International Journal of Food Science and Technology, 2025, 60(2), vvaf220

International Journal of

@ @ FOOd SCience https://doi.org/10.1093/ijfood/vvaf220

5 @ : Advance access publication: 6 November 2025
:__.m oxgese +Techno|ogy Review

Cultured meat: advances in stem cell biology, tissue
engineering, and bioprocess optimisation for scalable
and sustainable production—a review

Sungmin Kim?!, Yeojeong Jeong?, Hyeju Jo?, Yun-Gwi Park?, and Sung-Hwan Moon ((5)%*

1School of Cellular and Molecular Medicine, University of Bristol, Bristol, United Kingdom

2Department of Animal Science and Technology, Chung-Ang University, Anseong, Republic of Korea

*Corresponding author: Department of Animal Science and Technology, Chung-Ang University, 4726 Seodong-daero, Daedeok-myeon, Anseong-si, Gyeonggi-do
17546, Republic of Korea. Email: moonsh@cau.ac.kr

Abstract

Cultured meat represents an emerging technology with the potential to address global food security and sustainability challenges by
producing animal-derived meat without slaughter. Unlike plant-based alternatives, it replicates the biological and sensory properties
of conventional meat through controlled cell cultivation. This review provides an integrated overview of recent advances in cell line
development, differentiation strategies, scaffold engineering, bioreactor design, and media optimisation for scalable cultured meat
production. It also examines critical challenges related to cost reduction, automation, and process control, as well as consumer
acceptance and regulatory readiness. By combining progress in stem cell biology, tissue engineering, and bioprocessing, this review
highlights the translational pathway of cultured meat development—from the laboratory bench to the dining table—emphasising its
multidisciplinary nature and potential for sustainable commercialisation.
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environmental sustainability (Gerland et al., 2014). Various stud-

Introduction ies have indicated that current food systems will be challenging
The anticipated growth of the world population to 9.7 billion ~ to manage in a way that.provides adequate nutrition for' all and
people by the year 2050 poses a serious risk to food systems and is environmentally sustainable (Fanzo et al., 2022). The livestock
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Figure 1. Environmental and resource impacts of livestock production, environmental footprints linked to the production of different food categories.
The figure compares greenhouse gas (GHG) emissions, land use, and freshwater withdrawal for animal-based and plant-based food groups. Each
indicator is expressed relative to the plant-based food category, which acts as the baseline for normalisation. Higher values indicate a greater
environmental impact. Animal-derived products such as beef and pork show significantly higher footprints across all three parameters, emphasising
the environmental burden of conventional livestock farming compared to plant-based alternatives.

industry is one of the leading causes of deforestation, and its
activities contribute around 14.5% of greenhouse gas (GHG) emis-
sions, with methane having the highest emission potential (Gerber
etal, 2013).

Traditional livestock production is highly capital- and resource-
intensive. While it provides less than 20% of the world’s calorie
supply, it occupies approximately 77% of global agricultural land.
Considering that only about 71% of the Earth’s surface is habitable
and roughly 50% of that is used for agriculture, livestock farming
accounts for around 27.3% of all habitable land (Gerber et al.,
2013). Furthermore, in terms of environmental impact, animal-
based foods have disproportionately higher carbon footprints
than plant-based alternatives. Specifically, their GHG emissions,
land use, and freshwater consumption are approximately 744%,
847%, and 154% higher, respectively, than those of plant-based
foods (Figure 1) (FAO, 2020; Poore & Nemecek, 2018).

Beyond addressing environmental concerns, cultured meat
also provides several key advantages over traditional livestock
production. First, it offers an ethical solution by eliminating
the need for animal slaughter, as meat can be produced
indefinitely from cells obtained through minimally invasive
biopsies (Bhat et al., 2019). Second, cultured meat production
is largely unaffected by external factors, such as weather or
feed availability, enabling planned and large-scale manufacturing
under controlled conditions that ensure a stable and predictable
food supply (Chriki & Hocquette, 2020). Third, it avoids many
of the public health issues associated with conventional animal
farming, including the overuse of antibiotics and hormones that
contribute to antimicrobial resistance and pose long-term health
risks (O'Neill, 2016). Collectively, these advantages highlight the
necessity and timeliness of cultured meat as a sustainable and
ethical alternative to conventional meat production.

In response to these challenges, cultured meat—also referred
to as lab-grown, cultivated, or cell-based meat—has emerged
as a promising alternative. Produced by cultivating animal cells
in vitro, this technology aims to replicate the structure, taste,
and nutritional value of conventional meat without the need for
animal slaughter (Bhat et al., 2015). Recent advances in stem
cell biology, tissue engineering, and bioprocessing technologies
have driven significant progress in cultured meat research and
development (MacQueen et al., 2019). Despite this promise, sig-
nificant social, financial, and scientific obstacles remain for cul-
tured meat. These include the creation of scalable bioreactor
systems, the selection and modification of suitable cell lines, the
creation of culture media devoid of serum, and the engineering
of edible scaffolds that replicate the texture of natural meat

(Riguelme-Guzman et al., 2024). Furthermore, market positioning,
regulatory approval, and public acceptance continue to be impor-
tant determinants of the feasibility of commercial production
(Siegrist & Hartmann, 2020).

To provide a thorough overview of the most recent advance-
ments in cultured meat production, this review will focus on
stem cell technologies, differentiation strategies, biomaterials and
scaffolding, and bioreactor design. Additionally, we highlight new
developments in consumer perception and regulatory obstacles,
underscoring the significance of interdisciplinary efforts in the
commercialisation of cultured meat. Ultimately, this review fol-
lows the bench-to-dining table trajectory of cultured meat, bridg-
ing fundamental cellular research with industrial bioprocessing
and consumer-level applications.

Cell sources and differentiation strategies
Selection of cell lines

Deciding on the source of a cell line is arguably the most critical
factor in the production of cultured meat, as the species origin of
the cells significantly influences their ability to proliferate and
differentiate, in addition to affecting the overall quality of the
meat produced (Kadim et al., 2015). Ideally, the chosen cell line
should possess excellent proliferation capabilities, a strong poten-
tial for differentiation into both muscle and adipose tissue, and
a stable genome to ensure consistent industrial-scale production
(Ben-Arye & Levenberg, 2019). Extensive research has been con-
ducted on various cell types, including satellite cells, mesenchy-
mal stem cells (MSCs), and induced pluripotent stem cells (iPSCs),
to assess their suitability for cultured meat applications (Table 1).
Because different cells function independently, it is essential to
develop new culture systems and engineering approaches to opti-
mise their effectiveness (Verbruggen et al., 2018). The overall
workflow of cultured meat manufacturing, from cell isolation to
tissue assembly, is schematically summarised in Figure 2.

Satellite cells: the gold standard for muscle formation

Satellite cells, the stem cells of adult skeletal muscle tissue, play
a crucial role in muscle repair and regeneration (Zhu & Peek,
2024). These cells are located between the basal lamina and
the sarcolemma of muscle fibres (Fu et al., 2015). They remain
quiescent until triggered by factors such as injury, exercise, or
growth (Brett et al., 2020). Upon activation, satellite cells begin to
proliferate and differentiate into myoblasts, which subsequently
fuse to form multinucleated myotubes—the fundamental compo-
nents of muscle tissue. Due to their myogenic potential, satellite
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Figure 2. Schematic of cultured meat production process, schematic overview of the stepwise process for cultured meat production. The workflow
begins with the isolation of stem cells or muscle progenitor cells from donor animals through minimally invasive biopsies. The isolated cells are
differentiated into myogenic and adipogenic lineages under optimised in vitro conditions. Differentiated cells are then expanded and assembled into
three-dimensional (3D) tissue constructs using scaffolds or 3D bioprinting techniques. The constructs undergo further maturation in bioreactors,

where mechanical and biochemical cues promote alignment and functional development of muscle fibres. The matured tissues form cultivated meat,
which is subsequently processed into the final meat product ready for consumption. Arrows indicate the sequential integration of biological and

engineering stages across the production pipeline.

cells are considered prime candidates for the production of cul-
tured meat (Dhawan & Rando, 2005). They also possess myogenic
regulatory factors (MRFs), such as MyoD, Myf5, myogenin (MyoG),
and MRF4, all of which are essential for muscle fibre development.
However, satellite cells have limitations, including a restricted
capacity for proliferation (Yin et al., 2013). They reach replicative
senescence after a limited number of cell divisions (Sousa-Victor
et al., 2015), thus posing challenges for cultured meat production,
which requires continuous cell division and expansion (Stephens
etal, 2018).

Several strategies have been developed to overcome these lim-
itations. The use of genetic engineering, specifically the insertion
of telomerase reverse transcriptase (TERT) or the deletion of p53,
has the potential to improve satellite cell longevity while preserv-
ing their differentiation capabilities. Strategies for the expansion
of stem cells in bioreactors, which include low oxygen levels
(hypoxia) and mechanical vibrations, have been shown to promote
satellite cell proliferation and prevent senescence (Powell et al.,
2002). Additionally, maintaining the stemness of satellite cells in
expansion cultures can be achieved by utilising feeder cell sys-
tems, such as fibroblast feeder layers or conditioned media from
supportive cells (Conboy et al., 2003). Despite progress in these
areas, the challenge of improving the efficiency and scalability
of satellite cell production for practical application remains a
primary focus for researchers. To address these challenges, recent
research has shown that hypoxic conditions can promote satel-
lite cell proliferation while inhibiting myogenic differentiation,
indicating that oxygen tension is a crucial factor in developing
scalable satellite cell culture systems (Jung et al., 2024).

MSCs: a versatile alternative

Mesenchymal stem cells possess the ability to differentiate into
various cell types, including skeletal muscle, adipose tissue, con-
nective tissues, and other mesodermal cells. These cells can be

obtained from a variety of tissues, including bone marrow, adipose
tissue, and Wharton’s jelly found in umbilical cords (Baouche
et al., 2023). Due to these characteristics, MSCs are emerging as
a promising alternative to satellite cells in the cultured meat
industry.

The capacity for further differentiation offers MSCs an advan-
tage over satellite cells, allowing for prolonged differentiation in
continuous culture without requiring an additional proliferation
phase (Grobbelaar et al., 2024). Similar to other stem cells, MSCs
have immunomodulatory capabilities, which contribute to their
resistance against stress and senescence associated with the
culture conditions (Le Blanc, 2006). However, a limitation is that
the efficacy of muscle differentiation from MSCs is inferior to that
of satellite cells, as satellite cells can undergo myogenesis due
to their comparatively higher expression of MRFs (Almeida et al.,
2016).

Various techniques have been established to enhance mus-
cle formation from MSCs. The expression of myogenic markers,
such as MyoD, Myf5, and myosin heavy chain (MyHC), can be
induced in MSCs through cyclic stretching and electrical stim-
ulation (Mishra et al., 2020). Myogenic differentiation can also
be promoted by coculturing MSCs with satellite cells due to
stimulation from the cellular microenvironment (Dezawa et al.,
2005; Milner et al., 2018). Furthermore, myoblast-like cells can be
formed by chemically transforming MSCs with small compounds,
such as 6-bromoindirubin-3’-oxime (BIO), valproic acid, and all-
trans retinoic acid (Garcia-Guerrero et al., 2024).

Mesenchymal stem cells are also a valuable source for adipose
tissue formation, as they can differentiate into adipose cells.
Adipose tissue plays a crucial role in the texture and flavour of
meat, as well as in muscle differentiation. The adipogenesis of
MSCs is regulated by key transcription factors, including PPARy,
C/EBPa, and C/EBPB, which collectively control lipid accumulation
and fat cell maturation (Shao et al., 2024). Due to their potential
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to differentiate into both muscle and fat, MSCs are a promising
option for co-culture approaches aimed at producing marbled
meat (MacQueen et al., 2019). Nevertheless, batch-to-batch vari-
ability and other challenges, such as inconsistency between fat
and muscle differentiation, hinder the widespread application of
MSCs in the commercial production of cultured meat (Borys et al.,
2021).

iPSCs: far-reaching capabilities for mass production

Induced pluripotent stem cells are obtained from somatic cells
that possess the ability to self-renew and differentiate into various
cell types, including muscle and adipose cells (Takahashi et al.,
2007). Unlike satellite cells and MSCs, iPSCs are not limited by
the source of the somatic cell, making them exceptionally use-
ful for large-scale meat production. The differentiation of iPSCs
into skeletal muscle cells usually requires directed differentia-
tion procedures that simulate embryonic myogenesis (Chal &
Pourquié, 2017). The small molecule CHIR99021, which activates
Wnt signalling, is used in conjunction with fibroblast growth
factor 2 (FGF-2) to drive the cells towards skeletal muscle lineage,
providing a controlled level of induction (Kreuser et al., 2020). Effi-
cient iPSC-to-myoblast differentiation is accomplished through
molecular manipulations, including the activation of the muscle
progenitor formation controlling gene, Pax7 (Hicks et al., 2023).
Furthermore, bioreactor-based differentiation utilising dynamic
suspension culture systems enables large-scale cell differentia-
tion while preserving cell function and viability.

Similarly,iPSCs can be transformed into adipocytes through the
use of PPARy agonists and insulin signal transduction, resulting in
lipid-rich fat cells that effectively mimic the texture and taste of
meat (Rosen & MacDougald, 2006). In a recent study, Recchia et al.
(2025) demonstrated the potential of iPSC-derived muscle tissue
for cultured meat applications by successfully reprogramming
bovine fetal fibroblasts into iPSCs and inducing myogenic differ-
entiation (Recchia et al., 2025). Nevertheless, their commercial
utilisation for food applications remains on hold due to safety
issues (O'Neill, 2016). The risk of tumorigenicity arising from
chromosomal nondisjunction or genomic instability necessitates
stringent quality control; however, some nonintegrating repro-
gramming methods may compromise these standards (Specht
etal., 2018).

Modulation of gene expression is a generic approach that can
address various safety concerns. For example, messenger RNA
(mRNA)-based reprogramming avoids any genetic modifications
and the associated safety risks. Additionally, the concept of
protein-based mRNA capping employs the direct application
of reprogramming factors, thereby minimising the risk of
unintended consequences. Differentiation pathways can be
precisely controlled through clustered regularly interspaced
short palindromic repeats (CRISPR)-based gene regulation,
which enables modulation without causing permanent genomic
alterations (Wu et al., 2025). Although iPSCs offer remarkable
versatility, their tumorigenic potential remains a major barrier to
their use in food applications. This risk primarily arises from
integration-based reprogramming methods (e.g., retroviral or
lentiviral vectors) that can activate oncogenes or disrupt tumour
suppressor genes, as well as from chromosomal abnormalities
accumulated during long-term culture. To mitigate these
concerns, nonintegrating reprogramming techniques have been
developed that eliminate the need for viral DNA insertion.
Among these, mRNA-based reprogramming enables the transient
expression of key reprogramming factors (OCT4, SOX2, KLF4,
and c-MYC) without genomic integration, thereby preventing
insertional mutagenesis and maintaining genome integrity. In

addition, protein-based mRNA capping employs synthetic cap
analogues (e.g., anti-reverse cap analogues, ARCAs) and recombi-
nant protein delivery systems to enhance translation efficiency
and stability of reprogramming factors while minimising innate
immune activation (Sahin et al., 2014; Warren et al., 2010). These
improvements enable efficient induction of pluripotency with
substantially reduced tumorigenic risk, representing a promising
direction for the safe use of iPSCs in cultured meat production
(Stephens et al., 2018).

