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Cultivated meat (CM) is an emerging field of research that applies cell-culture and bioprocessing technologies to
the production of animal-derived food products without conventional animal farming. Growing global demand
for meat, coupled with environmental and resource constraints associated with existing production systems, has
motivated increasing academic, industrial, and policy interest in CM. Beyond its research and commercial im-
plications, CM has the potential to contribute to social stability and food security, particularly in regions with
limited arable land and high dependence on food imports, and may reduce vulnerability to global disruptions
such as zoonotic disease outbreaks (e.g., avian influenza). This review offers a comprehensive analysis of the
field, addressing the growing demand for CM, technical advancements, and the challenges in translating CM
production into scalable applications. It examines current technological obstacles, highlights recent research
progress, and explores potential solutions for achieving sustainable growth in the industry. By evaluating the
intricacies of CM, this review aims to provide insights into the strategies needed to advance this innovative field
and meet future demands for sustainable and secure food sources.

1. Introduction

The expanding field of cultivated meat (CM) reflects a global
response to the growing limitations of conventional livestock farming.
Traditional animal agriculture, while long essential to global nutrition
and rural livelihoods, faces increasing scrutiny due to its substantial
environmental, ethical, and public-health burdens (Ferrari, 2025).
Livestock production is estimated to contribute approximately 14 — 18 %
of anthropogenic greenhouse-gas (GHG) emissions and to occupy nearly
70 % of global agricultural land (Piantino et al., 2025). However, recent
analyses emphasize that such aggregated indicators are highly depen-
dent on system boundaries and land classification, as a substantial
proportion of land used by livestock consists of grasslands unsuitable for
crop production and therefore does not directly compete with human

food cultivation (Mottet et al., 2017; Peyraud & Hocquette, 2025).
Accordingly, environmental and land-use impacts of livestock systems
should be interpreted with caution, accounting for land quality, op-
portunity cost, and regional production context rather than absolute
area alone. Water-use estimates for ruminant production have similarly
been subject to reinterpretation. While ruminant systems have previ-
ously been reported to require up to 15,000 L of water per kilogram (kg)
of beef based on volume-based water footprint assessments (Lim et al.,
2025) , subsequent analyses indicate that these values largely reflect the
aggregation of rainfall-driven evapotranspiration (green water), surface
and groundwater withdrawals (blue water), and water required to dilute
pollutants (grey water). As emphasized by (Peyraud et al., 2025) ,
impact-oriented assessments focusing on blue-water consumption and
local water stress yield substantially lower and more context-dependent
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estimates, and therefore do not necessarily reflect direct competition for
freshwater resources. Beyond land and water considerations, ruminant
production typically exhibits relatively low feed-to-protein conversion
efficiency, averaging approximately 6 — 10 kg of feed per kg of meat
produced. In addition, intensive livestock systems often rely on antibi-
otics and growth-promoting agents, which have been associated with
antimicrobial resistance and zoonotic disease risks, while carcass pro-
cessing may introduce further microbial and chemical contamination
concerns (Castellani et al., 2025). The CM industry has seen significant
progress over recent years, driven by the need to address the concerns
associated with traditional animal agriculture. CM offers a solution to
long-standing animal-welfare concerns and underscores the urgency for
alternative protein systems capable of decoupling meat supply from
conventional animal farming. Within this context, CM has been pro-
posed as a biotechnology-driven approach that seeks to cultivate animal
cells directly in an effort to reproduce selected sensory and nutritional
attributes of meat, while potentially reducing ecological impacts and
animal suffering. (Dvash & Lavon, 2024).

Despite the considerable momentum in research and development,
evident by the involvement of approximately 200 companies fervently
pursuing the creation of CM products, the path to widespread adoption
and commercialization of these novel alternative food sources remains
riddled with formidable challenges (Cai et al., 2024). While technolog-
ical advancements have been pivotal in the development of CM enabling
precise cell culture, improved bioreactor design, and edible scaffold
materials. However, consumer acceptance remains the decisive factor
determining the trajectory of this emerging industry. As (J.-F. Hocquette
et al., 2025) highlighted, the perception of CM as an artificial or
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unnatural food creates social and ethical resistance that may outweigh
technical barriers. Likewise, (Wood et al., 2023) reported that most
consumers express curiosity rather than long-term willingness to pur-
chase, often citing uncertainty about safety, nutrition, and authenticity.
Ultimately, the success of CM depends on building public trust and
demonstrating tangible benefits ethical, environmental, and sensory
that justify its inclusion in mainstream diets. High acceptance will, in
turn, drive further investment and technological innovation, creating a
virtuous cycle where market demand fuels research progress, and reli-
able, cost-effective technology reinforces consumer confidence (A. C. A.
Santos et al., 2023). However, the industry faces challenges such as high
production costs, scalability issues, and regulatory barriers that need to
be addressed to achieve commercial viability (Kirsch et al., 2023).
This review is structured thematically, with each section addressing
a distinct aspect of the CM landscape: (i) technological foundations and
production processes; (ii) environmental and sustainability implica-
tions; (iii) food security and socio-economic considerations; (iv) policy
and regulatory frameworks; (v) public perception and consumer
acceptance; and (vi) future directions and innovation strategies. Using
evidence from scholarship, market analysis, and policy review, this
paper exposes CM’s commercial and social hurdles and argues that
cross-disciplinary partnerships and continued innovation are essential to
realize its promise for a resilient, equitable, and sustainable food system.
To support this goal, the review adopts a narrative synthesis approach,
integrating insights from a wide range of peer-reviewed publications,
industry reports, and regulatory documents. By thematically organizing
the discussion across technological, environmental, economic, and
policy domains, the review identifies current knowledge gaps, evaluates
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Schematics. Conceptual illustration of cultivated meat (CM) as one of several alternative protein approaches aimed at addressing global protein demand. The
scheme outlines key research and development components within the CM production system, including cell line optimization, contamination risk control, mod-
ulation of flavor and texture, sustainability considerations, and circular resource utilization such as culture media recycling. These elements collectively represent
critical technical and system-level factors under investigation in the broader development of alternative protein production.
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potential impacts, and highlights opportunities to accelerate the inte-
gration of CM into the global food supply chain.
Schematics.

2. Societal drivers and consumer acceptance of cultivated meat

A stable food supply is the cornerstone of social stability, especially
for countries like Singapore, which lack arable land. CM is not only a
matter of research and commerce but also a relevant consideration
within broader food resilience and security frameworks. Moreover, even
countries with vast territories like China and India still rely on food
imports. During the recent COVID-19 pandemic, food shortages high-
lighted the vulnerability of global supply chains, and future zoonotic
outbreaks, such as avian influenza, could pose similar risks (Wells et al.,
2023). According to a report by the U.S. Centers for Disease Control and
Prevention, since January 20, 2022, over 12,000 wild birds have been
confirmed to be infected with H5N1, and more than 162 million poultry
have been affected by outbreaks. The virus has also been detected in 973
dairy herds across 16 U.S. states. Although rare, transmission to mam-
mals has been observed, particularly in species that were in close contact
with infected birds, indicating a potential for zoonotic transmission.
Therefore, CM could contribute to enhancing food security and resil-
ience as part of a diversified and sustainable food system.

