
food contamination risk (Gstraunthaler and Lindl, 2013; Post et al.,
2020) and large-scale decontamination process is yet to be developed
(I3) (enhanced risk for consumer health =negative claim). However,
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TABLE 5 Different culture media and their expected impacts.

Alternative solutions

10.3389/fsufs.2024.1390720

Claims about impacts relevant to social inclusion

Positive claims

Negative claims

Serum-based medium

Regulatory barriers (serum-based media expected to

get regulatory approval easier) (I4)

Cultural barriers (serum-based medium is considered unethical, animal
unfriendly, and is expected to have low public acceptance) (14, 16, I11)
(Gstraunthaler and Lindl, 2013; Post et al., 2020)

Cultural barriers (vegans and vegetarians, who reject meat on animal
welfare grounds, are expected to reject the cultivated meat produced with
serum-based medium) (14, 15, 16)

Cost barriers (FBS-free media are now cheaper than FBS-based media)
(I11) (Gstraunthaler and Lindl, 2013; Post et al., 2020)

Food contamination risk (Gstraunthaler and Lindl, 2013; Post et al., 2020)

FBS-free with animal components

Cultural barriers (meat eaters are expected to accept
use of media with animal components) (I3)

Cost barriers (medium with components from blood
of slaughtered animals is cheaper than chemically
defined medium) (I3)

Cultural barriers (expected low public acceptance of using animal
components) (I5)
Cultural barriers (ethically motivated minded vegans and vegetarians

would be excluded) (I3, I5)

Medium with ingredients from

precision fermentation

Cost barriers [cost reduction 75-85% cheaper
compared to serum-containing media (Stout et al.,

2021)]

Regulatory barriers (unclear if sales of cultivated meat produced with such
medium would get regulatory approval for this media, which is produced
with the help of GM microorganisms) (14)

Regulatory barriers (unclear if sales in EU would be approved) (12)
Capability barriers (large scale production is currently not possible) (12)

(Stout et al., 2021; Hubalek et al., 2022)

Medium with ingredients from GM
plants

Cost barriers (large scale production is expected to
be possible) (12)

Capability barriers (farmers will be included in the
new value chains and will be able to produce crops

with higher added value) (12)

Regulatory barriers (this media needs regulatory approval. It is unclear if
medium produced with ingredients from GM plants will be considered
GM) (12)

Serum-free with (native) plant-based

Cost barriers [expected to be cheaper than chemically

Cost barriers [high batch-to-batch variations (Yao and Asayama, 2017;

pollution [less eutrophication of water bodies due to
recycling of media containing nitrogen and
phosphorus nutrients (Mattick et al.,, 2015b)]

Cost barriers (medium recycling reduces the cost of
exchanging medium due to metabolic build up
[Haraguchi and Shimizu, 2021; Haraguchi et al., 2022;
Hubalek et al., 2022)]

ingredients defined medium (13)] Hubalek et al., 2022)]
Food contamination (possible exposure to high concentrations of
pesticides or herbicides) (Yao and Asayama, 2017; Hubalek et al., 2022)
Media recycling Risk of food production-related environmental

Circular cell culture

Cultural barriers [addition of FBS is not necessary
(Haraguchi et al., 2022)]
Cost barriers [medium efficiency is increased

(Haraguchi et al., 2022)]

it is expected to be easier to get regulatory approval for serum-based
media compared to the other alternatives (I4) (expected low regulatory
barriers = positive claim).

The expectations about media using animal components other
than FBS, such as blood from slaughtered animals, are mixed. Some
experts expect costs to be lower than in case of chemically defined
medium and the acceptance to be high among meat eaters (I3) (lower
cost for producers and low cultural barrier for consumers = positive
claims). Others expect the same ethical concerns as for FBS-based
medium would affect the general public acceptance but also stop
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vegans and vegetarians from consumption of cultivated meat (I3, I5)
(expectation of cultural barriers to consumption = negative claims).
These positive and negative claims about cultural barriers concern
people with different eating habits.