Muscle and fat differentiation

To replicate the texture, structure, and nutritional qualities of
conventional meat, stem cells must be accurately differentiated
into muscle and fat tissues (Figure 3) (Kadim et al., 2015). The
production of cultured meat requires a complex combination
of mature muscle fibres and fat tissue to achieve the sensory
attributes of tenderness, juiciness, and flavour (Bhat et al., 2015).
The differentiation of stem or progenitor cells into specialised cell
types is regulated by a complex interplay of genetic, biochemical,
and mechanical signals that dictate the production of tissue-
specific cell types (Ben-Arye & Levenberg, 2019).

Myogenic differentiation: mechanisms and strategies

Myogenesis is a highly regulated process that leads to the for-
mation of muscle tissue, predominantly composed of myofibers
containing multiple nuclei. Myogenic regulatory factors, such as
MyoD, Myf5, MyoG, and MRF4, activate the differentiation of stem
cells into muscle cells (Iberite et al., 2022). These transcription fac-
tors are essential for the development of muscle progenitor cells
into mature myotubes (Sabourin & Rudnicki, 2000). MyoD, Myf5,
and other MRFs play a critical role in generating the contractile
and metabolic fibres of muscle by influencing the genes related
to muscle development (Ma et al., 2024).

Another important factor in myogenic differentiation is the
signalling from a specific Wnt pathway, which is vital for the
proliferation and differentiation of muscle progenitors. Activation
of Wnt signalling via g-catenin increases MyoD and Myf5 expres-
sion, thereby furthering stem cell commitment to the muscle
lineage (Lian et al., 2012). Bone morphogenetic proteins (BMPs)
also influence muscle differentiation. BMP-2 promotes muscle
growth, whereas BMP-4 inhibits myogenesis by preventing stem
cell differentiation (Gorlitz et al., 2024).

Moreover, mechanical and electric stimulation of skeletal
muscles also play an important role in muscular differentiation
(Xiang et al., 2025). In vivo, muscles experience mechanical
forces from movement and electrical impulses from nerves,
both of which are necessary for proper tissue development
(Lin et al.,, 2025). Research indicates that mechanical stimuli,
such as regular stretching or dynamic compression, aid muscle
fibre alignment, myotube formation, and overall tissue integrity
(Rios et al., 2023). Additionally, neurostimuli have been shown to
imitate neuromuscular signals and enhance muscle contraction
protein expression, resulting in an increased number of functional
muscle fibres with a properly organised structure (Cheuy et al.,
2023).

The muscle tissue development process is also dependent on
biochemical stimuli, notably insulin-like growth factor 1 (IGF-1)
and FGF-2 (Deng et al., 2025; Yavas et al., 2025). IGF-1 is known
to stimulate muscle cell proliferation and differentiation by acti-
vating the PI3K/Akt signalling pathway, which, in turn, increases
MyoD expression. Similarly, FGF-2 supports the maintenance of a
higher number of satellite cells and their subsequent transforma-
tion to mature muscle cells when appropriate conditions are met
(Yeh et al.,, 2023).
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Figure 3. Cell differentiation and co-culture of muscle and fat cells, regulatory mechanisms governing the differentiation of pluripotent or
mesenchymal stem cells into muscle and adipose lineages. The diagram summarises three principal modes of control: (1) genetic regulation, mediated
by transcription factors such as Pax7, Myf5, and PPARy that specify myogenic and adipogenic commitment; (2) biomedical regulation, involving growth
factors including IGF-1, FGF-2, and TGF-g that modulate proliferation and lineage specification; and (3) mechanical regulation, provided by scaffold
architecture and extracellular matrix (ECM) stiffness that influence cellular alignment and maturation. Together, these regulatory cues drive the
formation of muscle cells and adipocytes, which constitute the primary cellular components of cultivated meat.

Challenges in myogenic differentiation

One of the most prominent challenges in muscle tissue engi-
neering to produce cultured meat is the fusion and alignment of
myotubes. In original muscle tissues, muscle fibres are composed
of various structures that contribute to their complexity and
functionality (Kadim et al., 2015). To accomplish this, scaffold
design is pivotal. Aligned nanofibres or micropatterned surfaces
that display a smooth surface for cell adhesion and hydrogel
patterns of fibrous scaffolds that allow control of cell growth and
orientation hold much potential for muscle tissue engineering
(Calero-Castro et al., 2024).

Another significant challenge is ensuring adequate vasculari-
sation and nutrient diffusion in thicker muscle tissues (Pretorius
et al., 2021). In living organisms, muscles possess a high vascular
density that facilitates the delivery of oxygen and nutrients; how-
ever, in vitro conditions often lack sufficient capillary networks,
making it difficult for large-volume tissue constructs to survive
(Rademakers et al., 2019). This issue has been addressed by cocul-
turing muscle cells with endothelial cell precursors or employing
perfusion bioreactors to enhance nutrient transport and improve
tissue survival rates (Verbruggen et al., 2018).

Adipogenic differentiation: mechanisms and importance in
cultured meat

Adipose tissue plays a crucial role in defining the sensory and
nutritional characteristics of meat, including its flavour, tender-
ness, and juiciness (Wang et al., 2024). The differentiation of

adipocyte stem cells is mediated by key transcription factors,
notably PPARy and C/EBPs, which facilitate lipid storage and the
maturation of fat cells (Lau et al., 2023).

PPARy is a transcription factor that regulates the majority
of adipose tissue formation and the differentiation of cells
into adipose tissue by activating the genes associated with
lipid metabolism, fat synthesis, and triglyceride accumulation
(De Siqueira et al.,, 2024). Furthermore, C/EBPa and C/EBPB
act in concert with PPARy to convert preadipocytes to mature
adipocytes that contain large lipid reserves (Li et al., 2024). The
supplementation of culture media with insulin and glucose
potentiates adipogenic differentiation, as insulin signalling
increases fatty acid uptake and storage (Gamwell et al., 2025).

Other aspects of adipogenesis for in vitro cultured meat include
managing fat composition and balancing nutritional value with
taste. In traditional meat, the saturated, monounsaturated, and
polyunsaturated fats affect both the texture and the health impli-
cations of the meat (Leivers et al., 2025). By carefully modulating
the culture environment, including the ratio of omega-3 to omega-
6 fatty acids, it may be possible to influence the lipid profile
of cultured adipose tissue, potentially improving its nutritional
quality (Ouellette et al., 2019).

In addition, mechanical and biochemical factors play a
significant role in fat differentiation (Discher et al.,, 2009).
Stiff matrices promote osteogenesis rather than adipogenesis,
whereas softer matrices favour adipocyte formation (Wang
et al., 2025). Therefore, controlling scaffold stiffness and com-
position effectively is crucial for optimal fat differentiation
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(Engler et al., 2006). Moreover, growth factors, such as BMP-4 and
retinoic acid, have been studied for their capabilities to stimulate
adipogenesis and increase fat tissue growth in tissues cultured
for meat products (Tang et al., 2003).

Coculturing muscle and fat cells for improved meat quality

The interplay between muscle and fat is critical to meat quality,
as intramuscular fat (marbling) enhances tenderness and taste
(Wood et al., 2008). To replicate this attribute in cultured meat,
researchers have explored coculture systems that allow muscle
and fat cells to grow in tandem. These methods seek to artifi-
cially reproduce the tissue composition to improve the sensory
properties of cultured meat (Ma et al., 2024). One such strategy
is sequential differentiation, which involves initially introducing
muscle cells and then adding in factors that induce fat cell
proliferation. This approach ensures appropriate spatial organ-
isation and minimises competition for nutrients and signalling
messages between different cell types (Ostrovidov et al., 2014).
Another approach utilises three-dimensional (3D) bioprinting to
produce tissue-engineered meat products with specified muscle-
to-fat ratios. By accurately positioning muscle and fat precur-
sors within a scaffold during embedded bioprinting, the complex
geometry of traditional meat cuts can be replicated (Murphy
& Atala, 2014). Additionally, the incorporation of biocompati-
ble, biodegradable hydrogels containing growth factors has been
explored to facilitate spatiotemporal differentiation, enabling the
development of muscles and fats under controlled conditions
(Pfaff et al., 2025). Concurrently, metabolic engineering strategies
are being developed to enhance lipid metabolism in muscle cells,
enabling fat-enriched tissues even without prior adipocyte differ-
entiation (Louis et al., 2023).

Scaffold and structural engineering in
cultured meat
Biomaterials for scaffolding

A critical step in the production of cultured meat is the formula-
tion of a scaffold. The scaffold serves as a structural framework
that supports cell growth and development while contributing
to the texture of the final product (Langer & Tirrell, 2004). A
scaffold should be biocompatible, edible, porous, and able to
support the differentiation and maturation of muscle and adipose
tissues (Nurul Alam et al., 2024). Various natural and synthetic
biomaterials have been studied to design effective scaffolds for
cultured meat (Harvey Ratner & Iveson, 2012).

Natural biomaterials, including collagen, gelatin, chitosan, and
alginate, are commonly used because they are biodegradable,
bioactive, and resemble the native extracellular matrix (ECM)
(Khatun et al., 2025). Collagen and gelatin, derived from ani-
mal sources, are particularly effective in supporting cell attach-
ment and proliferation compared to many other materials (Wu
et al.,, 2023). They are also the primary structural proteins in
meat, which makes them ideal scaffolding materials (Shoulders &
Raines, 2009). Alginate, sourced from seaweed, is also a promising
option due to its biocompatibility, hydrophilicity, and ability to
form hydrogels that can encapsulate cells and promote differ-
entiation. In the realm of tissue engineering, alginate scaffolds
have been successfully utilised in 3D bioprinting and microen-
capsulation (Lee & Mooney, 2012). When evaluating scaffolds
for applications involving cultured meat, cell viability—a crucial
indicator of how well cells survive and proliferate on scaffolds—
varies among various biomaterials. Self-healing hydrogel matrices

represent a recent advance in scaffold biomaterials. These materi-
als contain dynamic, reversible cross-links that maintain stability
under physiological conditions. They also enable spatially ordered
co-culture of muscle and adipose cells, improving tissue integrity
and structural regeneration during development (Table 2) (Hao
et al., 2025).

The use of polylactic acid (PLA) and polycaprolactone (PCL)
has provided notable advantages in the field of tissue engineering
due to their mechanical stability and manipulability (Farah et al.,
2016). However, the food safety standards must be consulted
regarding the degradation products and tissue construct compat-
ibility (WHO, 2023). Currently, alloyed PLA, PCL, and polyethylene
glycol (PEG) serve as exemplary examples of synthetic polymers
emerging from modern technological advancements (S et al.,
2023). Because of its adjustable degradation characteristics,
polylactic-co-glycolic acid (PLGA) is another interesting polymer.
Its mechanical versatility and control over porosity have been
emphasised in biomedical applications, despite its current
limited use in scaffolding for cultured meat (Wan et al., 2023).
Dynamic boronic ester cross-links in advanced scaffold materials
also enable adjustable mechanical properties, creating flexible
conditions for tissue maturation and muscle cell growth (Wang
etal., 2025). These materials exhibit high kinetic strength and can
be modified on a large scale. However, biodegradability, safety, and
suitability for cultured meat production are the major concerns
regarding synthetic scaffolds. The combination of natural and
synthetic materials in hybrid scaffolds represents a relatively new
domain that effectively addresses the challenges of mechanical
strength, bioactivity, and biostability within a single structure.

Advanced scaffold fabrication techniques

To mimic the texture and consistency of traditional meat,
advanced scaffold fabrication techniques have been developed
(Murphy & Atala, 2014). These techniques enable precise control
over the architecture and mechanical properties of scaffolds,
as well as the cellular organisation, thereby improving the
quality and scalability of cultured meat production (Hutmacher,
2000). Among these techniques, 3D bioprinting stands out as
particularly promising for the fabrication of scaffolds in cultured
meat. It allows for the layer-by-layer deposition of cells and
biomaterials, facilitating the creation of complex tissue structures
that closely resemble meat (Derakhshanfar et al., 2018). Inkjet-
based bioprinting is capable of printing bioink-loaded cells on
scaffolds, promoting tissue formation from hydrogels (Zhou et al.,
2019). Extrusion-based bioprinting utilises hydrogels, collagen, or
decellularised ECM (dECM) materials to create fibrous muscle
tissues (Li et al., 2022). Additionally, laser-assisted bioprinting
allows for high-resolution placement of cells, improving the
uniformity of the constructed tissue (Guillotin et al., 2010).

In recent years, ultrafine fibres that promote cell adhesion,
splitting, and differentiation have gained considerable attention
(Wang et al., 2023). Biomechanical scaffolding, combined with
biophysics, enhances the functionality and effectiveness of mate-
rials used in tissue engineering. Recent efforts have focused on
embedding bioactive molecules and growth factors into culture
systems to enhance myogenesis and tissue development. These
approaches have driven the widespread adoption of electrospin-
ning technology, one of the most recognised scaffold fabrication
methods in tissue engineering (Li et al., 2024), which remains
its most recognised application. Rather than focusing on tissue
integration, the matrix structure directs attention to the skeletal
framework of tissue (Lee et al., 2025). This approach ensures that
muscle tissue is integrated with the skeletal structure, thereby
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Table 2. Comparison of scaffold materials and their properties for cultured meat engineering, comparison of scaffold materials and
their properties for cultured meat engineering. Each scaffold category—synthetic polymers (e.g., PEG, PLA, PCL, and PLGA),
polysaccharides (e.g., alginate), and protein-based biomaterials (e.g., gelatin and collagen)—is evaluated for key attributes relevant to
tissue formation, including cell viability, mechanical performance, fabrication method, and edibility. Mechanical properties denote
tunable stiffness or structural stability; fabrication methods refer to common techniques such as three-dimensional (3D) printing,

electrospinning, and solvent casting. ECM, extracellular matrix.

Category Material Cell viability Mechanical properties Fabrication Edibility = Reference
(%) method
Synthetic PEG 79.50+0.56 Tunable stiffness Modular hydrogel, O (Messineo et al., 2019)
(polyethylene glycol) Sponge formation
PLA (polylactic acid) 953+2.1 Mechanical stability, 3D printing A (Wurm et al., 2017)
manipulability
PCL (Polycaprolactone) ~79.6 Mechanical stability, Electrospinning, A (Paterson et al., 2024)
manipulability 3D printing
PLGA [poly(lactic-co-glycolic  81.57 +1.80 Tunable degradation Solvent casting, A (Cely-Garcia et al.,
acid)] Emulsion 2025)
Polysaccharide Alginate 96 +3 Hydrophilic, 3D bioprinting, o] (Kostenko et al., 2022)
hydrogel-forming Microencapsula-
tion
Protein Gelatin 92.0+3.2 Biodegradable, bioactive, Electrospinning, o] (Asim et al., 2024)
ECM-like Self-assembly
Collagen 99.7+2.1 Biodegradable, bioactive, Electrospinning, o] (Bayrak et al., 2024)
ECM-like, meat structural  Self-assembly, 3D
protein bioprinting

Note. O = edible; A = conditionally edible.

significantly improving its mechanical properties (Wang et al.,
2020). As a result, the dexterity and elasticity of the muscle tissue
incorporated into the scaffold can be controlled and optimised at
various stages.

Another emerging approach involves the use of dECM scaffolds,
which are obtained from animal tissues (Josino & Stimamiglio,
2024). These tissues are classified based on their anatomical ori-
gin (e.g., muscle, skin, or organ-specific sources), allowing for the
preservation of native structural and biochemical cues (Wright,
2017). The resulting natural scaffold retains important nutrients
that support the proliferation and differentiation of attached
cells (Reginensi et al., 2025). dECM scaffolds have shown positive
outcomes in supporting muscle and adipose tissue development
for cultured meat production (Wolf et al., 2012). Furthermore, the
species origin of the processed material—whether bovine, pig, or
fish—is not a significant concern (Gilpin & Yang, 2017). However,
the cell source is critical, as the development process of these
cells largely determines the steps required before they can be
cultivated into a usable, edible form.