These crises have underscored the importance of improving food
production efficiency, reducing food waste, and enhancing local self-
sufficiency (Coucke et al., 2023). To pre-emptively address potential
disruptions caused by future pandemics, fostering localized and
resource-efficient food production including innovative protein sources
such as CM will be essential (Gonzalez-Monroy et al., 2021). Meat and
milk from cattle provide approximately 45 % of the global protein
supply, yet about 86 % of livestock protein (in skin, wool, bone, and
organs) remains inedible for humans (Mottet et al., 2017). This sub-
section examines the critical social and behavioral factors influencing
consumer acceptance of CM and highlights the need to improve its
perceived taste, naturalness, familiarity, and environmental impact
(Fidder & Graca, 2023). Insights from global health crises underscore
the importance of understanding and influencing consumer behavior
(Gliney & Sangiin, 2021). However, surveys consistently show that CM
is less appealing to consumers than traditional or plant-based meat
(Coucke et al., 2023), with reasons ranging from health concerns and
religious beliefs to entrenched dietary habits, rather than simple food
neophobia (Krings et al., 2022). Similarly, a large-scale French study
reported that most consumers still perceive CM as unnatural, unappe-
tizing, and potentially harmful, showing lower levels of trust in labo-
ratories and start-ups, with acceptance largely limited to younger and
highly educated groups (E. Hocquette et al., 2022). Improving public
understanding through transparent communication about CM’s pro-
duction process and benefits has been shown to enhance consumer
acceptance. Table 1 summarizes surveys from various studies regarding
the perceptions and concerns of people in different regions about
accepting CM. Interestingly, there is a greater willingness to try CM in
Eastern countries compared to Western nations (Liu, Hocquette et al.,
2021). Based on Table 1, consumer acceptance of CM remains moderate,
with a consistent set of priorities emerging. Price is the most critical
factor most consumers are unwilling to pay more than for conventional
meat, followed by taste and texture, safety and naturalness, and trust in
production transparency. While younger, educated, and environmen-
tally conscious individuals show greater openness, older consumers and
those in the meat industry remain skeptical. Overall, despite awareness
of ethical and environmental benefits, economic feasibility and sensory
authenticity remain the strongest determinants of global consumer
acceptance.

Table 1
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Summarizes the perceptions and acceptance levels of consumer surveys
regarding cultivated meat in various countries around the world.

No Focus

Region of
Study

Key Findings

Reference

1 Consumer
perceptions and
acceptance for
commercialization

2 Factors influencing
cultivated meat
acceptance

3 Preferences for
plant-based, hybrid,
and cultivated meat

4 How social and
policy factors shape
its
commercialization.

Various
(Global
Review)

Various
(Global
Review)

Belgium

Various
(Global
Review)

Consumer
acceptance of
cultivated meat
remains mixed,
influenced by
factors such as
safety,
naturalness, taste,
and price. The
authors highlight
that public
communication,
transparent
labeling, and
policy support
will be crucial to
improve trust and
accelerate
adoption.
Identified key
factors affecting
acceptance, such
as environmental
benefits, health
concerns, ethical
considerations,
and sensory
attributes (taste,
texture).
Consumers who
were more
environmentally
conscious and
concerned about
animal welfare
showed higher
acceptance of
cultivated meat.
Found that
consumer
preferences varied
by meal context
and consumption
moment.
Cultivated meat
was generally
preferred over
hybrid and plant-
based alternatives
when offered in
familiar meal
contexts and
when consumers
were made aware
of cultivated meat
's ethical and
environmental
benefits.
Consumer
attitudes toward
cultivated meat
are strongly
influenced by
cultural values,
perceived
naturalness,
safety, and price,
while clear
regulatory
frameworks and
public
communication

(Samad et al.,
2024)

(Pakseresht,
Kaliji, &
Canavari, 2022)

(Coucke et al.,
2023)

(Bui, Filimonau,
& Ermolaev,
2025)

(continued on next page)
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Table 1 (continued) Table 1 (continued)

No  Focus Region of Key Findings Reference No  Focus Region of Key Findings Reference
Study Study
are identified as acceptance of three factors: (I)
essential for cultivated meat its appearance
improving and taste, as
acceptance and people valued
building long- how closely it
term trust. resembled
US and UK USA, UK Identified distinct (Szejda, Bryant, conventional
consumer consumer & Urbanovich, meat; (II) their
segmentation on segments with 2021) personal and
cultivated meat varying levels of political beliefs,
acceptance. "Early such as views on
adopters" showed consumer
a high willingness freedom and
to try and government
purchase regulation; and
cultivated meat, (I11) the level of
while "skeptics" communication
were more and transparency,
concerned about where clear,
unnaturalness and evidence-based
safety. information was
Educational key to building
initiatives trust and
focusing on health acceptance.
and 9 Comparison of Germany, Germans showed (Bryant, van
environmental cultivated meat France a higher level of Nek, & Rolland,
benefits could acceptance in acceptance 2020)
shift skeptical Germany and compared to the
consumers France French, largely
towards due to stronger
acceptance. environmental
Rural vs. urban Ireland Urban consumers (Shaw & Mac concerns and a
consumer attitudes accepted Con Iomaire, greater familiarity
towards cultivated cultivated meat 2019) with food
meat more than their innovations.
rural French consumers
counterparts, were more
mainly due to skeptical, with
greater exposure concerns about
to new food the taste, safety,
technologies and and the perceived
higher concern for "unnaturalness" of
environmental cultivated meat.
sustainability. 10 How consumers Italy, Among 2,171 (Liu et al., 2023)
Rural consumers willing to try, Portugal, participants, 65.5
were more willing to regularly and Spain % were willing to
skeptical, eat, and willing to try and 56.7 % to
concerned about pay regularly eat
taste and the cultivated meat,
"unnatural" aspect but only 5.7 %
of cultivated would pay more
meat. than for
Attitudes of Australia Found that (Bogueva & conventional
Australian Gen Z Generation Z in Marinova, 2020) meat. Younger
towards cultivated Australia is people, scientists,
meat generally open to and non-meat-
the idea of industry workers
cultivated meat, showed higher
particularly due to acceptance,
environmental driven by
and ethical perceptions of CM
concerns. as ethical, eco-
However, friendly, and
concerns about healthy, while
taste, texture, and cost, emotional
potential health resistance, and
impacts were safety or taste
noted as barriers concerns
to wider remained key
acceptance. barriers.
How consumer USA Consumer (Gerber, Bae, 11 Perceptions of its Germany Among 3,558 (Jacobs,
perceptions, social acceptance of Ramirez, & societal promise, German Windhorst,
identity, and cultivated meat Cash, 2025) ethical/ consumers, 70 % Gickel, Chriki,
political values was mainly environmental were willing totry  Hocquette, &
shape the influenced by framing, and and 57 % to

(continued on next page)
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Table 1 (continued)

Table 1 (continued)
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No  Focus Region of Key Findings Reference No  Focus Region of Key Findings Reference
Study Study
demographic regularly eat Ellies-Oury, were most
influences on artificial meat, 2024) resistant,
acceptance. though most indicating that
preferred paying cultured meat in
the same as France is likely to
conventional remain a niche
meat. Acceptance product with
was higher among limited impact.
younger, 14 How technical, Various The study (Chriki et al.,
educated, and ethical, cultural, (Global emphasizes that 2025)
low-meat- and social Review) consumer
consuming dimensions acceptance of cell-
groups, driven by intersect with based foods
ethical and sensory, nutritional, depends on
environmental and environmental balancing
motives, while expectations intrinsic and
cost and extrinsic quality
regulatory attributes while
concerns limited addressing major
broader adoption. gaps in scalability,
12 How familiarity, France The study (Gousset et al., cost-effective
trust, and perceived surveyed 5,418 2022) animal-free
naturalness French consumers media, and
influence and found that regulatory
willingness to adopt while awareness understanding,
cultivated meat. of cultivated meat with trust,
remains low, transparency, and
acceptance is culturally
hindered by sensitive
concerns over communication
artificiality, being essential for
safety, health global legitimacy
risks, and price, and adoption.
emphasizing that 15 How education, Brazil Among 809 (Mendes,
trust, income, and ( Sao participants from Biscarra-Bellio,
transparency, and familiarity influence ~ Paulo and Sao Paulo showed  Heidemann,
clear willingness to try Salvador) greater awareness  Taconeli, &
communication and adopt the and acceptance of ~ Molento, 2025)
are essential to product. cultivated meat
improve than those from
consumer Salvador.
confidence. Familiarity
13 Examining France A survey of 5,718 (E. Hocquette strongly
psychological and French consumers et al., 2022) correlated with
social drivers revealed that willingness to try,
behind willingness while 40-50 % while rejection
to try or reject the acknowledged was mainly driven
product ethical and by food
environmental neophobia,
issues in livestock perceived
farming, only artificiality, and
18-26 % believed health concerns.
cultured meat The authors
could address emphasize that
them. Most communication,
perceived it as education, and
unnatural, policy strategies
unhealthy, or must be region-
disgusting, with specific to
just 23.9 % effectively
finding it improve public
“interesting” and acceptance across
16.9 % calling it diverse
“promising.” Over populations.
91 % were 16 Qualitative analysis Chinese The study found (Pareti et al.,
unwilling to pay of knowledge, that while Chinese ~ 2025)
more than for perceptions, and consumers
conventional acceptance of generally
meat. Young cultivated meat recognize the
people and environmental
women showed and ethical
greater openness, benefits of

whereas older
men and meat
professionals

cultured meat,
their acceptance is
limited by low

(continued on next page)
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Table 1 (continued)

No  Focus Region of Reference

Study

Key Findings

awareness,
concerns over
taste authenticity,
cost, and safety,
making legislative
support,
technological
improvement, and
transparent
traceability
essential to build
long-term trust.