Similarly, in the case of media with plant components, some
experts expect high batch-to-batch variations (increased
costs =negative claim) and possible exposure to high concentrations
of pesticides or herbicides to pose problems (risk of food
contamination = negative claim) (Su et al., 2021; Messmer et al., 2022).

However, media with plant components are expected to be cheaper
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than chemically defined medium (I3) (lower costs barrier for
producers = positive claim).

Should GM plants be used for production of medium, experts
expect that crop farmers could participate in the emerging value
chains for cultivated meat by doing what they already know for
example producing crops but with higher added value (I2) (no
capability barrier for producers = positive claim). The use of GM crops
for medium production is also expected to allow scale-up and lower
the production costs (I12) (lowering cost for producers=positive
claim). However, one expert noted that regrettably it is unclear if sales
of cultivated meat would be allowed in the EU when the GM crops are
used in culture medium (I2) (risk of regulatory barriers to
consumption = negative claim).

Medium with ingredients obtained by precision fermentation
is expected to be 75-85% cheaper compared to serum-containing
medium when produced at scale (Stout et al., 2021) (expected
lower cost for producers = positive claim). However, the scale-up
is currently not possible (I12) (Stout et al., 2021; Hubalek et al.,
2022)

Moreover, it is unclear if sales of cultivated meat would be allowed

(capability barrier for producers=negative claim).

in the EU when GM microorganisms are used to produce
components of the culture medium used in the production of
(12, 14)
consumption = negative claim).

cultivated  meat (regulatory  barriers to

Medium recycling is expected to mitigate the problem of
eutrophication of water bodies, which would arise if wasted media,
containing nitrogen and phosphorus, is released into water (Mattick
et al, 2015b) and could put public health at risk (risk of water
pollution is reduced =positive claim). Furthermore, the recycling
would lead to more effective use of the media lowering the production
cost (Haraguchi and Shimizu, 2021; Haraguchi et al., 2022; Hubalek
et al,, 2022) (lower cost barrier for producers=positive claim). In
circular cell culture the use of the medium would be more effective
and the use of FBS not necessary (Haraguchi et al., 2022) further
lowering cost barrier for producers and cultural barrier for consumers

(positive claims).

3.4 Bioreactors

3.4.1 Bioreactors used in cultivated meat
production

Bioreactors are needed to scale-up the production of cultivated
meat, which represents further challenges. The scaling effects on
animal muscle cells is not yet fully known and the use of different
bioreactor types needs yet to be explored (Li et al., 2020b). Only a few
proof of concept publications using microcarriers and/or spinner
flasks for the cultivation of meat at a bigger scale exist (Verbruggen
et al,, 2018; Hanga et al., 2021; Zhang et al., 2021).

The choice of bioreactors depends on the cell type during
proliferation and maturation phase, the scaffold and the product
characteristics that need to be achieved (Specht et al., 2018; Allan
etal., 2019). Even though the bioprocess design for cultivated meat
can rely on the expertise of other industries, the cultivation of
mammalian anchorage dependent cells continues to face difficulties
for large scale production (Allan et al., 2019). The cells used for
meat cultivation have lower shear limits compared to prokaryotes
used in fermentation processes, wherefore the stirring and
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agitation rate in the process plays a crucial role to preserve the
viability of the cells (Hu et al., 2011; Paj¢in et al., 2022). Further
the surface area to volume ratio of the scaffold used in the
cultivation process has an impact on the size of the bioreactor.
Additionally, the choice of the scaffold has an influence on the
bioreactor seeding efficiency, the passaging requirements,
downstream processing, the bioreactor fluid dynamics, the mass
transfer, and the costs (Allan et al., 2019).