Microcarrier-based systems provide an effective method for
scaffold filtration, thereby enhancing volumetric yield in biore-
actors—vessels used for cell cultivation. These microcarriers are
small, spherical particles that facilitate efficient cell adhesion and
replication due to their large surface area (Bodiou et al., 2025).
They can be composed of materials such as gelatin, alginate,
and synthetic polymers, permitting flexible culture conditions.
Currently, researchers are utilising edible microcarriers to sim-
plify postharvest adjustments of scaffolds, thereby improving the
scalability of cultured meat production (Post et al., 2020).

Innovative approaches aimed at targeting cell-driven tissue
organisation through autonomous scaffold self-assembly and
organoid construction have been explored (Xu et al., 2024).
These self-assembling scaffolds facilitate tissue growth by
encapsulating cells and guiding them to produce their own
ECM, thereby improving the efficacy of tissue engineering and
reducing the reliance on traditional scaffolds (Alvarez et al.,
2023). Additionally, functional muscle and adipose tissues can

be generated using organoids, which involve aggregating stem
cells into 3D tissue structures that mimic the characteristics of
the original tissue (Dariolli et al., 2025; Sasai, 2013).

Scaffold design is crucial in the engineering of cultured meat,
particularly in terms of the structural and physiological char-
acteristics of the tissues (Sawyer et al., 2023). The integration
of advanced biomaterials, fabrication techniques, and bioreac-
tor systems is helping to address key biomechanical challenges,
including texture replication, cellular organisation, and large-
scale production (Albrecht et al., 2024). To realise the large-scale
commercial production and market acceptance of cultured meat
products, future work should be done on optimising the scaffold
parameters, elevating bioprinting resolution, and strengthening
the interactivity between the materials and cells (Schatzlein &
Blaeser, 2022).

In summary, scaffolds for cultured meat production can be
broadly divided into two main categories: natural and synthetic
materials. Natural scaffolds, such as collagen, gelatin, and algi-
nate, provide high biocompatibility and bioactivity, supporting cell
adhesion and differentiation. In contrast, synthetic scaffolds, such
as PLA-, PCL-, and PEG-based polymers, offer superior mechanical
strength, tunable degradation, and structural precision. Hybrid
scaffolds that combine both materials are emerging as an opti-
mal approach, balancing biofunctionality with stability. These
integrated strategies are expected to play a key role in achiev-
ing the desired texture, composition, and scalability of cultured
meat.

Bioreactor systems and scaling strategies
for cultured meat production

Bioreactor design and functionality

Bioreactors regulate critical parameters, including oxygen and
nutrient supply, temperature, agitation, aeration, and pH. Main-
taining these factors within optimal ranges is essential for con-
sistent cell and tissue growth (Neuss et al., 2025). Various kinds
of bioreactors have been researched for meat cultivation, each
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Figure 4. Bioreactor design and large-scale cultured meat production, schematic representation of large-scale cell expansion for cultured meat
production using bioreactor systems. The process begins with a two-dimensional (2D) culture of muscle and adipose cells, which serve as seed
cultures for scaling. These cells are subsequently transferred into a stirred-tank bioreactor, where an agitation system maintains homogeneous
suspension and nutrient distribution. Within the reactor, cells proliferate as aggregates or on microcarriers that provide surface attachment for
adherent growth. Continuous mixing enhances mass transfer and prevents cell sedimentation. The expanded cells are then harvested and assembled
into cultivated meat tissues, which are further processed into final meat products, illustrating the transition from small-scale cell culture to

industrial-scale production.

presenting distinct advantages and disadvantages based on the
bioreactor’s specific tissue requirements (Bodiou et al., 2025).

Stirred-tank bioreactors are one of the most commonly used
systems for large-scale cell cultivation due to their ability to
achieve competent mixing and oxygenation (Vikrant et al., 2018).
These bioreactors are equipped with impellers that create a well-
mixed environment, preventing cell aggregation and ensuring
adequate nutrient delivery. This design makes them particularly
suitable for suspension cultures of proliferative cells, such as
iPSCs or MSCs (Cuesta-Gomez et al., 2023). However, the energy
generated from the mixing system can damage adherent cells
or delicate tissue constructs, necessitating the implementation
of shear-protective methods like encapsulation or the use of
microcarriers (Gwon et al., 2024).

Fixed-bed bioreactors use microcarriers or porous scaffolds
to facilitate attachment of anchorage-dependent cells, including
MSCs and satellite cells. These systems are advantageous for
attaining high cell concentrations and ensuring efficient nutrient
perfusion during the differentiation and maturation phases of
tissue formation. Nonetheless, variations in nutrient availability
and waste removal present challenges that require the adoption
of dynamic perfusion strategies (Goral et al., 2024).

Perfusion bioreactors actively remove metabolic waste while
supplying fresh media to the cultures, thus maintaining the tissue
constructs in an optimal environment (Kreye et al., 2019). This
approach is especially advantageous for tissue-engineered con-
structs, as it improves systolic blood flow and enhances cell via-
bility and differentiation. Furthermore, these bioreactors can also
be equipped with sensors and automation tools for monitoring
and adapting culture conditions in real time (Chen et al., 2025).

Rotating wall vessel (RWV) bioreactors are designed to create
and maintain low-shear microgravity conditions, which are con-
ducive to the development of 3D tissue aggregates (Bergstrom
et al., 2024). These bioreactors are particularly well suited for
growing primary tissue structures as they stimulate cell-to-cell
contact while minimising mechanical force. Rotating wall vessel
systems have been successfully employed in the cultivation of
muscle tissue and the alignment of myofibers in muscle without
the need for scaffolds (Nakazato et al., 2022).

Strategies for large-scale cell expansion

To facilitate the industrial production of cultured meats, bio-
companies must develop accurate expansion strategies that max-
imise cell numbers while retaining cell differentiation potential.
One possible approach is the use of suspension cultures, in which
cells are grown as aggregates or attached to microcarriers in
a dynamically stirred environment (Vallabhaneni et al., 2023).
These cultures are beneficial to the scaling-up process because
they eliminate the limitation of surface area that exists in tra-
ditional adherent cell cultures. Cells can, therefore, be grown in
larger quantities within bioreactors (Figure 4) (Hauser et al., 2024).

Microcarrier-based cultures facilitate the economical capture
of biotic cells by enhancing the surface available for cell adhesion
in stirred or perfused bioreactors. Different types of microcarriers,
such as hydrogels, biodegradable polymers, and ECM-mimicking
coatings, have been manufactured to increase cell adhesion as
well as cell differentiation (Allan et al., 2019). Intermittent agita-
tion of the bioreactor, or perfusion flow, is an example of dynamic
seeding that can better control the arrangement of microcarriers
and cells to reduce random growth (Jeske et al., 2021).

Cell encapsulation methods offer great potential for large-
scale cell replication. In this technology, cells are incorporated
within hydrogel microspheres or scaffolds, modular spheroids
(Kim et al., 2022). The microenvironment must be engineered
to balance nutrient exchange with protection from shear stress.
Such conditions are particularly important for delicate cell types,
including somatic stem cells and myocytes. Furthermore, encap-
sulation facilitates coculture techniques in which adipocytes
and myocytes are cultured in the same bioreactor system.
This approach has been shown to enhance the integration of
engineered tissues (Nguyen et al., 2019), which may, in turn,
influence the structural and sensory properties of cultured meat.

Cost-reduction strategies for industrial scale-up

Current research focuses heavily on making cultured meat
production economically viable. One of the greatest challenges
lies in the high cost of cell culture, media, and bioreac-
tor operation (Chriki & Hocquette, 2020). Formulations of
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serum-free media are being developed to replace animal-based
fetal bovine serum with plant-based or recombinant alternatives,
which would greatly reduce the cost of cultured meat (van der
Weele et al., 2019). Additionally, the use of inexpensive additives,
such as hydrolysates and conditioned media, enables the short-
term preservation of cell viability and differentiation potential
while optimising growth factor levels (Fan et al., 2024). Other
more cost-effective approaches include closing the loop on waste
with shredded culture media filtration systems that continually
refresh and filter the media (Specht et al., 2018).

Automation and optimisation of the bioprocessing system are
essential for effectively duplicating and improving systems to
enhance scalability, thereby addressing the need for accuracy
(Bomkamp et al., 2022). Accompanying an automated bioreactor
system with real-time adjustable monitoring and control sen-
sors streamlines the process, as the culture environment can be
changed without manual intervention. To mitigate batch-to-batch
variability, there is a need to capture the optimum bioprocess
control parameters with predictive modelling and artificial intel-
ligence (Al)-driven process control (Dan et al., 2025).

Techniques focused on reducing waste and promoting circular
biomanufacturing are currently under study to improve cost-
effectiveness and sustainability. Closed-loop systems that reduce
resource use and ecological damage by extracting meat from
spent media and cellular waste from the cultured meat process
are being developed (Hubalek et al., 2022). As bioreactor technolo-
gies mature, these strategies for scaling up will become pertinent
for the end commercial viability and sustainability of cultured
meat. The continued collaborative and integrative research efforts
of biotechnological industry practitioners and experts in food
science and bioengineering are likely to result in novel bioprocess-
ing methodologies aimed at high-volume production of quality
cultured meat products.

In summary, bioreactors used for cultured meat can be cate-
gorised into four major types: stirred-tank, fixed-bed, perfusion,
and RWV systems. Each offers distinct advantages depending
on the growth and differentiation stage: Stirred-tank reactors
enable large-scale proliferation; fixed-bed and perfusion systems
support differentiation and tissue maturation; and RWV systems
simulate low-shear conditions that enhance 3D tissue formation.
Optimising the combination of these bioreactor systems will be
essential for achieving efficient, scalable, and cost-effective cul-
tured meat production.

Public perception and market readiness of
cultured meat

Beyond technical progress, the commercialisation of cultured
meat depends heavily on three factors: consumer perception,
social acceptance, and effective marketing strategies (Table 3)
(Pakseresht et al., 2022). The public’s perception of cultured meat
is still mixed, despite growing interest in ethical and sustainable
food alternatives. This is due to several factors, including per-
ceived naturalness, food neophobia, trust in science, and ethical
considerations. According to studies, people around the world are
wary of cultured meat because they do not know how it is made
and think it’s “artificial” or “unnatural” (Pakseresht et al., 2022).
Transparent communication regarding the technology, its poten-
tial advantages, and safety is necessary to allay these concerns
(Lewisch & Riefler, 2023). Labelling tactics are also important;
for instance, “cultivated meat” or “cell-based meat” are typically
preferred over “lab-grown” or “synthetic” because of their more
favourable connotations (Liu et al., 2023).

Customers are more likely to try and eventually embrace
cultured meat products when marketing strategies prioritise
food security, environmental sustainability, and animal welfare
(Tsvakirai, 2024). Nonetheless, there are notable differences in
acceptance between demographics, with younger, eco-aware
consumers typically being more receptive to adoption than older
or more conservative groups. The rate of market readiness will
be influenced by consumer attitudes, pricing strategies, and the
clarity of regulations (Monaco, 2025). Frameworks for approval,
labelling, and safety assessment are presently being developed
by regulatory bodies in the United States, Singapore, and the
European Union (Floor & Manlosa-Kirk, 2025).

Although maintaining price parity with traditional meat is still
very difficult, continuous cost-cutting in cell culture media and
bioprocessing could eventually increase economic viability (Hall-
man et al., 2023). Overall, consumer education, trust-building, and
accessible product positioning are key to ensuring cultured meat
can transition from a scientific innovation to a widely accepted
food option.

Conclusion and future directions

Cultured meat advancements represent a revolution in food pro-
duction, offering the potential for sustainable, ethical, and large-
scale production, a stark contrast to traditional animal farming
(Post et al., 2020). Researchers and industry stakeholders are dili-
gently working to develop meat products that replicate the taste,
texture, and nutritional profile of conventional meat through
innovations in stem cell biology, agricultural bioprocessing, tis-
sue engineering, and optimisation. While significant progress
has been made, numerous scientific and technological hurdles
remain before cultured meat can achieve global consumption
(Soleymani et al., 2024).

A primary focus for future research is enhancing the efficiency
of muscle and fat cell differentiation (Bhatet al., 2019). Controlling
stem cell fate and directing tissue-specific differentiation is cru-
cial for producing high-quality cultured meat. Furthermore, novel
biomaterials and microenvironments that mimic the native ECM
can significantly enhance differentiation by providing appropriate
biochemical and physical cues (Mishra et al., 2025).

Innovations in scaffolds and biomaterials are essential for
engineering the texture and sensory attributes of cultured meat
(Park et al., 2025). While alginate has been widely used due to
its natural polymer properties, there is a shift towards other
polymers that offer desired stiffness, tunable parameters, and
functionality (Lee & Mooney, 2012). Self-assembling biomaterials,
nanofiber-based scaffolds, and decellularised plant scaffolds are
being developed to enhance meat mimicry. Self-healing scaffold-
ing technologies based on reversible and physiologically stable
cross-links improve tissue architecture and maintain marbling
integrity in cultured meat. These systems can better replicate the
complex structural characteristics of conventionally produced
meat (Hao et al., 2025). Incorporating vascularisation through
perfusable scaffold networks, oxygen-releasing biomaterials, or
other perfusion strategies can improve cell survival and tissue
maturation in thicker cultured meat scaffolds.

Beyond cells and biomaterials, developing an efficient and
economical manufacturing process is a major challenge for com-
mercialisation. A critical issue is the high cost of cell culture
media, including growth factors and recombinant proteins (van
der Weele et al., 2019). Implementing bioreactors at a large scale
will offset these costs, driving the cultured meat industry for-
ward (Post et al., 2020). Current bioreactors only meet small-scale
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Table 3. Consumer perceptions, regulatory, and market factors affecting cultured meat commercialisation, consumer perceptions,
regulatory, and market factors affecting cultured meat commercialisation. The table categorises major determinants of market
readiness into six domains: consumer perception, terminology/labelling, marketing strategy, demographic trends, regulatory and policy
environment, and economic feasibility. Each row lists positive influences that facilitate acceptance—such as ethical appeal,
sustainability awareness, or supportive regulation—and barriers or concerns that hinder adoption, including perceptions of
unnaturalness, labelling confusion, policy uncertainty, and price gaps relative to conventional meat.

Category Positive influence

Barrier/concern

Consumer Perception

Ethical appeal, Sustainability, Curiosity

Artificial image, Food neophobia, Unnaturalness
perception
“Lab-grown” or “Synthetic” evoke distrust/disgust

Misaligned messaging, Lack of consumer education

Older, conservative, rural populations
Lack of harmonisation, Uncertainty

Terminology/ “Cultivated” or “cell-based” terms are more accepted

Labeling

Marketing Strategy Focus on animal welfare, food security, and the
environment

Demographics Younger, eco-conscious, educated consumers

Regulation Clear frameworks in Singapore, the United States,

& Policy and the European Union are emerging

Economic Feasibility

Cost-cutting in media, Scaling potential

Price gap versus conventional meat remains large

needs. Achieving productivity gains requires ongoing engineering
innovations in bioprocessing; Otherwise, quality and productiv-
ity may decline (Miller et al., 2022). Artificial intelligence and
machine learning can enhance bioreactor efficiency by enabling
real-time monitoring and automated adjustments. In parallel,
modular and decentralised production systems reduce logistical
barriers by supporting local cultured meat manufacturing. This
approach minimises transportation emissions and improves over-
all supply chain efficiency (Moss, 2025). Finally, establishing safety
and labeling standards for cultured meat products is crucial
for regulation and consumer acceptance (Lee & Mooney, 2012).
International efforts are underway to streamline procedures that
foster consumer trust and ensure the integrity of the production
process.