3. Key innovations and challenges in scaling up sustainable
cellular agriculture

Safe and stable upscaling of CM is crucial for two main reasons: 1) to
ensure a continuous and controllable supply of cells for the creation and
development of CM products, and 2) to enable large-scale market
penetration that allows consumers to integrate CM seamlessly into
mainstream diets alongside conventional food sources. Beyond biore-
actor engineering, recent international frameworks emphasize that
scale-up must advance in parallel with a robust, risk-based safety
governance system. The Food and Agriculture Organization (FAO)
stakeholder roundtable (Mukherjee et al., 2025) consolidated a
four-phase hazard-identification framework covering cell selection,
production, harvesting, and food processing and emphasized HACCP-,
GMP-, and GHP-style food safety plans focusing on novel or specific
inputs (e.g., media components, novel equipment) that may not exist in
conventional foods (Powell et al., 2025). Building on this, previous study
(Bennie et al., 2025) proposes a risk-based cell line and cell banking
architecture including Master/Working Cell Banks, standardized iden-
tity and contamination testing, and dossier components aligned with
existing biomedical/bioprocessing playbooks to control hazards from
the bank-up through scale-up. Such standardized cell-banking systems
are also critical to mitigate the risk of genetic drift identified by FAO and
to ensure genetic stability across production batches(Organization,
2023). Moreover, by establishing well-characterized and immortalized
cell lines, companies can reduce reliance on repeated muscle biopsies
from live animals, improving both reproducibility and ethical compli-
ance. These sources jointly highlight that quality control and safety
assurance must be standardized for food-grade cell banks and scaled
manufacturing, with regulators drawing from neighbouring fields while
adapting tests to food-safe use cases.

Complementing these institutional perspectives, (Chriki et al., 2022)
highlight ethical, semantic, and nutritional uncertainties that remain
unresolved even if manufacturing hurdles are overcome. They argue
that referring to cultured tissue as “meat” may be semantically and le-
gally contentious, since the term “meat” in many jurisdictions refers
specifically to edible tissues derived directly from slaughtered animals.
In line with this reasoning, FAO prefers the term “cell-based food™ rather
than “meat” in its official guidance documents, emphasizing that this
terminology more accurately reflects the underlying production process
(i.e., cell cultivation) and helps distinguish such products from con-
ventional slaughtered animal products. The FAO/WHO report
(Organization, 2023) explicitly frames “cell-based food” as food items
produced by culturing cells isolated from animals excluding the broader
use of “meat” to reduce ambiguity in regulatory, safety, and labeling
contexts.

Extending this debate, (Chriki et al., 2025) underscore that CM must
fulfill both intrinsic (safety, nutrition, sensory) and extrinsic (ethics,
environmental impact, cultural acceptance) quality expectations. They
identify animal-free and recyclable culture media as a critical sustain-
ability bottleneck, while cautioning that many of CM’s purported
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environmental benefits remain model-based and unverified at industrial
scale. By examining these critical elements, we provide a comprehensive
view of the technical state-of-the-art and the safety systems needed to
realize industrial-scale production. Four main elements are identified
and will be discussed in dedicated subsections(Singh & Kumar, 2025):
(i) cell line development and banking, (ii) media and inputs control
(including recycling/reuse), (iii) bioreactor scale-up and contamination
prevention, and (iv) post-harvest processing and product safety
documentation.

3.1. Continuous or immortal cell line development

Establishing a continuous or immortal cell line with rapid doubling
times is a pivotal milestone in scaling up cell production in CM. The
source of these cells from diverse animal species is imperative, requiring
properties that allow continuous growth over hundreds of generations,
accompanied by short doubling times of preferably below 24 hours
(Pajcin et al., 2022). These cells can be derived from early tissues of
young animals, spontaneously immortalized in culture, or transformed
into a pluripotent stem cell stage to promote cell mass expansion (Reiss
et al., 2021). Table 2 summarizes a range of cell types from mammalian
and avian species that have been published, but there is a paucity of
reference to seafood cell lines. While noteworthy strides have been made
by various companies, including Upsides Food, Good Meat, Mosa Meat,
and Aleph Farms, in deriving extended cultures of avian, porcine, and
bovine cell types (Pasitka et al., 2023), challenges persist in establishing
continuous lines from vital fish species such as tuna, mackerel, and
salmon, as well as crustaceans like prawns, lobsters, and crabs, owing to
historical limitations in basic research and characterization under lab
cell culture conditions (Saad et al., 2023). This section explores current
and emerging technologies that enhance the biological aspects of cell
cultivation, ensuring a sustainable and economically viable foundation
for CM production. Heavily engineered cell lines may face stricter reg-
ulatory hurdles to ensure their safety to consumers, and the high op-
portunity cost may hinder adoption. By exploring various
methodologies for generating cell lines, this review draws on insights
from relevant literature to critically evaluate the efficiency of cell
cultivation technologies, shedding light on challenges and potential
solutions in this critical aspect of CM (Goswami et al., 2022).