Operation modes to cultivate cells in a bioreactor are batch,
fed-batch, or perfusion. The batch process allows no additional
feeding throughout the process and is the simplest method. However,
only limited control of the growth rate of the cells are possible.
Fed-batch is the most frequently used operation mode, here the
nutrients are added in a controlled manner to the bioprocess. It allows
good control of cell growth and thus results in higher productivity
(Meyer et al., 2017). The perfusion mode allows the cultivation of
higher cell densities. Here the medium is continuously cycled through
a porous structure containing attached cells. This allows to provide
nutrients and oxygens to the cells and to discard metabolic
compounds. The perfusion is limited by the cell growth in the
structure (Humbird, 2021).

Cell proliferation and differentiation are the two key stages that
need to be considered for bioprocess design (Pajcin et al., 2022; Roy
et al., 2023). For proliferation purposes the cells can be grown on
microcarriers in dynamically mixed bioreactors such as stirred-tank
bioreactors, air-lift reactors or rocking bed reactors. Differentiation of
cells is supported by static bioreactors including scaffolds such as
packed-bed bioreactors or hollow fiber bioreactors (Zidaric et al.,
2020). The conditions present in those bioreactors mimic the in vivo
conditions of the cells and supports differentiation (Specht et al., 2018;
Pajcin et al,, 2022). Finally, the bioreactor choice influences the
structure of the final product since some bioreactors support
two-dimensional growth of cells, while others support three-
dimensional growth of cells (Pajcin et al., 2022). Bioreactors for
unstructured cultivated meat products are stirred-tank bioreactors,
wave or rocking bed bioreactors and air-lift bioreactors, while the
packed- or fixed-bed and the hollow fiber bioreactors allow the
cultivation of more complex structures (Specht et al., 2018; Pajcin
et al,, 2022; Roy et al., 2023).

Stirred-tank bioreactors are often used for mammalian cell
cultivation. Stirrers in those bioreactors are used to ensure a
homogeneous distribution of the nutrients, oxygen, and cells. This
can lead to high shear stresses acting on the cells, which has an
impact on their viability (Marks, 2003). Since most cells are
anchorage dependent, they can either be grown on microcarriers or
in aggregates. Microcarriers provide a large surface to grow on and
are suitable for bovine muscle cells (Verbruggen et al., 2018; Bodiou
etal., 2020). Different cell types such as modified iPSCs, ESCs from
mice and human and mice muscle cells can be grown in aggregates
(Fok and Zandstra, 2005; Abbasalizadeh et al., 2012; Chen et al.,
2012; Aguanno et al,, 2019; Post et al., 2020). However, mice muscle
cells showed the characteristics of dormant cells when grown in
aggregates, which make them unsuitable for cell expansion (Post
et al,, 2020). More research is needed for cell aggregates in the
cultured meat domain to investigate the relevancy of this process
(Djisalov et al., 2021).

Wave or rocking bioreactors are a low-shear-alternative
compared to the stirred-tank bioreactor and are as well commonly
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used for cell cultivation (Cantarero Rivera and Chen, 2022). The
cells are suspended in aggregates or on microcarriers in a bag or
container, which is mounted to a rocking platform (Cantarero
Rivera and Chen, 2022). Both bioreactor types, stirred-tank and
wave or rocking, can be used as single-use bioreactors, which has
multiple advantages such as easier sterilization, lower contamination
risk, lower energy and sensor cost and allows to shorten the
downtimes between batches. Further, single-use bioreactors allow
to lower the water and energy usage, reducing the environmental
impact compared to traditional reusable stainless-steel bioreactors
(Chen L. et al., 2022).

The mixing in air-lift bioreactors is carried out without mixing
units but through integrated air streams or the stream of other gases
and special components that force a circulating flow. This is
advantageous because it can lead to less inhomogeneity, less shear
stress and lower power requirement due to less energy dissipation
compared to stirred-tank bioreactors (Merchul, 1990).