In addition to ongoing efforts to improve scalability and reduce
production costs, several emerging technologies are expected
to accelerate the next phase of cultured meat development.
Synthetic biology offers powerful tools for engineering cell
lines with enhanced growth efficiency and for designing cost-
effective media formulations through controlled expression of
growth factors and metabolic pathways (Stout et al., 2024).
Artificial intelligence-guided media optimisation integrates
high-throughput screening with machine learning algorithms
to identify optimal combinations of nutrients and signalling
molecules, thereby improving reproducibility and reducing batch-
to-batch variability (Nikkhah et al., 2023). Furthermore, 3D
bioprinting technologies enable precise spatial organisation
of muscle, fat, and connective tissues, supporting large-scale
fabrication of structured meat products with consistent texture
and composition (Kang et al., 2021). Together, these approaches
represent promising frontiers that bridge fundamental cell
biology with scalable, reproducible, and economically viable
production systems. In addition to advances in cultured meat
based on animal cells, emerging research is exploring the
potential of plant cell-based systems and hybrid approaches
that integrate both animal and plant components. Plant cell
cultures offer advantages such as lower production costs, simpler
culture conditions, and reduced regulatory hurdles. Moreover,
the structural properties of plant tissues—such as cellulose-
rich scaffolds—can be leveraged to provide desirable texture
and improve scalability. Hybrid cultured meat, which combines
animal cells with plant-derived materials or plant-based proteins,
represents a promising strategy to enhance sensory quality
while lowering production costs. This integrative approach

could broaden product diversity, improve nutritional profiles,
and accelerate market adoption by bridging the gap between
conventional plant-based and cell-based products (Baune et al.,
2023; Maharjan et al., 2025; Park et al., 2024).

Data availability

No new data are generated in this manuscript.

Author contributions

Sungmin Kim (Conceptualisation, Writing—original draft, Writ-
ing—review & editing [lead]), Yeojeong Jeong (Visualisation, Writ-
ing—review & editing [equal]), Hyeju Jo (Visualisation, Writing—
review & editing [equal]), Yun-Gwi Park (Visualisation, Writing—
review & editing [equal]), Sung-Hwan Moon (Funding acquisition,
Supervision [lead], Writing—review & editing [equal])

Conflicts of interest

None declared.

Funding

This work was supported by the Bio & Medical Technology Devel-
opment Program (RS-2023-00220207) of the National Research
Foundation of Korea (NRF) and the Korean Fund for Regenerative
Medicine (KFRM) grant (25A0203L1) funded by the Ministry of
Science and ICT, the Ministry of Health & Welfare, Korean gov-
ernment (Republic of Korea). This work was also supported by
the National Research Foundation (NRF) funded by the Korean
government (MSIT) (RS-2025-25460035).

References

Albrecht, F. B, Ahlfeld, T, Klatt, A, Heine, S., Gelinsky, M., & Kluger, P.
J. (2024). Biofabrication’s contribution to the evolution of cultured
meat. Advanced Healthcare Materials, 13, €2304058. https://doi.
0rg/10.1002/adhm.202304058

Allan, S. ], De Bank, P. A, & Ellis, M. J. (2019). Bioprocess design
considerations for cultured meat production with a focus on the
expansion bioreactor. Frontiers in Sustainable Food Systems, 3, 1-9.
https://doi.org/10.3389/fsufs.2019.00044.

Gz0Z lequisoa(g g0 uo Jasn Ausiaaiun Buy-Buny) Aq 82851 £8/0Z2IBANZ/09/31011eAs /w00 dno-olwspeoe//:sdny Wwolj papeojumoq


https://doi.org/10.1002/adhm.202304058
https://doi.org/10.1002/adhm.202304058
https://doi.org/10.1002/adhm.202304058
https://doi.org/10.1002/adhm.202304058
https://doi.org/10.3389/fsufs.2019.00044
https://doi.org/10.3389/fsufs.2019.00044
https://doi.org/10.3389/fsufs.2019.00044
https://doi.org/10.3389/fsufs.2019.00044

12 | Kimetal.

Almeida, C. F, Fernandes, S. A., Ribeiro Junior, A. F, Keith Okamoto,
0., & Vainzof, M. (2016). Muscle satellite cells: Exploring the
basic biology to rule them. Stem Cells International, 2016, 1078686.
https://doi.org/10.1155/2016/1078686

Alvarez, 7., Ortega, J. A., Sato, K., Sasselli, I. R., Kolberg-Edelbrock, A.
N, Qiu, R,, Marshall, K. A,, Nguyen, T. P, Smith, C. S, Quinlan, K.
A., Papakis, V, Syrgiannis, Z., Sather, N. A., Musumeci, C., Engel,
E., Stupp, S. 1., & Kiskinis, E. (2023). Artificial extracellular matrix
scaffolds of mobile molecules enhance maturation of human
stem cell-derived neurons. Cell Stem Cell, 30, 219-238.e14. https://
doi.org/10.1016/j.stem.2022.12.010

Asim, S, Hayhurst, E.,, Callaghan, R, & Rizwan, M. (2024). Ultra-
low content physio-chemically crosslinked gelatin hydrogel
improves encapsulated 3D cell culture. International Journal of
Biological Macromolecules, 264, 130657. https://doi.org/10.1016/j.
ijbiomac.2024.130657

Baouche, M., Ochota, M., Mermillod, P., Locatelli, Y., & Nizanski, W.
(2023). Feline Wharton’s jelly-derived mesenchymal stem cells
as a feeder layer for oocytes maturation and embryos culture
in vitro. Frontiers in Veterinary Science, 10, 1252484. https://doi.
org/10.3389/fvets.2023.1252484

Baune, M. C, Broucke, K, Ebert, S.,, Gibis, M., Weiss, J., Enneking,
U, Profeta, A, Terjung, N, & Heinz, V. (2023). Meat hybrids-
An assessment of sensorial aspects, consumer acceptance, and
nutritional properties. Frontiers in Nutrition, 10, 1101479. https://
doi.org/10.3389/fnut.2023.1101479

Bayrak, O, Galibasi Kocal, G., Bagbinar, Y., Alper, M., & Bayrak, S.
(2024). Effect of Collagen-Coating Variations on the Morphology
and Viability of Human Vascular Smooth Muscle Cells. jour-
nal of Basic and Clinical Health Sciences, 8, 726-733. https://doi.
0rg/10.30621/jbachs.1540783

Ben-Arye, T, & Levenberg, S. (2019). Tissue engineering for clean
meat production. Frontiers in Sustainable Food Systems, 3, 1-19.
https://doi.org/10.3389/fsufs.2019.00046

Bergstrom, A. R, Glimm, M. G., Houske, E. A, Cooper, G., Viles,
E., Chapman, M., Bourekis, K., Welhaven, H. D., Brahmachary,
P. P, Hahn, A. K,, & June, R. K. (2025). Metabolic profiles of
encapsulated chondrocytes exposed to short-term simulated
microgravity. Annals of Biomedical Engineering, 53, 785-797. https://
doi.org/10.1007/s10439-024-03667-x

Bhat, Z. F, Kumar, S, & Fayaz, H. (2015). Meat production:
Challenges and benefits over conventional meat production.
Journal of Integrative Agriculture, 14, 241-248. https://doi.
0rg/10.1016/52095-3119(14)60887-X

Bhat, Z. F, Morton, J. D, Mason, S. L., Bekhit, A. E. A., & Bhat,
H. F (2019). Technological, regulatory, and ethical aspects of
In vitro meat: A future slaughter-free harvest. Comprehensive
Reviews in Food Science and Food Safety, 18, 1192-1208. https://doi.
0rg/10.1111/1541-4337.12473

Bodiou, V,, Cristini, N, De Cristofaro, L., Pareek, T, Rajagopal, V., Ver-
rougstraete, L., Heinrich, J. M., Post, M. J,, & Moutsatsou, P. (2025).
Process intensification of cultivated meat production through
microcarrier addition strategy optimisation. Scientific Reports, 15,
14080. https://doi.org/10.1038/s41598-025-97813-7

Bomkamp, C., Skaalure, S. C, Fernando, G. F, Ben-Arye, T., Swartz,
E. W, & Specht, E. A. (2022). Scaffolding biomaterials for 3D
cultivated meat: Prospects and challenges. Advanced Science, 9,
€2102908. https://doi.org/10.1002/advs.202102908

Borys, B. S, Dang, T., So, T, Rohani, L., Revay, T., Walsh, T., Thompson,
M., Argiropoulos, B, Rancourt, D. E,, Jung, S., Hashimura, Y, Lee,
B., & Kallos, M. S. (2021). Overcoming bioprocess bottlenecks in
the large-scale expansion of high-quality hiPSC aggregates in

vertical-wheel stirred suspension bioreactors. Stem Cell Research
& Therapy, 12, 55. https://doi.org/10.1186/513287-020-02109-4

Brett,]. O, Arjona, M., Ikeda, M., Quarta, M., de Morrée, A., Egner, . M.,
Perandini, L. A,, Ishak, H. D,, Goshayeshi, A., Benjamin, D. I, Both,
P, Rodriguez-Mateo, C,, Betley, M. J., Wyss-Coray, T., & Rando, T. A.
(2020). Exercise rejuvenates quiescent skeletal muscle stem cells
in old mice through restoration of cyclin D1. Nature Metabolism, 2,
307-317. https://doi.org/10.1038/s42255-020-0190-0

Calero-Castro, F. ], Perez-Puyana, V. M., Laga, I, Padillo Ruiz, J,
Romero, A., & de la Portilla de Juan, F. (2024). Mechanical stim-
ulation and aligned poly(e-caprolactone)-Gelatin electrospun
scaffolds promote skeletal muscle regeneration. ACS Applied Bio
Materials, 7, 6430-6440. https://doi.org/10.1021/acsabm.4c00559

Cely-Garcia, M. C,, Espinel-Pabdn, D. Y., Jaimes-Mendez, N., Balcazar-
Morales, N, & Murillo-Ruiz, E. A. (2025). Encapsulation of
Eucalyptus tereticornis extract in polylactic-co-glycolic acid
nanoparticles: standardization, optimization and cell viability.
Anais da Academia Brasileira de Ciéncias, 97, €20241069. https://doi.
0rg/10.1590/0001-3765202520241069

Chal, J,, & Pourquié, O. (2017). Making muscle: Skeletal myogene-
sis in vivo and in vitro. Development, 144, 2104-2122. https://doi.
org/10.1242/dev.151035

Chen, Y, Xu, Y, Cai, ], Lauwers, M., Xiang, L., Zheng, Y., Chu, H., Chen,
X, Ker, D. F E., Zhang, C, Wang, D. M., & Zhang, Z. (2025). Auto-
mated and enclosed three-dimensional biofabrication system
for mesenchymal stem cell culture to enhance diabetic wound
healing. Biomaterials Research, 29, 0205. https://doi.org/10.34133/
bmr.0205

Cheuy, V. A, Dayton, M. R,, Hogan, C. A, Graber, ], Anair, B. M,
Voigt, T. B, Nelms, N. J, Stevens-Lapsley, J. E, & Toth, M. J.
(2023). Neuromuscular electrical stimulation preserves muscle
strength early after total knee arthroplasty: Effects on muscle
fiber size. Journal of Orthopaedic Research, 41, 787-792. https://doi.
0rg/10.1002/jor.25418

Chriki, S, & Hocquette, J. F. (2020). The myth of cultured meat:
A review. Frontiers in Nutrition, 7, 1-9. https://doi.org/10.3389/
fnut.2020.00007

Conboy, I. M., Conboy, M. J, Smythe, G. M, & Rando, T. A.
(2003). Notch-mediated restoration of regenerative potential to
aged muscle. Science, 302, 1575-1577. https://doi.org/10.1126/
science.1087573

Cuesta-Gomez, N., Verhoeff, K., Dadheech, N.,, Dang, T, Jasra, . T,
de Leon, M. B, Pawlick, R., Marfil-Garza, B.,, Anwar, P, Razavy, H,,
Zapata-Morin, P. A, Jickling, G., Thiesen, A., O’Gorman, D,, Kallos,
M. S.,, & Shapiro, A. M. J. (2023). Suspension culture improves
iPSC expansion and pluripotency phenotype. Stem Cell Research &
Therapy, 14, 154. https://doi.org/10.1186/s13287-023-03382-9

Dan, A, Liu, B, Patil, U, Manuraj, B. N. M., Gandhi, R., Buchel, J,
Chundawat, S. P. S,, Guo, W,, & Ramachandran, R. (2025). Machine
learning model-based design and model predictive control of a
bioreactor for the improved production of mammalian cell-based
bio-therapeutics. Control Engineering Practice, 156, 106198. https://
doi.org/10.1016/j.conengprac.2024.106198

Dariolli, R, Nir, R., Mushlam, T., Souza, G. R., Farmer, S. R., & Batista,
M. L. (2025). Optimized scaffold-free human 3D adipose tissue
organoid culture for obesity and disease modeling. SLAS Discou-
ery, 31, 100218. https://doi.org/10.1016/j.slasd.2025.100218

De Siqueira, M. K, Li, G,, Zhao, Y,, Wang, S, Ahn, I. S, Tamboline,
M., Hildreth, A. D, Larios, J., Schcolnik-Cabrera, A., Nouhi, Z.,
Zhang, Z., Tol, M. J., Pandey, V., Xu, S., O’Sullivan, T. E., Mack, J.
J., Tontonoz, P, Sallam, T., Wohlschlegel, J. A., & Villanueva, C. J.
(2024). PPARy -dependent remodeling of translational machinery