3.2. Development of bioprocesses to achieve high cell density

Developing bioprocesses capable of achieving high cell densities is
fundamental for ensuring an efficient rate of cell production in the
context of CM (Allan et al., 2019). Typical 2D culture processes face
challenges such as low growth rates, metabolic inefficiency, and
catabolite inhibition. Thus, cell density is very difficult to increase from
10* to 10° cells/cm? (Rowley et al., 2012). Additionally, the choice of
cells is also very important to achieve high cell density. The output
weight per unit volume varies greatly depending on cell size. Smaller
cells can achieve higher maximum cell concentrations while consuming
a similar medium (Hellung-Larsen &  Andersen, 1989).
Three-dimensional (3D) suspension cultures like packed bed bioreactor
and microcarriers can be used to achieve higher cell density to 107 to 108
cells/mL by increasing nutrient and O, exchange (Lembong et al., 2020).
Current industry targets aim to achieve 25 to 50 g/L of cell mass,
recognizing that smaller cells, such as those of prawns, will weigh
significantly less when compared to larger fibroblasts. A comparative
benchmark in the biotherapeutics field reveals that Chinese Hamster
Ovary (CHO) cells have attained densities of 6 x 107 cells/ml to 1.2x108
cells/mL in perfusion cultures (Table 2) (Schwarz et al., 2023). Recent
advancements in suspension chicken cell lines have also achieved
exceptionally high cell densities in culture, although the literature on
similar yields in intensive cultures for other cell lines remains limited
(Pasitka et al., 2023). It is possible to provide higher growth density by
designing microcarrier properties, such as their morphology, tensile
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Table 2
Summary of Cell Types, Sources, Functions, Culture Details, and Achievable Densities in Cultivated Meat Production.
Cell Type Cell Source Function in Cultivated Meat Culture Details Achievable Reference
Cell Density*
(cells/mL)
Embryonic stem cells Pluripotent Stem Cells Highly versatile and self-renewing DMEM -+ 10-20 % KOSR -+ bFGF 1 - 2x10° (Takahashi & Yamanaka,
(ESCs) (PSCs) cell source 2016)
Fibroblasts Epithelial-mesenchymal Produces extracellular matrix DMEM + 10 % FBS + P/S 0.5 - 2x10° (Ben-Arye & Levenberg,
transition and (ECM) proteins like collagen, 2019)
circulating bone contributing to tissue structure
marrow-derived
fibrocytes
Adipocytes (Fat Cells) Fat tissue Contributes to flavor and juiciness DMEM + 10% FBS+1%P/S+  0.5-1.5x10° (Ben-Arye et al., 2020)
insulin, dexamethasone
Bovine Adipose tissue of cows To differentiate into fat cells that DMEM with 10 % FBS, bFGF and 10° - 107 (Hanga et al., 2020)
adipose-derived stem contribute to the fat content, flavor,  UltraGlutamine
cells (bASCs) and texture of the lab-grown meat
BovineESCO01_PluriCells bovine (cow) embryonic Differentiate into various cell DMEM/F12 supplemented with 10° - 107 (Kinoshita et al., 2021;
stem cells types, like muscle and fat cells 0.03 % BSA. Reiss et al., 2021)
PorcineESCO1_PluriCells porcine (pig) embryonic Differentiate into different cell DMEM/F12 supplemented with 10°- 107 (Kinoshita et al., 2021;
stem cells, types, such as muscle and fat cells, 0.03 % BSA. Reiss et al., 2021)
which are crucial for producing
pork in a lab setting
OvineESCO1_PluriCells From ovine (sheep) Differentiate into various cell DMEM/F12 supplemented with 10° - 107 (Kinoshita et al., 2021;
embryonic stem cells types, such as muscle and fat cells,  0.03 % BSA. Reiss et al., 2021)
enabling the production of lab-
grown lamb or mutton
CFS414 Embryonic fibroblasts A foundational cell line that DMEM + 10 % FBS + P/S NEAA, 10° - 10° (Biegler et al., 2022)
proliferates and differentiates into and 1xSodium pyruvate
muscle tissue, essential for forming
the meat product
Chinese Hamster Ovary Epithelial cells of the Produce essential growth factors, HyClone ActiPro medium 107 - 108 (Schwarz et al., 2023)
(CHO) Cells ovary of the Chinese proteins, and help develop scalable, (Cytiva) and M1 — M4 media
hamster serum-free media for efficient and
ethical meat production
Quail Myoblast Cell Line Skeletal muscle Proliferating and differentiating DMEM/F12, 2 % FBS, and 1 % 10° - 107 (Perreault et al., 2023)
(QM7) into muscle fibers, forming the P/S along with hFGF2 and HGF
essential tissue structure of the
meat
LRM Cells Cell line derived from To create muscle tissue that mimics L-15 with 10 % FBS 10° - 107 (Goswami, Pinto,
the caudal skeletal the texture and flavor of real fish, and 10 ng/ml bFGF Yashwanth,
muscle of L. Rohita (a enhancing sustainability and Sathiyanarayanan, &
freshwater carp) authenticity. Ovissipour, 2023)
Immortalized porcine Immortalized porcine Produce the fat content necessary DMEM + 10 % FBS + P/S and 108 - 107 (Cheng et al., 2023)
muscle preadipocytes for pork products, contributing to bFGF
satellite cell flavor and texture.
Primary chicken embryonic ~ From Chicken breeds Support cell proliferation, produce DMEM10 culture 1.08 x 107 (Pasitka et al., 2023)
fibroblast extracellular matrix components, medium supplemented with 0.1
and aid in muscle development by % (v/v) Pluronic F-68
mimicking the natural
environment of muscle tissue.
Bovine satellite cells (bSCs) Isolated from bovine Enables incorporation of the F-10 + 20 % FBS + FGF2 (5 ng/ 0.5-5 x 10° (Ogawa, Kermani,
skeletal muscle tissue. scaffold into the final cultivated- mL) + antibiotics. Huynh, Baar, Leach, &
meat product (on mycelium Block, 2024)
carriers)
Bovine Adipose-Derived Bovine carcasses Demonstrates that bovine fat cells DMEM/F12 (high glucose), 1x10° (Levenberg et al., 2005;
Stem Cells (BASCs) (slaughterhouse by- can survive, proliferate, and Insulin (10 pg/mL), Transferrin Xuan et al., 2025)
products). differentiate in fully defined serum- (5 pg/mL), Selenium (5 ng/mL),
free medium, reducing costs and Ascorbic acid (50 pM), bFGF (5
ethical concerns associated with ng/mL), EGF (10 ng/mL)
FBS.
Muscle satellite cells red seabream (Pagrus These satellite cell lines are L-15 medium + 10 - 20 % FBS 2.1x10° (Ulagesan, Krishnan,
(PMMSC) major) intended for cultivated seafood Nam, & Choi, 2025)
production; i.e. as the muscle /
flesh-generating cells in cell-based
fish meat.
Chicken satellite cells Pectoralis major muscle The chicken satellite cells were High-glucose DMEM + 10 % FBS 1.8x10° (Sun et al., 2025)
(CSCs) of broiler chickens used for myogenic proliferation + 1 % P/S + 10 ng/mL bFGF
(Gallus gallus and differentiation, forming
domesticus) multinucleated myotubes that
mimic skeletal muscle fibers.
Muscle satellite cells (SCs) Large yellow croaker (a The SCs are responsible for muscle L-15 medium + 15 % FBS + 1 % 6.25x10° (X. Zhou et al., 2025)

marine fish)

tissue formation (myogenic
differentiation) in the final cultured
fish fillet product.

P/S + 10 ng/mL bFGF

(continued on next page)
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Table 2 (continued)

Future Foods 13 (2026) 100984

Cell Type Cell Source Function in Cultivated Meat Culture Details Achievable Reference
Cell Density*
(cells/mL)
Non-adherent insect cell Manduca sexta (tobacco Designed as a robust, scalable cell Cultured for 7 days in Ex-Cell 2 x 107 (Letcher, Calkins, Clausi,
line (MsNAC) hornworm) embryonic source for biomass generation in 420 Insect Cell Medium McCreary, Trimmer, &
tissues cultivated meat systems; Kaplan, 2025)
potentially useful for insect-based
or hybrid meat analogs.
Immortalized murine Skeletal muscle of C3H C2C12 cells contribute the muscle /  High-glucose DMEM + 10 % FBS 5x10° (Maharjan et al., 2025)

myoblast cells (C2C12) mice
cells final hybrid food product.

animal protein component in the

+1%P/S

DMEM, Dulbecco’s Modified Eagle Medium; FBS, Fetal Bovine Serum; P/S, penicillin/streptomycin; bFGF, basic fibroblast growth factor; HS, Horse Serum; hPL,
Human Platelet Lysate; EGM-2, Endothelial Growth Medium-2; KOSR, Knockout Serum Replacement; hFGF2 and HGF, Human Fibroblast Growth Factor 2 and He-
patocyte Growth Factor; EGM, Endothelial Cell Growth Medium; BSA, Bovine Serum Albumin; NEAA, Non-Essential Amino Acids.

" Achievable Cell Density refers to the typical concentration of cells that can be sustained in a bioreactor environment during the production of cultivated meat.

strength, charge, and diameter to aid protein synthesis and cell differ-
entiation, and providing cyclic stretching to assist muscle cell matura-
tion (Mihic et al., 2014).

In addition to innovations in materials, ultrafine bubbles (UFBs) are
gaining attention in various industries as a new type of gas nanocarrier
(Tran et al., 2023). They are produced using high-frequency or
high-pressure methods, creating extremely small gas-filled bubbles,
typically less than 200 nanometers in diameter (Miyamoto et al., 2023),
which exhibit unique properties due to their small size and stability
(Noguchi et al., 2017). Due to their small size, they have a large reactive
surface area and are usually negatively charged, which prolongs their
lifespan in liquids (Noguchi et al., 2017). This negative charge can
attract ions from the culture medium, facilitating nutrient delivery.
UFBs are currently showing excellent applications in fields including
cosmetics, pharmaceuticals, and agriculture (Park et al., 2022). Since
UFBs are gas-based, they can switch between gases, such as oxygen,
hydrogen, and carbon dioxide. They are often used to carry Hy or O3
filled UFBs water, which has strong bactericidal activity (Morishita
et al., 2022). More importantly, as a nanocarrier, UFBs can quickly
deliver nutrients and adjust the gas environment to stimulate cell
growth, shorten doubling time, and increase total cell biomass (Tran
et al., 2023). Other methods used to obtain high cell density for different
cell types are summarized in Table 2. As the industry strives for com-
mercial traction, setting a baseline density of minimally 100g/L of cell
mass becomes imperative to unlock cost-of-goods benefits and establish
the economic viability of CM production. Development of other com-
plementary technologies for use in bioreactors such as
micro/nano-aeration will also be necessary.