Packed-bed or fixed-bed bioreactors consist of two vessels: one
contains the porous or fibrous scaffold for the cells to attach to
while the other contains the culture medium. Both vessels are
connected to each other through a circulating loop. The medium is
pumped from the medium vessel through the scaffold containing
the cells and brought back to the medium vessel. Operation modes
are batch, fed-batch or perfusion mode. At a larger scale a radial
flow is needed to overcome potential oxygen limitations (Portner
et al., 2007).

As mentioned before hollow fiber bioreactors are considered for
the differentiation phase of cells. The bioreactor consists of
semipermeable hollow fibers, which allow the artificial circulation of
nutrients and oxygen. Cellulose and polyethersulfone are most
commonly used for the hollow fibers (Pajcin et al., 2022). Tuomisto
etal. (2022) recently calculated the life cycle assessment of a bioprocess
design using hollow fiber bioreactors. The bioreactor used for research

TABLE 6 Different bioreactor and bioprocesses and their expected impacts.

Alternative solutions

Positive claims

10.3389/fsufs.2024.1390720

consisted of polystyrene fibers that were used as scaffolds and further
allowed the proliferation and differentiation of the cells. It was possible
to produce a cell slurry that could later be incorporated in a product.
However, the production of whole-cut meat involves other design
challenges, which were not addressed in the work (Tuomisto et al.,
2022). If cells must be detached from the fibers it can cause problems,
since the reagent might not be able to penetrate all cell layers (Kirsch
etal., 2023).

3.4.2 Expected impacts of bioreactors used in
production of cultivated meat

Due to high media and cell costs, scaling of the cultivated meat
production process is very expensive leading to lacking data of
scaled bioprocess designs (Li et al., 2020b). Therefore, the data
present for bioprocess design is based on assumptions, small-scale
experiments or simulations. As explained above, the choice of the
bioreactor will influence the structure/texture of the final product,
which either raises or lowers cultural barrier for consumers (Specht
et al.,, 2018; Pajcin et al., 2022; Roy et al., 2023). Further, the
operation mode of the bioprocess is directly related to the capital
costs (Humbird, 2021), hence it relates to the cost barrier for
producers. More data is needed to specifically determine the
impact of the different innovations possible in the field. The claims
about impacts of technologies on inclusion in production or
consumption are analyzed below and summarized in Table 6, the
results are further used for the creation of the radar shown in
Figure 3.
(2021) estimated the costs for cultured meat
bioprocesses running in fed-batch and perfusion. He assumes that

Humbird

achieving a price of cultured meat at $50 per kilogram in supermarkets,
which relates to the price for premium cut meat, might result in the
replacement of traditional meat with cell-cultured alternatives.
Running the bioprocess in fed-batch could potentially allow to meet

Claims about impacts relevant to social inclusion

Negative claims

Operation mode: perfusion

Financial barriers [prices higher than a premium cut

meat due to increased capital costs (Humbird, 2021)]

Operation mode: fed-batch

Financial barrier [prices similar to a premium cut

meat could be achieved (Humbird, 2021)]

Stirred-tank bioreactor

et al., 2015; Post et al., 2020)]

Cost barriers [expected good scalability of the cultivation process (Moritz

Cost barriers [high media volume to cell quantity

needed (Thyden et al,, 2022)]

Cost barriers [better quality control compared to hollow fiber and fixed-bed

bioreactor lead to lower costs (Bodiou et al., 2020)]

Wave or rocking bed bioreactor Cost barriers [better quality control compared to hollow fiber and fixed-bed Cost barriers [scale up is limited, bioreactors are

bioreactor lead to lower costs (Bodiou et al., 2020)] expensive (Cantarero Rivera and Chen, 2022)]

Air-lift bioreactor No data No data

Packed- or fixed-bed bioreactor Cost barriers [it is possible to reduce the use of media which leads to Capability barriers [growing more complex structures

reduction of costs (Meuwly et al., 2004; Kumar and Starly, 2015)] leads to less quality control compared to stirred-tank
Cultural barriers [the production of more complex meat structures is possible | or wave bioreactor (Bodiou et al., 2020)]