Gz0Z lequisoa(g g0 uo Jasn Ausiaaiun Buy-Buny) Aq 82851 £8/0Z2IBANZ/09/31011eAs /w00 dno-olwspeoe//:sdny Wwolj papeojumoq


https://doi.org/10.1155/2016/1078686
https://doi.org/10.1155/2016/1078686
https://doi.org/10.1155/2016/1078686
https://doi.org/10.1016/j.stem.2022.12.010
https://doi.org/10.1016/j.stem.2022.12.010
https://doi.org/10.1016/j.stem.2022.12.010
https://doi.org/10.1016/j.stem.2022.12.010
https://doi.org/10.1016/j.stem.2022.12.010
https://doi.org/10.1016/j.ijbiomac.2024.130657
https://doi.org/10.1016/j.ijbiomac.2024.130657
https://doi.org/10.1016/j.ijbiomac.2024.130657
https://doi.org/10.1016/j.ijbiomac.2024.130657
https://doi.org/10.1016/j.ijbiomac.2024.130657
https://doi.org/10.3389/fvets.2023.1252484
https://doi.org/10.3389/fvets.2023.1252484
https://doi.org/10.3389/fvets.2023.1252484
https://doi.org/10.3389/fvets.2023.1252484
https://doi.org/10.3389/fnut.2023.1101479
https://doi.org/10.3389/fnut.2023.1101479
https://doi.org/10.3389/fnut.2023.1101479
https://doi.org/10.3389/fnut.2023.1101479
https://doi.org/10.30621/jbachs.1540783
https://doi.org/10.30621/jbachs.1540783
https://doi.org/10.30621/jbachs.1540783
https://doi.org/10.30621/jbachs.1540783
https://doi.org/10.3389/fsufs.2019.00046
https://doi.org/10.3389/fsufs.2019.00046
https://doi.org/10.3389/fsufs.2019.00046
https://doi.org/10.3389/fsufs.2019.00046
https://doi.org/10.1007/s10439-024-03667-x
https://doi.org/10.1007/s10439-024-03667-x
https://doi.org/10.1007/s10439-024-03667-x
https://doi.org/10.1007/s10439-024-03667-x
https://doi.org/10.1007/s10439-024-03667-x
https://doi.org/10.1016/S2095-3119(14)60887-X
https://doi.org/10.1016/S2095-3119(14)60887-X
https://doi.org/10.1016/S2095-3119(14)60887-X
https://doi.org/10.1016/S2095-3119(14)60887-X
https://doi.org/10.1016/S2095-3119(14)60887-X
https://doi.org/10.1016/S2095-3119(14)60887-X
https://doi.org/10.1016/S2095-3119(14)60887-X
https://doi.org/10.1111/1541-4337.12473
https://doi.org/10.1111/1541-4337.12473
https://doi.org/10.1111/1541-4337.12473
https://doi.org/10.1038/s41598-025-97813-7
https://doi.org/10.1038/s41598-025-97813-7
https://doi.org/10.1038/s41598-025-97813-7
https://doi.org/10.1038/s41598-025-97813-7
https://doi.org/10.1002/advs.202102908
https://doi.org/10.1002/advs.202102908
https://doi.org/10.1002/advs.202102908
https://doi.org/10.1002/advs.202102908
https://doi.org/10.1186/s13287-020-02109-4
https://doi.org/10.1186/s13287-020-02109-4
https://doi.org/10.1186/s13287-020-02109-4
https://doi.org/10.1186/s13287-020-02109-4
https://doi.org/10.1038/s42255-020-0190-0
https://doi.org/10.1038/s42255-020-0190-0
https://doi.org/10.1038/s42255-020-0190-0
https://doi.org/10.1038/s42255-020-0190-0
https://doi.org/10.1021/acsabm.4c00559
https://doi.org/10.1021/acsabm.4c00559
https://doi.org/10.1021/acsabm.4c00559
https://doi.org/10.1021/acsabm.4c00559
https://doi.org/10.1021/acsabm.4c00559
https://doi.org/10.1590/0001-3765202520241069
https://doi.org/10.1590/0001-3765202520241069
https://doi.org/10.1590/0001-3765202520241069
https://doi.org/10.1242/dev.151035
https://doi.org/10.1242/dev.151035
https://doi.org/10.1242/dev.151035
https://doi.org/10.1242/dev.151035
https://doi.org/10.34133/bmr.0205
https://doi.org/10.34133/bmr.0205
https://doi.org/10.34133/bmr.0205
https://doi.org/10.34133/bmr.0205
https://doi.org/10.1002/jor.25418
https://doi.org/10.1002/jor.25418
https://doi.org/10.1002/jor.25418
https://doi.org/10.1002/jor.25418
https://doi.org/10.3389/fnut.2020.00007
https://doi.org/10.3389/fnut.2020.00007
https://doi.org/10.3389/fnut.2020.00007
https://doi.org/10.3389/fnut.2020.00007
https://doi.org/10.1126/science.1087573
https://doi.org/10.1126/science.1087573
https://doi.org/10.1126/science.1087573
https://doi.org/10.1126/science.1087573
https://doi.org/10.1186/s13287-023-03382-9
https://doi.org/10.1186/s13287-023-03382-9
https://doi.org/10.1186/s13287-023-03382-9
https://doi.org/10.1186/s13287-023-03382-9
https://doi.org/10.1016/j.conengprac.2024.106198
https://doi.org/10.1016/j.conengprac.2024.106198
https://doi.org/10.1016/j.conengprac.2024.106198
https://doi.org/10.1016/j.conengprac.2024.106198
https://doi.org/10.1016/j.conengprac.2024.106198
https://doi.org/10.1016/j.slasd.2025.100218
https://doi.org/10.1016/j.slasd.2025.100218
https://doi.org/10.1016/j.slasd.2025.100218
https://doi.org/10.1016/j.slasd.2025.100218
https://doi.org/10.1016/j.slasd.2025.100218

International Journal of Food Science and Technology, 2025, Vol. 60, No. 2 | 13

in adipose progenitors is impaired in obesity. Cell Reports, 43,
114945. https://doi.org/10.1016/j.celrep.2024.114945

Deng, Y, Zhao, J., Gong, C., Ding, W,, Fang, L., Liu, H., Li, M,, Shen, B, &
Ding, S. (2025). LRP1 regulates asthmatic airway smooth muscle
proliferation through FGF2/ERK signaling. JCI Insight, 10, e185975.
https://doi.org/10.1172/jci.insight. 185975

Derakhshanfar, S, Mbeleck, R, Xu, K. G, Zhang, X. Y, Zhong,
W, & Xing, M. (2018). 3D bioprinting for biomedical devices
and tissue engineering: A review of recent trends and
advances. Bioactive Materials, 3, 144-156. https://doi.org/10.1016/
j.bloactmat.2017.11.008

Dezawa, M., Ishikawa, H., Itokazu, Y. Yoshihara, T., Hoshino, M,
Takeda, S, Ide, C., & Nabeshima, Y. (2005). Bone marrow stromal
cells generate muscle cells and repair muscle degeneration. Sci-
ence, 309, 314-317. https://doi.org/10.1126/science.1110364

Dhawan, J., & Rando, T. A. (2005). Stem cells in postnatal myogenesis:
Molecular mechanisms of satellite cell quiescence, activation
and replenishment. Trends in Cell Biology, 15, 666-673. https://doi.
0rg/10.1016/j.tcb.2005.10.007

Discher, D. E., Mooney, D. ], & Zandstra, P. W. (2009). Growth factors,
matrices, and forces combine and control stem cells. Science, 324,
1673-1677. https://doi.org/10.1126/science. 1171643

Engler, A. ], Sen, S, Sweeney, H. L., & Discher, D. E. (2006). Matrix
elasticity directs stem cell lineage specification. Cell, 126, 677-689.
https://doi.org/10.1016/j.cell.2006.06.044

Fan, G, Li,Y, Ye, Q. Niu,Q, Zhao, X, Chen, L., Gu, Q., Zhang, Y., Wei, X.,
Wu, S., Wu, Q., & Wu, Y. (2024). Animal-derived free hydrolysate in
animal cell culture: Current research and application advances.
Journal of Tissue Engineering, 15, 20417314241300388. https://doi.
0rg/10.1177/20417314241300388

Fanzo, J., Rudie, C,, Sigman, I, Grinspoon, S, Benton, T. G., Brown,
M. E.,, Covic, N, Fitch, K., Golden, C. D,, Grace, D, Hivert, M. F,
Huybers, P, Jaacks, L. M., Masters, W. A., Nisbett, N., Richardson,
R. A, Singleton, C. R., Webb, P,, & Willett, W. C. (2022). Sustainable
food systems and nutrition in the 21st century: A report from the
22nd annual Harvard nutrition obesity symposium. The American
Journal of Clinical Nutrition, 115, 18-33. https://doi.org/10.1093/
ajcn/ngab31s

FAO (2020). The state of food and agriculture 2020. Overcoming water
challenges in agriculture. Food and Agriculture Organization of the
United Nations.

Farah, S, Anderson, D. G, & Langer, R. (2016). Physical and mechani-
cal properties of PLA, and their functions in widespread applica-
tions—A comprehensive review. Advanced Drug Delivery Reviews,
107, 367-392. https://doi.org/10.1016/j.addr.2016.06.012

Floor, H., & Manlosa-Kirk, A. O. (2025). Exploring the sustainability
narratives of cultured meat. Sustainability Science, 20, 2281-2296.
https://doi.org/10.1007/s11625-025-01677-9

Fu, X., Wang, H., & Hu, P. (2015). Stem cell activation in skeletal mus-
cle regeneration. Cellular and Molecular Life Sciences, 72, 1663-1677.
https://doi.org/10.1007/s00018-014-1819-5

Gamwell, J. M., Cresswell, E., & Pinnick, K. E. (2025). Adipogenic differ-
entiation assay for the study of insulin Signaling. In M. S. Pepper &
M. A. Ambele (Eds.), Adipogenesis: Methods and protocols (pp. 31-46).
US: Springer. https://doi.org/10.1007/978-1-0716-4607-6_4

Garcia-Guerrero, C. A, Fuentes, P, Araya, M. ], Djouad, F,
Luz-Crawford, P, Vega-Letter, A. M., & Altamirano, C. (2024). How
to enhance MSCs therapeutic properties? An insight on potenti-
ation methods. Stem Cell Research & Therapy, 15, 331. https://doi.
0rg/10.1186/513287-024-03935-6

Gerber, P, Steinfeld, H., Henderson, B., Mottet, A., Opio, C., Dijkman,
J., Falcucci, A., & Tempio, G. (2013). Tackling climate change through

livestock: A global assessment of emissions and mitigation opportu-
nities. Rome: Food and Agriculture Organization of the United
Nations (FAO).

Gerland, P, Raftery, A. E,, Sevcikovd, H, Li, N,, Gu, D. A., Spooren-
berg, T, Alkema, L., Fosdick, B. K., Chunn, J, Lalic, N,, Bay, G,
Buettner, T, Heilig, G. K., & Wilmoth, J. (2014). World population
stabilization unlikely this century. Science, 346, 234-237. https://
doi.org/10.1126/science.1257469

Gilpin, A, & Yang, Y. (2017). Decellularization strategies for
regenerative medicine: From processing techniques to applica-
tions. Biomed Research International, 2017, 9831534. https://doi.
0rg/10.1155/2017/9831534

Goral, V.N,, Hong, Y., Scibek, J. ], Sun, Y., Romeo, L. E.,Rao, A, Manning,
D, Zhou, Y, Schultes, J. A, Tjong, V, Pikula, D, Krebs, K. A, Ferrie,
A.M., Kramel, S, Weber, J. L., Upton, T. M., Fang, Y., & Melkoumian,
Z. (2024). Innovative fixed bed bioreactor platform: Enabling
linearly scalable adherent cell biomanufacturing with real-time
biomass prediction from nutrient consumption. Biotechnology Jour-
nal, 19, €2300635. https://doi.org/10.1002/biot.202300635

Gorlitz, S., Brauer, E., Glinther, R., Duda, G. N,, Knaus, P, & Petersen,
A. (2024). Temporal regulation of BMP2 growth factor signaling in
response to mechanical loading is linked to cytoskeletal and focal
adhesion remodeling. Communications Biology, 7, 1064. https://doi.
0rg/10.1038/542003-024-06753-x

Grobbelaar, S, Mercier, A. E., van den Bout, [, Durandt, C., & Pepper,
M. S. (2024). Considerations for enhanced mesenchymal stroma-
1/stem cell myogenic commitment in vitro. Clinical and Translational
Science, 17, €13703. https://doi.org/10.1111/cts.13703

Guillotin, B, Souquet, A., Catros, S., Duocastella, M., Pippenger, B, Bel-
lance, S, Bareille, R., Rémy, M., Bordenave, L., Amédée, ], & Guille-
mot, F. (2010). Laser assisted bioprinting of engineered tissue with
high cell density and microscale organization. Biomaterials, 31,
7250-7256. https://doi.org/10.1016/j.biomaterials.2010.05.055

Gwon, K. Dharmesh, E, Nguyen, K. M., Schornack, A. M. R,
de Hoyos-Vega, J. M., Ceylan, H., Stybayeva, G. Peterson, Q.
P, & Revzin, A. (2024). Designing magnetic microcapsules for
cultivation and differentiation of stem cell spheroids. Microsys-
tems & Nanoengineering, 10, 127. https://doi.org/10.1038/s41378-
024-00747-9

Hallman, W. K., Hallman, W. K., & Hallman, E. E. (2023). Cell-based,
cell-cultured, cell-cultivated, cultured, or cultivated. What is the
best name for meat, poultry, and seafood made directly from the
cells of animals? NPJ Science of Food, 7, 62. https://doi.org/10.1038/
541538-023-00234-x

Hao, L. T, Lee, S, Hwang, D. S, Jeon, H, Park, J, Kim, H. J,
& Oh, D. X. (2025). Self-healing scaffolding technology with
strong, reversible interactions under physiological conditions for
engineering marbled cultured meat. ACS Applied Materials & Inter-
faces, 17,31881-31897. https://doi.org/10.1021/acsami.5c03479

Harvey, Ratner, E. G., & Iveson, C. (2012). Solution focused brief therapy
100 Key points and techniques (1st ed., p. 272). Routledge.

Hauser, M., Zirman, A, Rak, R., & Nachman, I. (2024). Challenges and
opportunities in cell expansion for cultivated meat. Frontiers in
Nutrition, 11, 11-2024. https://doi.org/10.3389/fnut.2024.1315555

Hicks, M. R, Saleh, K. K., Clock, B, Gibbs, D. E., Yang, M., Younesi, S,
Gane, L., Gutierrez-Garcia, V,, Xi, H,, & Pyle, A. D. (2023). Regener-
ating human skeletal muscle forms an emerging niche in vivo to
support PAX7 cells. Nature Cell Biology, 25, 1758-1773. https://doi.
0rg/10.1038/541556-023-01271-0

Hubalek, S, Post, M. J., & Moutsatsou, P. (2022). Towards resource-
efficient and cost-efficient cultured meat. Current Opinion in Food
Science, 47, 100885. https://doi.org/10.1016/j.cofs.2022.100885

Gz0Z lequisoa(g g0 uo Jasn Ausiaaiun Buy-Buny) Aq 82851 £8/0Z2IBANZ/09/31011eAs /w00 dno-olwspeoe//:sdny Wwolj papeojumoq