3.3. Reducing cultivated meat costs through biochemical innovations

According to the Good Food Institute (GFI) report “Trends in Culti-
vated Meat Scale-Up and Bioprocessing,” the total global production of
CM is projected to reach 125,000 tonnes by 2026 (Tavan et al., 2025). In
comparison, McKinsey & Company in its report “Cultivated Meat: Out of
the Lab, Into the Frying Pan” estimated that achieving a USD 25 billion
market by 2030 would require an annual production capacity of
approximately 1.5 million tonnes. However, this remains negligible
compared to the OECD-FAO Agricultural Outlook 2025 — 2034, which
estimated global conventional meat production at 365 million tonnes in
2024. In addition, according to U.S. Department of Agriculture reports
(Skorbiansky et al., 2024), the average wholesale choice beef price to
retail in 2024 was around USD $7.3/kg. To make CM competitive in the
market, its production cost must be reduced to below USD $5/kg (Specht
et al., 2018). Therefore, beyond scaling up production, cost reduction
remains an urgent priority for the CM industry. It is estimated that 104
cells are needed to produce 1 ton of CM, requiring thousands of liters of
culture medium, with up to 55-95 % of the budget allocated to culture
medium (Chen et al., 2022). Negulescu et al. (Negulescu et al., 2023)

performed techno-economic analyses by computer-based simulations of
manufacturing facilities (real or conceptual designs) based on mathe-
matical models for mass and energy balances for each unit operation and
utilizing necessary biological, engineering, and cost assumptions. For a
~262,000 L airlift reactor, the media cost needs to drop to about
$0.75/L to reduce the overall cost to below $9/kg (Negulescu et al.,
2023). The exorbitant costs associated with cell maintenance largely
stem from the utilization of media for continuous cell culturing in CM.
Cell culture use involves consuming thousands of liters of media with
serum supplements, growth factors (e.g., FGF-2, VEGF, IGF-1, HGF, and
PDGF-BB), and additives. The cost of media also significantly rises due to
the use of pharmaceutical-grade components (Nikkhah et al., 2023;
O'Neill et al., 2021). As the pursuit of a consistently abundant cell supply
requires colossal volumes of media, the resulting costs will hence pose a
challenge in terms of affordability and exploration by consumers
(Humbird, 2021). To achieve price parity with traditional meat and
significantly reduce overall production costs, the target cost of main-
taining the cells should be within the range of cents per kilogram of raw
materials, achievable only with cost-effective raw ingredients from
waste or side streams of plant materials, such as those from soy, wheat,
or barley. Currently, experiments are using biological waste materials
such as soybean residue (Agnihotri et al., 2021) or orange peels
(Mantzouridou et al., 2015). Following separation and purification,
these materials can serve as microbial culture media, enabling the
remaining nutrients (e.g., proteins and carbohydrates) to be fermented
or converted into lipids (Caporusso et al., 2021). These useful nutrients
are then extracted for use as alternatives to cell culture media. However,
becoming a reliable source of nutrients remains highly challenging.
Thus, it is necessary to find lower-cost nutrient sources, such as vitamins
and minerals (Hubalek et al., 2022). Although a few studies have
focused on the use of serum-free media for culturing bovine satellite
cells, there is limited publicly available information on the development
of affordable media and growth supplements for various species of CM
(Pasitka et al., 2023). Recently, the integration of artificial intelligence
(AI) and metabolic studies to expedite the development of sustainable
media formulations for CM has been proposed (Nikkhah et al., 2023).
Exploring alternative components and eliminating dependencies on
costly external factors would simultaneously bridge the gap between
economic sustainability and ethical considerations (Ramani et al.,
2021).

3.4. Cost reduction strategies in cell culture production using AI and
modeling

Recent advances in Al technologies have been increasingly applied
across various domains of bioprocess optimization, including large-scale
cell culture for gene therapy, biopharmaceutical production, and
emerging fields such as CM. However, Al-specific studies directly tar-
geting cost reduction strategies in CM production remain relatively
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limited. This section summarizes and discusses several representative
studies that have explored Al-assisted process modeling and cost-
efficient media optimization relevant to cellular agriculture as shown
in Table 3.

To reduce serum dependence and improve scalability, Cosenza et al.
(2023) developed a multi-objective Bayesian optimization pipeline that
identified high-performing, low-cost serum-free media for C2C12 myo-
blasts, achieving 23 % higher growth with 62.5 % of the cost of the
control medium (Cosenza et al., 2023). The strategy combined
high-throughput screening with multi-fidelity data integration, reducing
both material and laboratory costs.

In another study focused on zebrafish embryonic cells (ZEM2S),
Nikkhah et al. utilized a hybrid Al approach combining Response Sur-
face Methodology (RSM), Radial Basis Function neural networks (RBF),
and a Genetic Algorithm (GA) to optimize reduced-serum culture media.
This led to a 20 — 24 % cost reduction through precise adjustment of
growth factor concentrations such as IGF and FGF (Nikkhah et al.,
2023).

Beyond media composition, Ebrahimian et al. proposed a process-
level optimization using in situ cell detachment in microcarrier cul-
tures. By incorporating hybrid modeling and augmented Design of Ex-
periments (DoE), the team successfully reduced handling steps and
eliminated the need for costly cell-microcarrier separation, contributing
to operational cost savings in adherent cell propagation (Ebrahimian
et al., 2024).

For T cell therapy applications which share medium development

Table 3
Detailed Al-Driven Cost Reduction Strategies in Cell Culture.
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challenges with CM. Grzesik et al. introduced a machine learning
pipeline combining elastic net, random forest, and clustering algorithms
to perform one-time media optimization, reducing donor-specific
formulation costs while maintaining performance across variable in-
puts (Grzesik & Warth, 2021).

Finally, Schinn et al. demonstrated the value of genome-scale
metabolic modeling combined with machine learning to predict amino
acid consumption in CHO cells, enabling preemptive nutrient supple-
mentation and reducing wasted feeds or failed runs strategies that could
be adapted to animal cell-based meat systems (Schinn et al., 2021).

Together, these studies illustrate the diverse and powerful applica-
tions of Al in reducing costs in cell culture-based systems. Whether
through optimizing nutrient formulations, reducing experimental trials,
or improving scalability, Al has shown potential to address one of the
major hurdles in CM production economic feasibility. Beyond laboratory
optimization, recent perspectives also suggest that integrating Al with
blockchain frameworks could further enhance data transparency, pro-
cess security, and sustainability throughout the CM supply chain, rein-
forcing trust and efficiency in the emerging cellular agriculture
ecosystem(Kaliji, Pakseresht, & Hocquette, 2025).

3.5. Microbial risks control and challenges in scaling up the cellular
agriculture industry

According to the joint FAO and WHO report (Organization, 2023)
microbial contamination remains a critical safety consideration during

AI/ML Method

Application Area

Cost Reduction Strategy

Cell Type Used

Reference

RSM, RBF Neural Network,
NSGA-II

DoE/hybrid modelling
approach

Hybrid modeling/ ANN

Elastic net, random forest, and
k-means clustering

ANN

Hybrid modelling /genome-
scale metabolic network
model with statistical
machine learning

MOBO

Reinforcement learning

Cultivated meat production, specifically targeting
the development of reduced-serum culture media
for zebrafish (ZEM2S) cells used in aquatic
cellular agriculture systems.

The optimization of the seed train and
microcarrier culture process enhances the
scalability and efficiency of vaccine-related
biomanufacturing

Bioprocess development for CHO cell culture in
upstream biomanufacturing.

The application focuses on cell and gene therapy,
specifically optimizing T cell culture media for
robust expansion across diverse human donors.

This work is directly applied to the 3D bioprinting
of cultivated meat, focusing on the creation of
structured meat tissues with edible bioinks.

Applied in biopharmaceutical manufacturing,
specifically for nutrient monitoring and predictive
control in CHO cell-based fed-batch processes.

Designing serum-free culture media for C2C12
myoblasts used in cultivated meat production.

ML was applied to cell quality prediction, culture
media optimization, 3D bioprinting,
contamination detection, and sensory analysis
across all production stages.

Multi-objective Al-based optimization
integrating RSM, RBF, and NSGA-II. Significant
serum (FBS) reduction in the media formulation
by replacing it with combinations of lower-cost
components such as PDGF, selenium, and
ascorbic acid. Use of microbial-derived growth
factors instead of animal-derived ones.
Optimizing key process variables (e.g., agitation
speed, cell seeding density) minimizes batch
failures and improves yield, which reduces
operational costs in large-scale cell culture..