(Pajcin et al., 2022) which resemble, e.g., meat steak]

Hollow fiber bioreactor Cultural barriers [the production of more complex meat structures is possible | Capability barriers [growing more complex structures

(Specht et al., 2018; Roy et al., 2023)] leads to less quality control compared to stirred-tank

or wave bioreactor (Bodiou et al., 2020)]
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the 50$ price mark if low-cost hydrolysates could be used in the
media. However, perfusion exceeds the price mark due to the
increased capital cost and capital-dependent costs. These claims refer
to financial barrier for consumers. In both cases the price would
be equal or higher to premium cut meat, which is not affordable for
many (hence these claims are negative).

The advantage of stirred-tank bioreactors is a good scalability of
the cultivation process (Moritz et al, 2015; Post et al.,, 2020).
Additionally, stirred-tank bioreactors allow for a better quality control
compared to hollow fiber and fixed-bed bioreactors which lead to
lower production costs (Bodiou et al., 2020) (positive claim). Hanga
etal. (2020) demonstrated the cultivation of bovine adipose cells on
microcarriers in a 3L-single-use stirred-tank bioreactor. This
approach was specially developed for the cultivation of meat. A
negative aspect of stirred-tank bioreactors is the need for higher media
volume in comparison to other bioreactors (Allan et al., 2019; Bellani
et al,, 2020; Thyden et al., 2022), which raises the production costs
(negative claim).

The scale up of wave or rocking bioreactors is limited since the
bags can only be operated at 50% of their capacity to guarantee
homogeneous mixing (Cantarero Rivera and Chen, 2022). Further,
to be used in the cultivated meat production, the single-use
bioreactors need to be more affordable (Chen V. P. et al., 2022). The
limited scale-up and high costs of single-use bioreactors constitute
cost barriers for producers (negative claim). However, compared to
fixed-bed bioreactors and hollow fiber bioreactors, the use of
microcarriers in stirred-tank and wave bioreactors is advantageous
since it allows to control and monitor the culturing process. This
results in a more consistent quality and reduces the costs (Bodiou
etal., 2020) (expectation of lower cost barrier = positive claim).

Packed- or fixed-bed bioreactors allow the cultivation of more
complex, structured cultured meat products (Pajcin et al., 2022). Such
products are expected to be more acceptable to consumers (lower
cultural barriers = positive claim). The reduction of the cultivation
medium and the operational costs might be possible due to the large
surface area of the scaffold which allows for a high cell concentration
and therefore circumvents the need for frequent passaging. This
lowers cost barriers for producers (positive claim). Meuwly et al.
(2004) analyzed the effect of the perfusion rate in the fixed-bed
bioreactor while cultivating Chinese Hamster Ovary cells. A reduction
of 25% media perfusion on a pilot scale allowed to maintain the
productivity while reducing the costs for media, material, and human
resources (Meuwly et al., 2004). However, high cell densities also lead
to concentration gradients in nutrients and oxygen, which impacts the
cellular behavior (Kumar and Starly, 2015). As mentioned above
controlling and monitoring the culturing process is more complex
compared to stirred-tank and wave or rocking bioreactors (Bodiou
etal,, 2020). This complexity creates a barrier for producers who lack
advanced controlling and monitoring capabilities (negative claim
about capability barrier).

Hollow fiber bioreactors may allow for the cultivation of a
continuous piece of tissue allowing to grow more complex structures
(Specht et al,, 2018; Roy et al., 2023), hence meeting the cultural
expectations of consumers (positive claim about cultural barriers).
However, the bioreactors allowing to produce more complex meat
structures such as the packed-bed or the hollow fiber bioreactor allow
less quality control compared to the wave or stirred-tank bioreactor
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(Bodiou et al., 2020) and require higher capabilities from producers
(capability barrier = negative claim).