https://doi.org/10.1016/j.celrep.2024.114945
https://doi.org/10.1016/j.celrep.2024.114945
https://doi.org/10.1016/j.celrep.2024.114945
https://doi.org/10.1016/j.celrep.2024.114945
https://doi.org/10.1016/j.celrep.2024.114945
https://doi.org/10.1172/jci.insight.185975
https://doi.org/10.1172/jci.insight.185975
https://doi.org/10.1172/jci.insight.185975
https://doi.org/10.1172/jci.insight.185975
https://doi.org/10.1172/jci.insight.185975
https://doi.org/10.1016/j.bioactmat.2017.11.008
https://doi.org/10.1016/j.bioactmat.2017.11.008
https://doi.org/10.1016/j.bioactmat.2017.11.008
https://doi.org/10.1016/j.bioactmat.2017.11.008
https://doi.org/10.1016/j.bioactmat.2017.11.008
https://doi.org/10.1126/science.1110364
https://doi.org/10.1126/science.1110364
https://doi.org/10.1126/science.1110364
https://doi.org/10.1126/science.1110364
https://doi.org/10.1016/j.tcb.2005.10.007
https://doi.org/10.1016/j.tcb.2005.10.007
https://doi.org/10.1016/j.tcb.2005.10.007
https://doi.org/10.1016/j.tcb.2005.10.007
https://doi.org/10.1016/j.tcb.2005.10.007
https://doi.org/10.1126/science.1171643
https://doi.org/10.1126/science.1171643
https://doi.org/10.1126/science.1171643
https://doi.org/10.1126/science.1171643
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1177/20417314241300388
https://doi.org/10.1177/20417314241300388
https://doi.org/10.1177/20417314241300388
https://doi.org/10.1093/ajcn/nqab315
https://doi.org/10.1093/ajcn/nqab315
https://doi.org/10.1093/ajcn/nqab315
https://doi.org/10.1093/ajcn/nqab315
https://doi.org/10.1093/ajcn/nqab315
https://doi.org/10.1016/j.addr.2016.06.012
https://doi.org/10.1016/j.addr.2016.06.012
https://doi.org/10.1016/j.addr.2016.06.012
https://doi.org/10.1016/j.addr.2016.06.012
https://doi.org/10.1016/j.addr.2016.06.012
https://doi.org/10.1007/s11625-025-01677-9
https://doi.org/10.1007/s11625-025-01677-9
https://doi.org/10.1007/s11625-025-01677-9
https://doi.org/10.1007/s11625-025-01677-9
https://doi.org/10.1007/s00018-014-1819-5
https://doi.org/10.1007/s00018-014-1819-5
https://doi.org/10.1007/s00018-014-1819-5
https://doi.org/10.1007/s00018-014-1819-5
https://doi.org/10.1007/978-1-0716-4607-6_4
https://doi.org/10.1007/978-1-0716-4607-6_4
https://doi.org/10.1007/978-1-0716-4607-6_4
https://doi.org/10.1186/s13287-024-03935-6
https://doi.org/10.1186/s13287-024-03935-6
https://doi.org/10.1186/s13287-024-03935-6
https://doi.org/10.1186/s13287-024-03935-6
https://doi.org/10.1126/science.1257469
https://doi.org/10.1126/science.1257469
https://doi.org/10.1126/science.1257469
https://doi.org/10.1126/science.1257469
https://doi.org/10.1155/2017/9831534
https://doi.org/10.1155/2017/9831534
https://doi.org/10.1155/2017/9831534
https://doi.org/10.1002/biot.202300635
https://doi.org/10.1002/biot.202300635
https://doi.org/10.1002/biot.202300635
https://doi.org/10.1002/biot.202300635
https://doi.org/10.1038/s42003-024-06753-x
https://doi.org/10.1038/s42003-024-06753-x
https://doi.org/10.1038/s42003-024-06753-x
https://doi.org/10.1038/s42003-024-06753-x
https://doi.org/10.1038/s42003-024-06753-x
https://doi.org/10.1111/cts.13703
https://doi.org/10.1111/cts.13703
https://doi.org/10.1111/cts.13703
https://doi.org/10.1111/cts.13703
https://doi.org/10.1016/j.biomaterials.2010.05.055
https://doi.org/10.1016/j.biomaterials.2010.05.055
https://doi.org/10.1016/j.biomaterials.2010.05.055
https://doi.org/10.1016/j.biomaterials.2010.05.055
https://doi.org/10.1016/j.biomaterials.2010.05.055
https://doi.org/10.1038/s41378-024-00747-9
https://doi.org/10.1038/s41538-023-00234-x
https://doi.org/10.1038/s41538-023-00234-x
https://doi.org/10.1038/s41538-023-00234-x
https://doi.org/10.1038/s41538-023-00234-x
https://doi.org/10.1038/s41538-023-00234-x
https://doi.org/10.1021/acsami.5c03479
https://doi.org/10.1021/acsami.5c03479
https://doi.org/10.1021/acsami.5c03479
https://doi.org/10.1021/acsami.5c03479
https://doi.org/10.1021/acsami.5c03479
https://doi.org/10.3389/fnut.2024.1315555
https://doi.org/10.3389/fnut.2024.1315555
https://doi.org/10.3389/fnut.2024.1315555
https://doi.org/10.3389/fnut.2024.1315555
https://doi.org/10.1038/s41556-023-01271-0
https://doi.org/10.1038/s41556-023-01271-0
https://doi.org/10.1038/s41556-023-01271-0
https://doi.org/10.1038/s41556-023-01271-0
https://doi.org/10.1016/j.cofs.2022.100885
https://doi.org/10.1016/j.cofs.2022.100885
https://doi.org/10.1016/j.cofs.2022.100885
https://doi.org/10.1016/j.cofs.2022.100885
https://doi.org/10.1016/j.cofs.2022.100885

14 | Kimetal.

Hutmacher, D. W. (2000). Scaffolds in tissue engineering bone
and cartilage. Biomaterials, 21, 2529-2543. https://doi.org/10.1016/
S0142-9612(00)00121-6

Iberite, F,, Gruppioni, E., & Ricotti, L. (2022). Skeletal muscle differen-
tiation of human iPSCs meets bioengineering strategies: Perspec-
tives and challenges. NPJ Regenerative Medicine, 7, 23. https://doi.
0rg/10.1038/s41536-022-00216-9

Jeske, R., Lewis, S., Tsai, A. C,, Sanders, K., Liu, C, Yuan, X, & Li, Y.
(2021). Agitation in a microcarrier-based spinner flask bioreactor
modulates homeostasis of human mesenchymal stem cells. Bio-
chemical Engineering Journal, 168, 107947. https://doi.org/10.1016/j.
bej.2021.107947

Josino, R., & Stimamiglio, M. A. (2024). Bioactive decellularized extra-
cellular matrix-based hydrogel supports human adipose tissue-
derived stem cell maintenance and fibrocartilage phenotype.
Frontiers in Bioengineering and Biotechnology, 11, 11-2023. https://
doi.org/10.3389/fbioe.2023.1304030

Jung, U, Kim, M., Dowker-Key, P, Noég, S., Bettaieb, A., Shepherd, E.,
& Voy, B. (2024). Hypoxia promotes proliferation and inhibits
myogenesis in broiler satellite cells. Poultry Science, 103, 103203.
https://doi.org/10.1016/j.psj.2023.103203

Kadim, I, Mahgoub, O, Baqir, S, Faye, B, & Purchas, R. (2015). Cul-
tured meat from muscle stem cells: A review of challenges and
prospects. Journal of Integrative Agriculture, 14, 222-233. https://doi.
0rg/10.1016/52095-3119(14)60881-9

Kang, D.-H,, Louis, F, Liu, H., Shimoda, H., Nishiyama, Y., Nozawa, H.,
Kakitani, M., Takagi, D, Kasa, D,, Nagamori, E., Irie, S, Kitano, S,
& Matsusaki, M. (2021). Engineered whole cut meat-like tissue
by the assembly of cell fibers using tendon-gel integrated bio-
printing. Nature Communications, 12, 5059. https://doi.org/10.1038/
541467-021-25236-9

Khatun, M. R, Bhattacharyya, A, Gunbayar, M, Jo, Y. O, &
Noh, 1. (2025). Gelatin-alginate hydrogel for near-field
electrospinning assisted 3D and 4-axis bioprinting. Carbohydrate
Polymers, 348, 122853. https://doi.org/10.1016/j.carbpol.2024.
122853

Kim, S.J, Byun, H., Lee, S, Kim, E., Lee, G. M., Huh, S.],, Joo, J,, & Shin,
H. (2022). Spatially arranged encapsulation of stem cell spheroids
within hydrogels for the regulation of spheroid fusion and cell
migration. Acta Biomaterialia, 142, 60-72. https://doi.org/10.1016/
j.actbio.2022.01.047

Kostenko, A., Connon, C. J., & Swioklo, S. (2022). Storable Cell-Laden
Alginate Based Bioinks for 3D Biofabrication. Bioengineering, 10, 23.
https://doi.org/10.3390/bioengineering10010023

Kreuser, U, Buchert, ], Haase, A., Richter, W,, & Diederichs, S. (2020).
Initial WNT/B-catenin activation enhanced mesoderm commit-
ment, extracellular matrix expression, cell aggregation and carti-
lage tissue yield from induced pluripotent stem cells. Frontiers in
Cell and Developmental Biology, 8, 581331. https://doi.org/10.3389/
fcell.2020.581331

Kreye, S, Stahn, R., Nawrath, K., Goralczyk, V., Zoro, B, & Goletz,
S. (2019). A novel scale-down mimic of perfusion cell culture
using sedimentation in an automated microbioreactor (SAM).
Biotechnology Progress, 35, €2832. https://doi.org/10.1002/btpr.2832

Langer, R, & Tirrell, D. (2004). Designing materials for biology
and medicine. Nature, 428, 487-492. https://doi.org/10.1038/
nature02388

Lau, K. H, Waldhart, A. N,, Dykstra, H., Avequin, T, & Wu, N.
(2023). PPARy and C/EBPa response to acute cold stress in
brown adipose tissue. iScience, 26, 105848. https://doi.org/10.1016/
j.1sc1.2022.105848

Le Blanc, K. (2006). Mesenchymal stromal cells: Tissue repair
and immune modulation. Cytotherapy, 8, 559-561. https://doi.
0rg/10.1080/14653240601045399

Lee, K. Y, & Mooney, D. . (2012). Alginate: Properties and biomedical
applications. Progress in Polymer Science, 37, 106-126. https://doi.
org/10.1016/j.progpolymsci.2011.06.003

Lee, S.-H,, Lee, ], Kang, N.-U, Cho, Y. S, Heo, S, Park, Y, & Cho,
Y. S. (2025). PCL scaffold with well-defined hierarchical pores
effectively controls cell migration and alignment of human
mesenchymal stem cells. Scientific Reports, 15, 11542. https://doi.
0rg/10.1038/541598-025-96027-1

Leivers, S, Nilsson, A., Haugen, J.-E., Hgst, V,, Nersten, S., Wetterhus,
E.M., & Rgdbotten, R. (2025). Impact on lipid profile and influence
on sensory, texture and structural properties when replacing
saturated fats with rapeseed oil in frankfurter-type sausages.
European Food Research and Technology, 251, 2211-2224. https://doi.
0rg/10.1007/500217-025-04758-2

Lewisch, L., & Riefler, P. (2023). Cultured meat acceptance for global
food security: A systematic literature review and future research
directions. Agricultural and Food Economics, 11, 48. https://doi.
0rg/10.1186/540100-023-00287-2

Li, L, Chen, L, Chen, X, Chen, Y, Ding, S, Fan, X, Liu, Y, Xu, X., Zhou,
G, Zhu, B, Ullah, N, & Feng, X. (2022). Chitosan-sodium alginate-
collagen/gelatin three-dimensional edible scaffolds for building
a structured model for cell cultured meat. International Journal
of Biological Macromolecules, 209, 668-679. https://doi.org/10.1016/
j.ijbiomac.2022.04.052

Li, X,, Zeng, S, Chen, L, Zhang, Y, Li, X,, Zhang, B, Su, D, Du, Q,,
Zhang, J, Wang, H., Zhong, Z., Zhang, ], Li, P, Jiang, A., Long, K.,
Li, M, & Ge, L. (2024). An intronic enhancer of Cebpa regulates
adipocyte differentiation and adipose tissue development via
long-range loop formation. Cell Proliferation, 57, €13552. https://
doi.org/10.1111/cpr.13552

Li, Y, Ge, Z,Liu, Z,, Li, L, Song,J,, Wang, H., Tian, F, Lei, P, Li, L., & Xue, J.
(2024). Integrating electrospun aligned fiber scaffolds with bovine
serum albumin-basic fibroblast growth factor nanoparticles to
promote tendon regeneration. Journal of Nanobiotechnology, 22, 799.
https://doi.org/10.1186/s12951-024-03022-1

Lian, X. J, Hsiao, C.,, Wilson, G., Zhu, K. X., Hazeltine, L. B, Azarin,
S. M., Raval, K. K,, Zhang, J. H, Kamp, T. J, & Palecek, S.
P. (2012). Robust cardiomyocyte differentiation from human
pluripotent stem cells via temporal modulation of canonical
Wnt signaling. Proceedings of the National Academy of Sciences
of the United States of America, 109, E1848-E1857. https://doi.
0rg/10.1073/pnas.1200250109

Lin, W.-H., Tzeng, C.-Y,, Kao, F-C, Tsao, C.-W, Li, N,, Wuy, C.-C, Lee,
S.-H., Huang, K.-F, Hu, W.-W,, & Chen, S.-L. (2025). The prolif-
eration and differentiation of skeletal muscle stem cells are
enhanced in a bioreactor. Biotechnology and Bioengineering, 122,
95-109. https://doi.org/10.1002/bit.28857

Liu, J, Almeida, J. M., Rampado, N,, Panea, B, Hocquette, E., Chriki,
S., Ellies-Oury, M.-P,, & Hocquette, J.-F. (2023). Perception of cul-
tured “meat” by Italian, Portuguese and Spanish consumers
[original research]. Frontiers in Nutrition, 10, 1043618. https://doi.
0rg/10.3389/fnut.2023.1043618

Louis, F, Furuhashi, M., Yoshinuma, H., Takeuchi, S., & Matsusaki,
M. (2023). Mimicking wagyu beef fat in cultured meat: Progress
in edible bovine adipose tissue production with controllable
fatty acid composition. Materials Today Bio, 21, 100720. https://doi.
0rg/10.1016/j.mtbio.2023.100720

Ma, T, Ren, R, Lv, ], Yang, R., Zheng, X., Hu, Y, Zhu, G.,, & Wang,
H. (2024). Transdifferentiation of fibroblasts into muscle cells to
constitute cultured meat with tunable intramuscular fat deposi-
tion. eLife, 13, RP93220. https://doi.org/10.7554/eLife.93220.3

MacQueen, L. A, Alver, C. G., Chantre, C. O,, Ahn, S., Cera, L., Gonzalez,
G. M., O'Connor, B. B, Drennan, D. ], Peters, M. M., Motta, S. E.,
Zimmerman, J. F, & Parker, K. K. (2019). Muscle tissue engineering

Gz0Z lequisoa(g g0 uo Jasn Ausiaaiun Buy-Buny) Aq 82851 £8/0Z2IBANZ/09/31011eAs /w00 dno-olwspeoe//:sdny Wwolj papeojumoq