By using hybrid models, the article aims to
reduce experimental workload, improve process
understanding, and enhance predictive accuracy,
thereby cutting time and cost in development
cycles.

The study implements a one-time optimization
strategy that bypasses sequential experiments by
combining high-throughput screening with
predictive ML modeling, reducing time, cost, and
donor material usage.

By predicting optimal print settings and avoiding
failed prints, the approach significantly cuts
down on resource waste and bioprinter operation
time .

By forecasting amino acid depletion from routine
measurements, the method enables anticipatory
nutrient feeding and helps avoid failed bioreactor
runs, reducing waste and increasing process
reliability.

The method reduces cost by minimizing
expensive components such as serum-free, ECM-
free and integrating multi-fidelity data to
discover low-cost, high-growth media.
Strategies include serum-free or reduced-serum
media design, hybrid meat using low-percentage
cultivated cells, and predictive models to reduce
experimental costs.

ZEM2S
(Zebrafish
Embryonic Stem
Cells)

MA 104 cells

CHO-K1 cells

primary human
CD3+ T cells

C2C12 myoblasts

CHO cell line

C2C12 myoblasts

pMuSCs

(Nikkhah et al.,
2023)

(Ebrahimian
et al., 2024)

(Bayer, Duerkop,
Portner, & Moller,
2023)

(Grzesik et al.,
2021)

(Ng & Tan, 2024)

(Schinn et al.,
2021)

(Cosenza et al.,
2023)

(Ng et al., 2025)

Al Artificial Intelligence; ML, Machine Learning; RSM, Response Surface Methodology; RBF, Radial Basis Function Neural Network, NSGA-II, Non-dominated Sorting
Genetic Algorithm II;PDGF, Platelet-Derived Growth Factor ; DoE, Design of Experiments; ANN, Artificial Neural Networks; CHO, Chinese Hamster Ovary; MOBO,
Multi-objective Bayesian Optimization; ECM, Extra-Cellularmatrix, pMuScs, Porcine Muscle Stem Cells
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the scale-up of cellular agriculture systems. While CM offers significant
advantages in reducing zoonotic transmission and minimizing contam-
ination risks compared to conventional meat processing, the FAO report
highlights that potential microbial hazards can still emerge throughout
cell sourcing, culture, and harvesting stages. As production transitions
from laboratory to industrial scale, maintaining aseptic integrity, con-
trolling biofilm formation, and preventing cross-contamination within
bioreactors become increasingly complex. These challenges underscore
the necessity of developing specialized microbial control strategies
tailored to large-scale CM manufacturing environments. Traditional
meat production accounts for approximately 70 % of global antibiotic
use (Van Boeckel et al., 2019), and the misuse of antibiotics contributes
to the global issue of antibiotic-resistant bacterial strains (Silbergeld
et al., 2008). CM produced in a controlled and sterile environment,
presents a viable solution for drastically reducing antibiotic usage (Hadi
& Brightwell, 2021). However, cell cultures remain susceptible to
contamination even in such controlled settings (Mahmood & Ali, 2017).
While many CM companies claim that they can culture cells for human
consumption without antibiotics, scaling up production while main-
taining sterile conditions remains a significant challenge for the industry
(O'Neill et al., 2021; Ong et al., 2021). Recent studies indicate that CM
companies experience an average of 11.2 % microbiological contami-
nation in industrial-scale production, with bacterial contamination
being the main cause. In more complex production processes, including
cell culture and manufacturing, the risk of contamination is even higher,
reaching up to 19.5 % (Powell et al., 2025). To address this, infection
sensing and mitigation strategies are key areas for process optimization
illustrated in Fig. 1, alongside providing a clean environment. Conven-
tional sensing technologies include microfluidics (Marques & Szita,
2017), biochips (Y. Zhang et al., 2022), DNA extraction and amplifica-
tion (Leonardo et al., 2021), protein detection, pathogen detection (J.
Zhou et al., 2020), optical detection, and electrochemical biosensors
(Stern Bauer, Yakobi, Hurevich, Yitzchaik, & Hayouka, 2023). These
methods are already widely used in biological and biomedical fields.
However, in scaling up CM production, where total culture volumes can
reach thousands of liters, and the process duration may extend over
several weeks to achieve sufficient cell density and yield, any early-stage
pathogen or bacterial contamination levels are often very low. Tradi-
tional quantitative Polymerase Chain Reaction (qPCR) detection
methods are time-consuming and costly, as they require isolating DNA
from complex bioreactor environments. Electrochemical biosensors,
therefore, offer a potential alternative, enabling rapid and highly sen-
sitive detection compared to traditional protein detection methods (Xu

Peptides

Glycans _/

Glycopeptide
Biosensing for infection control

Lipid  Glycans
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et al., 2020). These biosensors can detect bacteria at very low concen-
trations, with a sensitivity reaching the pg/mL level, facilitating
early-stage contamination detection (L. Zhang et al., 2023). Current
detection approaches are categorized into invasive, non-invasive, and
indirect methods (Biechele et al., 2015). Invasive methods involve
directly inserting sensing probes into the culture medium, while
non-invasive methods use optical or ultrasonic techniques for detection.
Indirect methods involve extracting samples of the medium for labora-
tory testing (Biechele et al., 2015; Djisalov et al., 2021). For accurate
results, invasive and indirect methods are considered more feasible
within the CM production process, although they increase the risk of
contamination. As a result, mitigation strategies become -crucial,
focusing on reducing bacterial growth through the addition of sub-
stances like lipids (Aldayel et al., 2023), fatty acid (Casillas-Vargas et al.,
2021), peptides (Stern Bauer et al., 2023; Yakir et al., 2025) , or glycans
(Behren & Westerlind, 2023), which can inhibit bacterial proliferation
or exhibit strong antibacterial effects. These strategies provide preven-
tive measures that help maintain bioreactor conditions, reducing the
need for frequent sensing and minimizing contamination risks. How-
ever, the development of novel, safe, and resistance-proof antimicrobial
agents is essential to overcome these challenges and ensure the
continued safety and sustainability of CM production (Srutee et al.,
2022).

3.6. Technologies to characterize and explore the taste and textures of
cultivated meat

Early reviews, such as (Fraeye et al., 2020), highlighted that many
sensory and nutritional properties of CM remain uncertain due to limited
empirical data. Building upon these identified gaps, recent research has
increasingly focused on technological strategies to reproduce the taste,
texture, and appearance of conventional meat. While nutritional aspects
remain important, the primary challenges for consumer acceptance now
lie in replicating flavor and texture. A major hurdle of CM production is
therefore the creation of products with taste and structural profiles that
closely resemble slaughtered meat. Successful market integration of CM
will depend on extensive efforts to mirror the intricate 3D macrostruc-
tures of muscle and fat tissues, as well as their characteristic flavor
profiles, as illustrated in Fig. 2 (Starowicz et al., 2022).