4 Discussion and conclusion

As it is still unclear if and how cultivated meat would contribute
toward creating inclusive food systems, this study used the secondary
and primary data to create an overview of technologies for production
of cultivated meat and the claims about their expected contributions
toward inclusion in production and consumption.

Very different technological approaches are being developed for the
cultivated meat production in the four areas identified as current
technological bottlenecks: cells, medium, scaffolds and bioprocess (Chen
L. etal., 2022). Most technologies are at the early stages of development and
there is little knowledge about their future impacts. Based on expert
opinions, each technological innovation-in-the-making is expected to have
some impacts and contributions toward inclusive consumption and/or
production. Figure 3 gives an overview of the claims presented in Section
3 in the format of an innovation radar for cultivated meat. The technologies
are listed around the rim of the radar and are divided into the sections cells,
scaffolds, medium and bioprocess. The positive and negative claims about
the technology’s contributions toward social inclusion are displayed as
diamonds. The claims relate to barriers and risks and each is assigned a
different color. The positive claims are displayed in the inner circular
section of the radar. The negative claims are displayed in the outer circular
section of the radar. The claims presented in this format have been
discussed in the sections 3.1.2,3.2.2,3.3.2,and 3.4.2.

The findings displayed on the radar bring us to three important
conclusions. First, most technological solutions are associated with
positive and negative expectations and currently it is not possible that
one specific approach to cells, scaffolds, medium and bioprocess is
going to be much better for enabling social inclusion than others.
Second, most technological solutions for sourcing and optimizing
cells and for producing culture medium are expected to have some
exclusionary effects, suggesting that currently it is not thinkable that
production and consumption of cultivated meat could be socially
inclusive. Third, while there is some understanding of how the
technologies could change the costs of production and if they would
align or misalign with cultural values and norms, it is poorly
understood how most technologies for cultivated meat production
relate to other barriers to inclusive consumption and production.

The current study has some limitations. First, the study identifies
a range of technologies for production of cultivated meat and expert
claims about their impacts but neither of these lists is exhaustive. It is
likely that relevant impacts have not been identified and some
technologies were missed given the limited number of interviews.
Second, the study is exploratory and not evaluative - it assesses neither
the extent to which the impacts are considered to be possible or likely
by the experts, nor does it assess the magnitude of these impacts. Our
study shows that the different technological solutions are expected to
have contributions toward inclusive consumption and production, but
the impacts need to be assessed in future studies.

The following implications for research and development funding
policies can be drawn from the study. First, public funders and
private investors should be aware that there are many different
approaches for cultivated meat production, which are expected to
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have different contributions toward inclusive consumption and
production. Financial support for research and development should
come with a requirement to thoroughly assess the impacts of
emerging processes for production of cultivated meat. To this end,
support for inter- and transdisciplinary collaborative research
assessing the economic, environmental, and social impacts of
technological solutions for cultivated meat production is advised.
Second, the policy makers should recognize that there is a possibility
of a directionality failure’ (Weber and Rohracher, 2012) within the
field of cultivated meat - that is a possibility that the less sustainable
approaches to production of cultivated meat will be developed,
diffused, and institutionalized while more sustainable approaches will
be abandoned. To avoid such failure, there is a need for (1) support
for a variety of approaches for cultivated meat production, (2)
coordinated efforts of actors in the public and private sectors to
generate missing knowledge about impacts of various approaches for
production of cultivated meat, (3) system-level monitoring of
emerging approaches and their impacts, (4) readiness to abandon
technological directions when it becomes apparent that their impacts
are undesirable or less desirable than those of other protein sources.
Lastly, the regulatory framework for cultivated meat production and
sales needs to be clarified in the EU.

In conclusion, this article identifies the possible impacts on social
inclusion that the currently developed different technological approaches
for production of cultivated meat could have in the future. It visualizes the
findings as the innovation radar for cultivated meat. The study identifies
the gaps in the understanding of the contributions of cultivated meat
production toward inclusive food systems and makes recommendations
for future research and development and funding policies.
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