https://doi.org/10.1016/S0142-9612(00)00121-6
https://doi.org/10.1016/S0142-9612(00)00121-6
https://doi.org/10.1016/S0142-9612(00)00121-6
https://doi.org/10.1016/S0142-9612(00)00121-6
https://doi.org/10.1016/S0142-9612(00)00121-6
https://doi.org/10.1016/S0142-9612(00)00121-6
https://doi.org/10.1038/s41536-022-00216-9
https://doi.org/10.1038/s41536-022-00216-9
https://doi.org/10.1038/s41536-022-00216-9
https://doi.org/10.1038/s41536-022-00216-9
https://doi.org/10.1016/j.bej.2021.107947
https://doi.org/10.1016/j.bej.2021.107947
https://doi.org/10.1016/j.bej.2021.107947
https://doi.org/10.1016/j.bej.2021.107947
https://doi.org/10.1016/j.bej.2021.107947
https://doi.org/10.3389/fbioe.2023.1304030
https://doi.org/10.3389/fbioe.2023.1304030
https://doi.org/10.3389/fbioe.2023.1304030
https://doi.org/10.3389/fbioe.2023.1304030
https://doi.org/10.1016/j.psj.2023.103203
https://doi.org/10.1016/j.psj.2023.103203
https://doi.org/10.1016/j.psj.2023.103203
https://doi.org/10.1016/j.psj.2023.103203
https://doi.org/10.1016/j.psj.2023.103203
https://doi.org/10.1016/S2095-3119(14)60881-9
https://doi.org/10.1016/S2095-3119(14)60881-9
https://doi.org/10.1016/S2095-3119(14)60881-9
https://doi.org/10.1016/S2095-3119(14)60881-9
https://doi.org/10.1016/S2095-3119(14)60881-9
https://doi.org/10.1016/S2095-3119(14)60881-9
https://doi.org/10.1038/s41467-021-25236-9
https://doi.org/10.1038/s41467-021-25236-9
https://doi.org/10.1038/s41467-021-25236-9
https://doi.org/10.1038/s41467-021-25236-9
https://doi.org/10.1016/j.carbpol.2024.122853
https://doi.org/10.1016/j.actbio.2022.01.047
https://doi.org/10.1016/j.actbio.2022.01.047
https://doi.org/10.1016/j.actbio.2022.01.047
https://doi.org/10.1016/j.actbio.2022.01.047
https://doi.org/10.1016/j.actbio.2022.01.047
https://doi.org/10.3390/bioengineering10010023
https://doi.org/10.3390/bioengineering10010023
https://doi.org/10.3390/bioengineering10010023
https://doi.org/10.3390/bioengineering10010023
https://doi.org/10.3389/fcell.2020.581331
https://doi.org/10.3389/fcell.2020.581331
https://doi.org/10.3389/fcell.2020.581331
https://doi.org/10.3389/fcell.2020.581331
https://doi.org/10.1002/btpr.2832
https://doi.org/10.1002/btpr.2832
https://doi.org/10.1002/btpr.2832
https://doi.org/10.1002/btpr.2832
https://doi.org/10.1038/nature02388
https://doi.org/10.1038/nature02388
https://doi.org/10.1038/nature02388
https://doi.org/10.1038/nature02388
https://doi.org/10.1016/j.isci.2022.105848
https://doi.org/10.1016/j.isci.2022.105848
https://doi.org/10.1016/j.isci.2022.105848
https://doi.org/10.1016/j.isci.2022.105848
https://doi.org/10.1016/j.isci.2022.105848
https://doi.org/10.1080/14653240601045399
https://doi.org/10.1080/14653240601045399
https://doi.org/10.1080/14653240601045399
https://doi.org/10.1016/j.progpolymsci.2011.06.003
https://doi.org/10.1016/j.progpolymsci.2011.06.003
https://doi.org/10.1016/j.progpolymsci.2011.06.003
https://doi.org/10.1016/j.progpolymsci.2011.06.003
https://doi.org/10.1016/j.progpolymsci.2011.06.003
https://doi.org/10.1038/s41598-025-96027-1
https://doi.org/10.1038/s41598-025-96027-1
https://doi.org/10.1038/s41598-025-96027-1
https://doi.org/10.1038/s41598-025-96027-1
https://doi.org/10.1007/s00217-025-04758-2
https://doi.org/10.1007/s00217-025-04758-2
https://doi.org/10.1007/s00217-025-04758-2
https://doi.org/10.1007/s00217-025-04758-2
https://doi.org/10.1186/s40100-023-00287-2
https://doi.org/10.1186/s40100-023-00287-2
https://doi.org/10.1186/s40100-023-00287-2
https://doi.org/10.1186/s40100-023-00287-2
https://doi.org/10.1016/j.ijbiomac.2022.04.052
https://doi.org/10.1016/j.ijbiomac.2022.04.052
https://doi.org/10.1016/j.ijbiomac.2022.04.052
https://doi.org/10.1016/j.ijbiomac.2022.04.052
https://doi.org/10.1016/j.ijbiomac.2022.04.052
https://doi.org/10.1111/cpr.13552
https://doi.org/10.1111/cpr.13552
https://doi.org/10.1111/cpr.13552
https://doi.org/10.1111/cpr.13552
https://doi.org/10.1186/s12951-024-03022-1
https://doi.org/10.1186/s12951-024-03022-1
https://doi.org/10.1186/s12951-024-03022-1
https://doi.org/10.1186/s12951-024-03022-1
https://doi.org/10.1073/pnas.1200250109
https://doi.org/10.1073/pnas.1200250109
https://doi.org/10.1073/pnas.1200250109
https://doi.org/10.1073/pnas.1200250109
https://doi.org/10.1002/bit.28857
https://doi.org/10.1002/bit.28857
https://doi.org/10.1002/bit.28857
https://doi.org/10.1002/bit.28857
https://doi.org/10.3389/fnut.2023.1043618
https://doi.org/10.3389/fnut.2023.1043618
https://doi.org/10.3389/fnut.2023.1043618
https://doi.org/10.3389/fnut.2023.1043618
https://doi.org/10.1016/j.mtbio.2023.100720
https://doi.org/10.1016/j.mtbio.2023.100720
https://doi.org/10.1016/j.mtbio.2023.100720
https://doi.org/10.1016/j.mtbio.2023.100720
https://doi.org/10.1016/j.mtbio.2023.100720
https://doi.org/10.7554/eLife.93220.3
https://doi.org/10.7554/eLife.93220.3
https://doi.org/10.7554/eLife.93220.3
https://doi.org/10.7554/eLife.93220.3

International Journal of Food Science and Technology, 2025, Vol. 60, No. 2 | 15

in fibrous gelatin: Implications for meat analogs. NPJ Science of
Food, 3, 20. https://doi.org/10.1038/s41538-019-0054-8

Maharjan, S, Yamashita, C, Lee, C. P, Villalobos Zepeda, A., Michel
Farias, A. K., Duarte Rivera, A, Aguilar Rojas, F. J, Rendon
Ruiz, D. S, Martinez Hernandez, A., Hernandez Medina, D.
H., Garciamendez-Mijares, C. E., Japo, ], Bermea Jimenez, L.,
Golombek, S, Bentivogli, A, Hashimoto, M., & Zhang, Y. S.
(2025). 3D bioprinting of plant and animal cell-based hybrid
food. Nature Communications, 16, 6935. https://doi.org/10.1038/
s41467-025-61996-4

Messineo, E., Pollins, A., & Thayer, W. (2019). Optimization and eval-
uation of an in vitro model of PEG-mediated fusion of nerve
cell bodies. Journal of Clinical Neuroscience, 63, 189-195. https://doi.
0rg/10.1016/j jocn.2019.01.037

Milner, D. J,, Bionaz, M., Monaco, E., Cameron, J. A., & Wheeler, M. B.
(2018). Myogenic potential of mesenchymal stem cells isolated
from porcine adipose tissue. Cell and Tissue Research, 372, 507-522.
https://doi.org/10.1007/s00441-017-2764-z

Mishra, A., Modi, U, Sharma, R., Bhatia, D, & Solanki, R. (2025).
Biochemical and biophysical cues of the extracellular matrix
modulates stem cell fate: Progress and prospect in extracellular
matrix mimicking biomaterials. Biomedical Engineering Advances, 9,
100143. https://doi.org/10.1016/j.bea.2024.100143

Mishra, S, Sevak, J. K., Das, A., Arimbasseri, G. A., Bhatnagar, S, &
Gopinath, S. D. (2020). Umbilical cord tissue is a robust source for
mesenchymal stem cells with enhanced myogenic differentia-
tion potential compared to cord blood. Scientific Reports, 10, 18978.
https://doi.org/10.1038/s41598-020-75102-9

Monaco, A. (2025). A perspective on the regulation of cultivated
meat in the European Union. NPJ Science of Food, 9, 21. https://doi.
0rg/10.1038/541538-025-00384-0

Moss, M. F. (2025). Cultivating control? How cultured meat threatens
food sovereignty. NPJ Sustainable Agriculture, 3, 16. https://doi.
0rg/10.1038/s44264-025-00058-0

Mdiller, D, Klein, L., Lemke, J., Schulze, M., Kruse, T., Saballus, M.,
Matuszezyk, J., Kampmann, M., & Zijlstra, G. (2022). Process inten-
sification in the biopharma industry: Improving efficiency of pro-
tein manufacturing processes from development to production
scale using synergistic approaches. Chemical Engineering and Pro-
cessing Process Intensification, 171, 108727. https://doi.org/10.1016/
j.cep.2021.108727

Murphy, S. V., & Atala, A. (2014). 3D bioprinting of tissues and organs.
Nature Biotechnology, 32,773-785. https://doi.org/10.1038/nbt.2958

Nakazato, T, Kawamura, T, Uemura, T, Liu, L., Li, J, Sasai, M.,
Harada, A, Ito, E., Iseoka, H., Toda, K., Sawa, Y., & Miyagawa, S.
(2022). Engineered three-dimensional cardiac tissues maturing
in a rotating wall vessel bioreactor remodel diseased hearts in
rats with myocardial infarction. Stem Cell Reports, 17, 1170-1182.
https://doi.org/10.1016/j.stemcr.2022.03.012

Neuss, A., Steimann, T., Tomas Borges, J. S., Dinger, R., & Magnus, J.
B. (2025). Scale-up of CHO cell cultures: From 96-well-microtiter
plates to stirred tank reactors across three orders of magni-
tude. Journal of Biological Engineering, 19, 5. https://doi.org/10.1186/
$13036-024-00475-8

Nguyen, J. H, Chung, J. D, Lynch, G. S, & Ryall, J. G. (2019). The
microenvironment is a critical regulator of muscle stem cell acti-
vation and proliferation. Frontiers in Cell and Development Biology,
7,254. https://doi.org/10.3389/fcell.2019.00254

Nikkhah, A., Rohani, A., Zarei, M., Kulkarni, A., Batarseh, F. A., Black-
stone, N. T.,, & Ovissipour, R. (2023). Toward sustainable culture
media: Using artificial intelligence to optimize reduced-serum
formulations for cultivated meat. The Science of the Total Environ-
ment, 894, 164988. https://doi.org/10.1016/j.scitotenv.2023.164988

Nurul Alam, A. M. M., Kim, C.-J, Kim, S.-H.,, Kumari, S, Lee,
E.-Y, Hwang, Y.-H,, & Joo, S.-T. (2024). Scaffolding fundamentals
and recent advances in sustainable scaffolding techniques for
cultured meat development. Food Research International, 189,
114549. https://doi.org/10.1016/j.foodres.2024.114549

O'Neill, J. (2016). Tackling drug-resistant infections globally: Final
report and recommendations. (p. 84). Wellcome Trust.

Ostrovidov, S., Hosseini, V., Ahadian, S, Fujie, T, Parthiban, S. P,
Ramalingam, M., Bae, H., Kaji, H., & Khademhosseini, A. (2014).
Skeletal muscle tissue engineering: Methods to form skeletal
myotubes and their applications. Tissue Engineering Part B-Reviews,
20, 403-436. https://doi.org/10.1089/ten.teb.2013.0534

Ouellette, M., Bérubé, J. C, Bourget, J. M., Vallée, M, Bossé, Y., &
Fradette, J. (2019). Linoleic acid supplementation of cell culture
media influences the phospholipid and lipid profiles of human
reconstructed adipose tissue. PLoS One, 14, e0224228. https://doi.
org/10.1371/journal.pone.0224228

Pakseresht, A., Ahmadi Kaliji, S., & Canavari, M. (2022). Review of
factors affecting consumer acceptance of cultured meat. Appetite,
170, 105829. https://doi.org/10.1016/j.appet.2021.105829

Park, S.-M., Ryoo, J.-H., Kwon, H. C,, & Han, S. G. (2025). Scaffold
biomaterials in the development of cultured meat: A review. Food
Science of Animal Resources, 45, 688-710. https://doi.org/10.5851/
kosfa.2025.e13

Park, S, Lee, M,, Jung, S, Lee, H,, Choi, B, Choi, M,, Lee, J. M., Yoo,
K. H, Han, D, Lee, S. T,, Koh, W.-G,, Bang, G., Hwang, H., Lee,
S, & Hong, J. (2024). Rice grains integrated with animal cells:
A shortcut to a sustainable food system. Matter, 7, 1292-1313.
https://doi.org/10.1016/j.matt.2024.01.015

Paterson, T. E., Owen, R., Sherborne, C,, Bahmaee, H,, Harding, A. L.,
Green, N. H., Reilly, G. C,, & Claeyssens, F. (2024). Highly porous
polycaprolactone microspheres for skeletal repair promote a
mature bone cell phenotype in vitro. Journal of Materials Chemistry
B, 12,11746-11758. https://doi.org/10.1039/d4tb01532k

Pfaff, M. R., Wague, A, Davies, M,, Killaars, A. R., Ning, D., Garcia, S,,
Nguyen, A., Nuthalapati, P, Liu, M., Liu, X., Feeley, B. T,, & Healy, K.
E. (2025). Viscoelastic HyA hydrogel promotes recovery of muscle
quality and vascularization in a murine model of delayed rotator
cuff repair. Advanced Healthcare Materials, 14, €2403962. https://
doi.org/10.1002/adhm.202403962

Poore, ], & Nemecek, T. (2018). Reducing food’s environmental
impacts through producers and consumers. Science, 360, 987-992.
https://doi.org/10.1126/science.aaq0216

Post, M. J,, Levenberg, S, Kaplan, D. L., Genovese, N, Fu, J., Bryant, C.
J., Negowetti, N., Verzijden, K., & Moutsatsou, P. (2020). Scientific,
sustainability and regulatory challenges of cultured meat. Nature
Food, 1, 403-415. https://doi.org/10.1038/s43016-020-0112-z

Powell, C. A, Smiley, B. L., Mills, ], & Vandenburgh, H. H. (2002).
Mechanical stimulation improves tissue-engineered human
skeletal muscle. American Journal of Physiology. Cell Physiology, 283,
C1557-C1565. https://doi.org/10.1152/ajpcell.00595.2001

Pretorius, D,, Kahn-Krell, A. M., Lou, X, Fast, V. G, Berry, J. L., Kamp,
T. J, & Zhang, J. (2021). Layer-by-layer fabrication of large and
thick human cardiac muscle patch constructs with superior
electrophysiological properties. Frontiers in Cell and Development
Biology, 9, 670504. https://doi.org/10.3389/fcell.2021.670504

Rademakers, T, Horvath, J. M., van Blitterswijk, C. A., & LaPointe, V.
L. S. (2019). Oxygen and nutrient delivery in tissue engineering:
Approaches to graft vascularization. Journal of Tissue Engineering
and Regenerative Medicine, 13, 1815-1829. https://doi.org/10.1002/
term.2932

Recchia, K., Wathikthinnakon, M., Bressan, F. F,, & Freude, K. (2025).
Generation of bovine iPSCs from fetal fibroblasts for in vitro

Gz0Z lequisoa(g g0 uo Jasn Ausiaaiun Buy-Buny) Aq 82851 £8/0Z2IBANZ/09/31011eAs /w00 dno-olwspeoe//:sdny Wwolj papeojumoq