The taste characteristics of CM is also a critical factor that needs
more invested efforts beyond just pre-cooking marinations (To et al.,
2024). The unique umami taste of individual traditional meat is
dependent on the amino acid and nucleotide profiles, the presence of

Fatty acid

. Mitigation strategies

Fig. 1. Microbial risk control is crucial in the cultivated meat(CM) process. Electrochemical sensors are used to detect potential contamination risks, while novel
mitigation agents such as peptides, glycans, and lipids are employed to control bacterial growth, ensuring a safe and clean production environment throughout the

CM process.
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Fig. 2. Current technologies aim to enhance the texture and flavor of cultivated meat (CM) through methods such as using natural extracts like plant-based cellulose,
and engineering texture using edible microcarriers, bio-scaffolds, and cell-derived extracellular matrix (ECM). Additionally, flavor enhancers like furfuryl mercaptan
can be added to provide a meat-like taste, while 2,3-diethyl-5-methylpyrazine imparts a nutty umami flavor.

heme, as well as its blood and fat content (Joo et al., 2022; Kim et al.,
2023). In a high-temperature process (cooking), the amino group ac-
celerates its reaction with sugars, leading to the Maillard reaction, which
imparts a unique flavor to the meat. Impossible Foods is renowned for its
cultured heme to replicate the meat flavors in its alternative protein
products, and other startups such as tHEMEat company have also
developed alternative sustainable methods of obtaining heme that can
be incorporated into CM products. ImpacFat company is currently
championing efforts of growing fish-derived adipocytes that is touted to
significantly contribute to the fat-derived flavor of meat, as well as
replicating its nutritional content (Sugii et al., 2022; Yuen Jr et al.,
2023). Recently, Hong et al. researched a flavor-switchable scaffold.
Traditional synthetic volatile flavor compounds (SFC) (Lee et al., 2024),
can impart flavor but are released quickly over time into the air; for
example, sulfur-containing compounds such as furfuryl mercaptan,
found in roasted meat (Huang et al., 2023). Cultivating meat is very
time-consuming, and typical SFCs cannot be retained in the meat.
Therefore, furfuryl mercaptan was used to modify thiol-end groups on a
3D scaffold backbone, allowing the volatile furfuryl mercaptan to
remain stable on CM. Later, during the cooking process, the SFC is
released, imparting flavor to the CM. This study also offers a method for
providing long-lasting flavor (Lee et al., 2024).

Taste is also influenced by mouthfeel, which is heavily dependent on
the structure of the CM product (Bomkamp et al., 2022). The integration
of scaffolds plays a crucial role in the commercial success of CM by not
only replicating the taste of conventional meat but also by promoting
visual similarity and facilitating the transition from traditional meat
products (Broucke et al., 2023). 3D scaffolds have been traditionally
utilized for engineering cell-based constructs that mimic the physical
characteristics of biological tissues while promoting the attachment and
culture of specific cells within and would thus be naturally applied to
shaping CM products (Rao et al., 2023). At the same time, using some
natural sources as edible scaffolds is also a current research direction
(Mariano Jr et al., 2024). Most of the approaches using methods such as
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3D printing, electrospinning, edible film, cellulose, and decellulariza-
tion scaffolds have very low throughput or high cost of incorporation
and thus are unlikely to be attractive for mass manufacturing
(Kolodkin-Gal et al., 2023; Reiss et al., 2021). While these advancements
showcase great promise, challenges persist in the size limitations of the
structures that can be created due to mass transfer constraints for nu-
trients and oxygen and the potential of scaling up the techniques to
commercial scales (Rao et al., 2023). Audra labs is among the few
emerging companies that have utilized a simple and scalable technology
to develop realistic fibrous scaffolds to mimic the directional growth of
muscle tissues and produce realistic meat-like textures from visual and
taste aspects (A. E. A. d. Santos et al., 2024). In recent years, the
adaptation of microcarrier technology from the biomedical industry has
also emerged as a transformative solution in cultivating
anchorage-dependent cells in free suspension to facilitate expansion to
high densities via suspension cultures, promoting ease of cell recovery,
and simultaneously allow a degree of structuring to form textured
products (Koh et al., 2020; Ornelas-Gonzalez et al., 2021). Companies
like SmartMCs are among several industrial players providing edible and
dissolvable microcarriers tailored for the CM industry. Exploration of
these technological advancements would thus highlight the strides made
in the industry while also surfacing the complexities that researchers
and companies grapple with as they endeavor to capture characteristics
of traditional meat products to drive the success of CM.

4. Sustainable resources for sustainable production

In alignment with the narrative of being a sustainable alternative to
meat production, it is important to have an in-depth cradle-to-grave
analysis and scrutinize the intricate interplay of various factors
throughout the CM production process to ensure it meets or surpasses
the broader goal of mitigating environmental impact and resource
depletion (Min & Cho, 2024). The successful implementation of sus-
tainable processes hinges on understanding, evaluating, and quantifying
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the net impact on the climate, considering both direct and indirect
emissions throughout the production chain. By adopting a comprehen-
sive approach to sustainability, the CM industry would contribute to the
global shift towards eco-friendly practices and establish itself as a viable
and environmentally conscious alternative to conventional meat pro-
duction. The section underscores the significance of considering energy
use as a critical determinant in assessing the overall eco-friendliness of
CM, prompting the exploration of innovative waste processing and uti-
lization methods to optimize efficiency while minimizing environmental
repercussions, and is broken down into two subsections of major factors
that will be instrumental in ensuring that the CM economy aligns with
broader ecological preservation objectives.

4.1. Efficient waste stream valorization

The utilization of agri-food waste streams in CM presents an oppor-
tunity to explore potential advantages of CM products relative to
traditional meat production, which has been reported to be associated
with environmental pressures such as GHG emissions, deforestation, and
water use depending on production systems and regional contexts
(Negulescu et al., 2023; Sinke et al., 2023). Early life-cycle assessments
(LCAs) by (Tuomisto & Teixeira de Mattos, 2011) suggested that CM
could potentially reduce GHG emissions by 78 — 96 %, land use by 99 %,
and water use by 82 — 96 % compared with conventional beef under
specific, hypothetical production assumptions. However, subsequent
critical reviews have emphasized that these early LCA results are highly
sensitive to assumptions regarding system boundaries, energy demand,
and energy mix, and should therefore be interpreted as prospective,
scenario-dependent estimates rather than confirmed environmental
advantages (Rodriguez Escobar et al, 2021). Subsequent
techno-economic and systems-level simulations have further explored
this potential under defined conditions (Roxburgh et al., 2025) used an
agent-based model (ABM) integrating national agricultural and energy
data to simulate carbon-tax scenarios, revealing that under specific
policy and low-carbon energy assumptions, a large-scale transition to
cultivated proteins could lower agricultural emissions by up to 97 %
while simultaneously mitigating national contributions to global
warming. Similarly, (Kossmann et al., 2025) employed a
linear-programming (LP) optimization model to evaluate agricultural
feedstock production for CM in southern Germany. Their simulations
incorporated crop-rotation constraints, nutrient-extraction efficiencies,
and optional solar-energy integration. Results showed that, in the most
land-efficient scenario combining high nutrient-recovery rates with
renewable-energy inputs CM required approximately 0.8 ha per ton of
protein, slightly lower than conventional pork (1.0 — 1.2 ha per ton),
whereas less optimized settings increased land demand up to 2 ha per
ton. In line with recent analyses, these land-use estimates should be
interpreted with respect to arable land demand and opportunity cost
rather than total land occupation, given that a substantial share of land
used in ruminant systems consists of grasslands unsuitable for crop
production.(Peyraud et al., 2025) This analysis highlighted that CM’s
land-use advantage is not inherent but contingent upon efficient
nutrient sourcing and sustainable energy systems. In parallel, (Ng & Tan,
2025) highlighted the role of machine-learning-driven simulation and
predictive control to improve CM process sustainability optimizing
nutrient composition, scaffold architecture, and contamination detec-
tion to minimize material losses and energy consumption throughout the
production pipeline. Taken together, these modeling and simulation
studies indicate that CM’s potential to reduce GHG emissions and land
pressure is conditional and strongly dependent on technological effi-
ciency, energy sourcing, and system design, rather than an intrinsic
property of the production concept itself. Accordingly,
simulation-guided optimization whether through LCA, ABM, LP, or ML
frameworks should be viewed as an essential tool for exploring feasible
decarbonization pathways rather than providing definitive environ-
mental outcomes.
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Nevertheless, one major sustainability bottleneck in large-scale CM
production remains the intensive use of clean water and the generation
of nutrient-rich liquid effluents during continuous perfusion culture
(Shimizu et al, 2021). As production volumes scale up, these
spent-media streams could contribute to eutrophication and nitrogen
pollution if discharged untreated. Recent studies emphasize that
developing closed-loop media recycling systems is essential to reduce
both the environmental footprint and production cost of CM. According
to (Wang et al., 2025), integrating media reuse and nutrient recovery
into the process design can substantially reduce life-cycle GHG emis-
sions, water depletion, and eutrophication potential, as simulated
through LCA-based sustainability modeling. In parallel, (Pakbin et al.,
2025) experimentally optimized an ammonia removal strategy for
spent-media recycling using a response-surface methodology, achieving
over 82 % ammonia removal at pH 12 within 15 min while preserving
glucose integrity. When the treated media was reformulated with 50 %
fresh medium, lamb satellite cells exhibited normal proliferation and
morphology, confirming its biological feasibility. Collectively, these
findings demonstrate that targeted removal of toxic metabolites partic-
ularly ammonium coupled with nutrient recovery and reinfusion of key
components such as glucose, amino acids, and growth factors, can
effectively close the resource loop and enable repeated media use.

To achieve media recycling and reuse, existing technologies can
monitor the consumption of nutrients in the media, such as glucose and
lactate measurement, while also tracking pH levels. Additionally, HPLC
can be used to monitor amino acid consumption, O5/CO5 concentration
can be tracked, and NMR can be employed for metabolite identification.
However, these comprehensive assessments require complex tech-
niques, making the reinfusion of nutrients back into the feed media a
significant technical challenge. Current approaches include developing
low-cost adsorbent materials for ammonia nitrogen removal (Feng et al.,
2023) or using natural substances or extracts, such as heterotrophic
microalgae (Lowrey et al., 2016), to absorb nutrients and facilitate
nutrient recycling. According to the results of Shimizu et al (Haraguchi
& Shimizu, 2021), when mammalian myoblasts are used in CM, the cells
significantly consume glucose and glutamine in the culture medium.
However, the utilization of other nutrients is less efficient. To address
this, they used the microalgae Chlorococcum littorale (C. littorale) and
Chlorella vulgaris (C. vulgaris) for secondary cultivation and recycling of
the medium. The results showed that C. littorale and C. vulgaris
consumed 80 % of ammonia, 26 % of amino acids, and 16 % and 15 % of
phosphorus, respectively (Haraguchi et al., 2021). Unused nutrients
from the primary culture can be reutilized, potentially producing bio-
fuels and removing excess ammonia generated during cell culture.
Additionally, this process could yield high-value products such as
omega-3 fatty acids and other lipids for secondary fermentation (Lowrey
et al., 2016). This approach enables the secondary use of medium,
creating added value and promoting biological purification. Alterna-
tively, synthesizing adsorber material to adsorb lactate from culture
media and aqueous solutions has proven effective in reducing lactate
concentration, thus promoting cell growth and optimizing culture con-
ditions (Podolinnaia et al., 2023). Many researchers are actively
studying the circular cell culture (CCC) system (Haraguchi et al., 2022).
The concept involves combining mammalian muscle cell culture with
microbial cultivation, such as microalgal culture (Haraguchi et al.,
2022). This process uses cell culture waste medium, which is supple-
mented with necessary nutrients for microalgal culture. Subsequently,
nutrients are extracted from the microalgae and used as culture medium
for mammalian muscle cell culture, thus achieving CCC. There will also
be a foreseeable need to effectively valorize the waste streams of the cell
culture process by extracting and recycling waste metabolites such as
ammonia, lactate, CO2 from the spent media, where ammonia could be
converted to fertilizers, lactic acid to bioplastics and CO» could be fed to
algal cultures, which in turn can be the amino acid feedstock for CM
(Yang et al., 2023).

Another aspect to explore is the feasibility of using agri-food waste
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streams as viable resources to support the production of cultured cells, as
a sustainable, edible, and renewable source (Kawecki et al., 2024). For
example, research by Gaudette et al (Perreault et al., 2023), indicates
that harvest waste such as corn husks or jackfruit rinds represent
abundant sources of cellulose for scaffolds. After decellularization, these
plant-based recycled scaffolds, when seeded with bovine satellite cells
(BSCs), have shown increased protein yields (Perreault et al., 2023),
suggesting a potential research direction. This not only facilitates the
reuse of agri-food waste but also has the potential to achieve a genuine
CCC system.

4.2. Maximizing renewable resources and sustainable energies

The CM industry faces a critical challenge in maximizing renewable
resource utilization while minimizing environmental impacts across its
supply chain (Mariano Jr et al., 2025). Although CM production has
been proposed to potentially reduce land and water use compared with
conventional meat systems, such outcomes remain conditional and
highly dependent on production scale, system design, and energy
sourcing. Large-scale CM manufacturing is currently energy-intensive,
particularly in bioreactor operation and culture media preparation,
which require substantial energy, water input, and temperature control.
While the adoption of renewable resources and sustainable energy sys-
tems represents a general trend across production sectors rather than a
CM-specific characteristic, it is particularly relevant in the context of CM
given the high energy demands associated with large-scale bio-
processing. Accordingly, the integration of renewable energy sources
and improvements in resource circularity are considered important
strategies for advancing the long-term sustainability of CM production
(Negulescu et al., 2023). Recent studies have explored strategies to
reduce energy and resource consumption, including media recycling and
renewable power integration (Wimble et al., 2025). While methods for
reusing culture medium have been proposed, wastewater treatment
continues to present a major bottleneck. Approaches such as physical
filtration, electrochemical and biological treatment, membrane separa-
tion, evaporation, and ion exchange (Cui et al., 2023) have been
investigated to remove cell debris, protein precipitates, and toxic resi-
dues. However, the technical challenge of reusing purified media
directly within bioreactors remains unresolved, and research in this area
is still limited. (Cui et al., 2023).

To reduce the carbon footprint, CM manufacturing facilities must
transition to renewable energy sources such as wind, geothermal, and
solar power, which can substantially enhance sustainability (OJstergaard
et al., 2020). Among these, solar and wind energy have demonstrated
particularly strong environmental benefits, second only to cell-line
optimization and outperform media reformulation strategies in
reducing emissions (Krasnyanskyy, 2025; Peter et al., 2022). Changing
the cell line can significantly shorten doubling time and reduce media
consumption, while renewable power directly decreases fossil fuel
dependence and thermal energy conversion, resulting in a more im-
pactful environmental benefit. Solar-powered bioreactor systems are
also being developed to advance this approach, and solar-assisted
wastewater treatment shows additional promise (Hafeez et al., 2021).
Nevertheless, the high capital cost and spatial requirements for energy
collection remain barriers, particularly since CM aims to be a
space-efficient alternative to conventional livestock systems.

Emerging technologies now explore self-sustaining energy solutions.
For instance, self-powered microfluidic systems can harvest chemical
energy from microbial digestion or redox reactions to drive sensors
within bioreactors (Wu et al., 2020). Likewise, triboelectric nano-
generators could convert mechanical friction from continuous stirring
into electrical energy to power in situ biological sensors (Qu et al.,
2023). Although these approaches are still conceptual, they illustrate the
direction toward energy autonomy and reduced grid dependence.
Achieving such a system will require a comprehensive LCA to evaluate
each energy-intensive process from waste treatment to cell harvest and
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ensure that CM production remains genuinely sustainable and envi-
ronmentally sound.

5. Conclusion and future directions

This review highlights current research directions exploring CM as a
potential pathway toward more sustainable meat alternatives, drawing
on advances across science, engineering, and economics. These inter-
disciplinary efforts seek to address significant commercial and technical
challenges that currently limit large-scale adoption, rather than pre-
supposing their resolution. While progress in these areas may contribute
to improved cost efficiency and environmental performance, the extent
to which CM can become a scalable and resource-efficient alternative to
conventional meat production remains dependent on future technolog-
ical development and system-level validation. As highlighted by (Olenic
& Thorrez, 2023), many of the anticipated benefits of CM remain based
on assumptions rather than experimentally validated or industrially
demonstrated evidence, underscoring the need for cautious interpreta-
tion of sustainability and scalability claims. Key challenges remain,
particularly in the development of robust cell lines that can proliferate
and differentiate efficiently. Solutions may involve optimizing culture
media to maintain stemness or developing engineered cell lines with
indefinite growth potential. Reducing costs and minimizing environ-
mental impact in CM production will require innovative feeding stra-
tegies and lower-cost, metabolically efficient media components. This
highlights the need for deeper research into the molecular mechanisms
underlying cell metabolism. Ensuring the quality and safety of CM is
another critical concern. While aseptic production environments help
control contamination, further studies are needed to understand how
cell type, differentiation, and tissue structure impact food functionality.
Additionally, addressing safety concerns such as contamination,
toxicity, allergenicity, and genetic stability will be essential as the in-
dustry advances. In the future, overcoming these technical and scientific
hurdles will be pivotal for making CM a viable, safe, and accepted
alternative to traditional meat production.
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