https://doi.org/10.1038/s41538-019-0054-8
https://doi.org/10.1038/s41538-019-0054-8
https://doi.org/10.1038/s41538-019-0054-8
https://doi.org/10.1038/s41538-019-0054-8
https://doi.org/10.1038/s41467-025-61996-4
https://doi.org/10.1038/s41467-025-61996-4
https://doi.org/10.1038/s41467-025-61996-4
https://doi.org/10.1038/s41467-025-61996-4
https://doi.org/10.1016/j.jocn.2019.01.037
https://doi.org/10.1016/j.jocn.2019.01.037
https://doi.org/10.1016/j.jocn.2019.01.037
https://doi.org/10.1016/j.jocn.2019.01.037
https://doi.org/10.1016/j.jocn.2019.01.037
https://doi.org/10.1007/s00441-017-2764-z
https://doi.org/10.1007/s00441-017-2764-z
https://doi.org/10.1007/s00441-017-2764-z
https://doi.org/10.1007/s00441-017-2764-z
https://doi.org/10.1007/s00441-017-2764-z
https://doi.org/10.1016/j.bea.2024.100143
https://doi.org/10.1016/j.bea.2024.100143
https://doi.org/10.1016/j.bea.2024.100143
https://doi.org/10.1016/j.bea.2024.100143
https://doi.org/10.1016/j.bea.2024.100143
https://doi.org/10.1038/s41598-020-75102-9
https://doi.org/10.1038/s41598-020-75102-9
https://doi.org/10.1038/s41598-020-75102-9
https://doi.org/10.1038/s41598-020-75102-9
https://doi.org/10.1038/s41538-025-00384-0
https://doi.org/10.1038/s41538-025-00384-0
https://doi.org/10.1038/s41538-025-00384-0
https://doi.org/10.1038/s41538-025-00384-0
https://doi.org/10.1038/s44264-025-00058-0
https://doi.org/10.1038/s44264-025-00058-0
https://doi.org/10.1038/s44264-025-00058-0
https://doi.org/10.1038/s44264-025-00058-0
https://doi.org/10.1016/j.cep.2021.108727
https://doi.org/10.1016/j.cep.2021.108727
https://doi.org/10.1016/j.cep.2021.108727
https://doi.org/10.1016/j.cep.2021.108727
https://doi.org/10.1016/j.cep.2021.108727
https://doi.org/10.1038/nbt.2958
https://doi.org/10.1038/nbt.2958
https://doi.org/10.1038/nbt.2958
https://doi.org/10.1038/nbt.2958
https://doi.org/10.1016/j.stemcr.2022.03.012
https://doi.org/10.1016/j.stemcr.2022.03.012
https://doi.org/10.1016/j.stemcr.2022.03.012
https://doi.org/10.1016/j.stemcr.2022.03.012
https://doi.org/10.1016/j.stemcr.2022.03.012
https://doi.org/10.1186/s13036-024-00475-8
https://doi.org/10.1186/s13036-024-00475-8
https://doi.org/10.1186/s13036-024-00475-8
https://doi.org/10.1186/s13036-024-00475-8
https://doi.org/10.3389/fcell.2019.00254
https://doi.org/10.3389/fcell.2019.00254
https://doi.org/10.3389/fcell.2019.00254
https://doi.org/10.3389/fcell.2019.00254
https://doi.org/10.1016/j.scitotenv.2023.164988
https://doi.org/10.1016/j.scitotenv.2023.164988
https://doi.org/10.1016/j.scitotenv.2023.164988
https://doi.org/10.1016/j.scitotenv.2023.164988
https://doi.org/10.1016/j.scitotenv.2023.164988
https://doi.org/10.1016/j.foodres.2024.114549
https://doi.org/10.1016/j.foodres.2024.114549
https://doi.org/10.1016/j.foodres.2024.114549
https://doi.org/10.1016/j.foodres.2024.114549
https://doi.org/10.1016/j.foodres.2024.114549
https://doi.org/10.1089/ten.teb.2013.0534
https://doi.org/10.1089/ten.teb.2013.0534
https://doi.org/10.1089/ten.teb.2013.0534
https://doi.org/10.1089/ten.teb.2013.0534
https://doi.org/10.1089/ten.teb.2013.0534
https://doi.org/10.1371/journal.pone.0224228
https://doi.org/10.1371/journal.pone.0224228
https://doi.org/10.1371/journal.pone.0224228
https://doi.org/10.1371/journal.pone.0224228
https://doi.org/10.1371/journal.pone.0224228
https://doi.org/10.1016/j.appet.2021.105829
https://doi.org/10.1016/j.appet.2021.105829
https://doi.org/10.1016/j.appet.2021.105829
https://doi.org/10.1016/j.appet.2021.105829
https://doi.org/10.1016/j.appet.2021.105829
https://doi.org/10.5851/kosfa.2025.e13
https://doi.org/10.5851/kosfa.2025.e13
https://doi.org/10.5851/kosfa.2025.e13
https://doi.org/10.5851/kosfa.2025.e13
https://doi.org/10.5851/kosfa.2025.e13
https://doi.org/10.1016/j.matt.2024.01.015
https://doi.org/10.1016/j.matt.2024.01.015
https://doi.org/10.1016/j.matt.2024.01.015
https://doi.org/10.1016/j.matt.2024.01.015
https://doi.org/10.1016/j.matt.2024.01.015
https://doi.org/10.1039/d4tb01532k
https://doi.org/10.1039/d4tb01532k
https://doi.org/10.1039/d4tb01532k
https://doi.org/10.1039/d4tb01532k
https://doi.org/10.1039/d4tb01532k
https://doi.org/10.1039/d4tb01532k
https://doi.org/10.1002/adhm.202403962
https://doi.org/10.1002/adhm.202403962
https://doi.org/10.1002/adhm.202403962
https://doi.org/10.1002/adhm.202403962
https://doi.org/10.1126/science.aaq0216
https://doi.org/10.1126/science.aaq0216
https://doi.org/10.1126/science.aaq0216
https://doi.org/10.1126/science.aaq0216
https://doi.org/10.1126/science.aaq0216
https://doi.org/10.1038/s43016-020-0112-z
https://doi.org/10.1038/s43016-020-0112-z
https://doi.org/10.1038/s43016-020-0112-z
https://doi.org/10.1038/s43016-020-0112-z
https://doi.org/10.1038/s43016-020-0112-z
https://doi.org/10.1152/ajpcell.00595.2001
https://doi.org/10.1152/ajpcell.00595.2001
https://doi.org/10.1152/ajpcell.00595.2001
https://doi.org/10.1152/ajpcell.00595.2001
https://doi.org/10.3389/fcell.2021.670504
https://doi.org/10.3389/fcell.2021.670504
https://doi.org/10.3389/fcell.2021.670504
https://doi.org/10.3389/fcell.2021.670504
https://doi.org/10.1002/term.2932
https://doi.org/10.1002/term.2932
https://doi.org/10.1002/term.2932
https://doi.org/10.1002/term.2932

16 | Kimetal.

myogenesis and cultured meat. Frontiers in Nutrition, 12, 1562981.
https://doi.org/10.3389/fnut.2025.1562981

Reginensi, D, Ortiz, D. A, Denis, B, Castillo, S, Burillo, A., Khoury,
N, Xu, J., Dam, M. L., Escobar, A. A. H., Dave, K. R., Perez-Pinzon,
M. A, & Gittens, R. A. (2025). Region-specific brain decellularized
extracellular matrix promotes cell recovery in an in vitro model
of stroke. Scientific Reports, 15, 11921. https://doi.org/10.1038/
$41598-025-95656-w

Rios, B, Bu, A, Sheehan, T, Kobeissi, H., Kohli, S,, Shah, K., Lejeune,
E., & Raman, R. (2023). Mechanically programming anisotropy in
engineered muscle with actuating extracellular matrices. Device,
1, 100097. https://doi.org/10.1016/j.device.2023.100097

Riquelme-Guzman, C, Stout, A. J, Kaplan, D. L, & Flack, J. E.
(2024). Unlocking the potential of cultivated meat through cell
line engineering. iScience, 27, 110877. https://doi.org/10.1016/j.
1sci.2024.110877

Rosen, E. D, & MacDougald, O. A. (2006). Adipocyte differentiation
from the inside out. Nature Reviews Molecular Cell Biology, 7,
885-896. https://doi.org/10.1038/nrm2066

S, S, R, G. A, Bajaj, G, John, A. E,, Chandran, S, Kumar, V. V, &
Ramakrishna, S. (2023). A review on the recent applications of
synthetic biopolymers in 3D printing for biomedical applications.
Journal of Materials Science. Materials in Medicine, 34, 62. https://doi.
0rg/10.1007/510856-023-06765-9

Sabourin, L. A., & Rudnicki, M. A. (2000). The molecular regulation
of myogenesis. Clinical Genetics, 57, 16-25. https://doi.org/10.1034/
j.1399-0004.2000.570103.x

Sahin, U, Kariké, K., & Tireci, O. (2014). mRNA-based therapeutics—
developing a new class of drugs. Nature Reviews. Drug Discovery,
13, 759-780. https://doi.org/10.1038/nrd4278

Sasai, Y. (2013). Cytosystems dynamics in self-organization of tis-
sue architecture. Nature, 493, 318-326. https://doi.org/10.1038/
naturel1859

Sawyer, M., Eixenberger, J., Nielson, O., Manzi, J., Francis, C., Montene-
gro-Brown, R., Subbaraman, H., & Estrada, D. (2023). Correlative
imaging of three-dimensional cell culture on opaque bioscaffolds
for tissue engineering applications. ACS Applied Bio Materials, 6,
3717-3725. https://doi.org/10.1021/acsabm.3c00408

Schatzlein, E., & Blaeser, A. (2022). Recent trends in bioartificial
muscle engineering and their applications in cultured meat,
biorobotic systems and biohybrid implants. Communications Biol-
o0gy, 5, 737. https://doi.org/10.1038/s42003-022-03593-5

Shao, Y, Xiong, M,, Liu, ], Gu, Z., Wu, Z., & Cao, L. (2024). LOC646762
is involved in Adipogenic differentiation of bone marrow-derived
mesenchymal stem cells. ACS Omega, 9, 8464-8470. https://doi.
0rg/10.1021/acsomega.3c09684

Shoulders, M. D, & Raines, R. T. (2009). Collagen structure and
stability. Annual Review of Biochemistry, 78, 929-958. https://doi.
org/10.1146/annurev.biochem.77.032207.120833

Siegrist, M., & Hartmann, C. (2020). Perceived naturalness, dis-
gust, trust and food neophobia as predictors of cultured meat
acceptance in ten countries. Appetite, 155, 104814. https://doi.
0rg/10.1016/j.appet.2020.104814

Soleymani, S., Naghib, S. M., & Mozafari, M. R. (2024). An overview
of cultured meat and stem cell bioprinting: How to make it,
challenges and prospects, environmental effects, society’s cul-
ture and the influence of religions. Journal of Agriculture and Food
Research, 18, 101307. https://doi.org/10.1016/j.jafr.2024.101307

Sousa-Victor, P, Garcia-Prat, L., Serrano, A. L., Perdiguero, E., &
Mufioz-Cénoves, P. (2015). Muscle stem cell aging: Regulation and
rejuvenation. Trends in Endocrinology and Metabolism, 26, 287-296.
https://doi.org/10.1016/j.tem.2015.03.006

Specht, E. A, Welch, D. R, Clayton, E. M. R, & Lagally, C. D.
(2018). Opportunities for applying biomedical production and
manufacturing methods to the development of the clean meat
industry. Biochemical Engineering Journal, 132, 161-168. https://doi.
0rg/10.1016/j.bej.2018.01.015

Stephens, N, Di Silvio, L., Dunsford, I, Ellis, M., Glencross, A., & Sex-
ton, A. (2018). Bringing cultured meat to market: Technical, socio-
political, and regulatory challenges in cellular agriculture. Trends
in Food Science & Technology, 78, 155-166. https://doi.org/10.1016/j.
tifs.2018.04.010

Stout, A. ], Zhang, X, Letcher, S. M., Rittenberg, M. L., Shub, M.,
Chai, K. M., Kaul, M., & Kaplan, D. L. (2024). Engineered autocrine
signaling eliminates muscle cell FGF2 requirements for cultured
meat production. Cell Reports Sustainability, 1, 1000009. https://doi.
0rg/10.1016/j.crsus.2023.100009

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda,
K., & Yamanaka, S. (2007). Induction of pluripotent stem cells
from adult human fibroblasts by defined factors. Cell, 131,
861-872. https://doi.org/10.1016/j.cell.2007.11.019

Tang, Q.-Q., Otto, T. C.,, & Lane, M. D. (2003). CCAAT/enhancer-binding
protein B is required for mitotic clonal expansion during adipoge-
nesis. Proceedings of the National Academy of Sciences, 100, 850-855.
https://doi.org/10.1073/pnas.0337434100

Tsvakirai, C. Z. (2024). The valency of consumers’ perceptions
toward cultured meat: A review. Heliyon, 10, e27649. https://doi.
0rg/10.1016/j heliyon.2024.e27649

Vallabhaneni, H, Shah, T,, Shah, P, & Hursh, D. A. (2023). Suspension
culture on microcarriers and as aggregates enables expansion
and differentiation of pluripotent stem cells (PSCs). Cytotherapy,
25, 993-1005. https://doi.org/10.1016/1 jcyt.2023.05.002

van der Weele, C., Feindt, P, Jan van der Goot, A., van Mierlo, B, &
van Boekel, M. (2019). Meat alternatives: An integrative compar-
ison. Trends in Food Science & Technology, 88, 505-512. https://doi.
0rg/10.1016/j.tifs.2019.04.018

Verbruggen, S., Luining, D, van Essen, A., & Post, M. J. (2018).
Bovine myoblast cell production in a microcarriers-based
system. Cytotechnology, 70, 503-512. https://doi.org/10.1007/
510616-017-0101-8

Vikrant, K., Giri, B. S, Raza, N,, Roy, K,, Kim, K. H, Rai, B. N, &
Singh, R. S. (2018). Recent advancements in bioremediation of
dye: Current status and challenges. Bioresource Technology, 253,
355-367. https://doi.org/10.1016/j.biortech.2018.01.029

Wan, B., Bao, Q., & Burgess, D. (2023). Long-acting PLGA micro-
spheres: Advances in excipient and product analysis toward
improved product understanding. Advanced Drug Delivery Reviews,
198, 114857. https://doi.org/10.1016/j.addr.2023.114857

Wang, B, Lu, G., Song, K., Chen, A, Xing, H.,, Wu, ], Sun, Q., Li, G, & Cai,
M. (2023). PLGA-based electrospun nanofibers loaded with dual
bioactive agent loaded scaffold as a potential wound dressing
material. Colloids and Surfaces. B, Biointerfaces, 231, 113570. https://
doi.org/10.1016/j.colsurfb.2023.113570

Wang, L., Li, G, Li, X, Zhang, Y, Liu, G, Xie, M, Zheng, Z.,
Wang, X., Chen, Y, & Kaplan, D. L. (2025). Emerging materials
in cultivated meat: Engineering sustainable food solutions—A
review. Advanced Functional Materials, 35, 2413316. https://doi.
0rg/10.1002/adfm.202413316

Wang, X., Zhu, J,, Sun, B, Jin, Q., Li, H., Xia, C,, Wang, H., & Mo, X. (2020).
Harnessing electrospun nanofibers to recapitulate hierarchical
fibrous structures of meniscus. Journal of Biomedical Materials
Research Part B Applied Biomaterials, 109, 201-213.

Wang, Y., Zhuang, D, Munawar, N,, Zan, L., & Zhu, J. (2024). A rich-
nutritious cultured meat via bovine myocytes and adipocytes

Gz0Z lequisoa(g g0 uo Jasn Ausiaaiun Buy-Buny) Aq 82851 £8/0Z2IBANZ/09/31011eAs /w00 dno-olwspeoe//:sdny Wwolj papeojumoq


https://doi.org/10.3389/fnut.2025.1562981
https://doi.org/10.3389/fnut.2025.1562981
https://doi.org/10.3389/fnut.2025.1562981
https://doi.org/10.3389/fnut.2025.1562981
https://doi.org/10.1038/s41598-025-95656-w
https://doi.org/10.1038/s41598-025-95656-w
https://doi.org/10.1038/s41598-025-95656-w
https://doi.org/10.1038/s41598-025-95656-w
https://doi.org/10.1038/s41598-025-95656-w
https://doi.org/10.1016/j.device.2023.100097
https://doi.org/10.1016/j.device.2023.100097
https://doi.org/10.1016/j.device.2023.100097
https://doi.org/10.1016/j.device.2023.100097
https://doi.org/10.1016/j.device.2023.100097
https://doi.org/10.1016/j.isci.2024.110877
https://doi.org/10.1016/j.isci.2024.110877
https://doi.org/10.1016/j.isci.2024.110877
https://doi.org/10.1016/j.isci.2024.110877
https://doi.org/10.1016/j.isci.2024.110877
https://doi.org/10.1038/nrm2066
https://doi.org/10.1038/nrm2066
https://doi.org/10.1038/nrm2066
https://doi.org/10.1038/nrm2066
https://doi.org/10.1007/s10856-023-06765-9
https://doi.org/10.1007/s10856-023-06765-9
https://doi.org/10.1007/s10856-023-06765-9
https://doi.org/10.1007/s10856-023-06765-9
https://doi.org/10.1034/j.1399-0004.2000.570103.x
https://doi.org/10.1034/j.1399-0004.2000.570103.x
https://doi.org/10.1034/j.1399-0004.2000.570103.x
https://doi.org/10.1034/j.1399-0004.2000.570103.x
https://doi.org/10.1034/j.1399-0004.2000.570103.x
https://doi.org/10.1038/nrd4278
https://doi.org/10.1038/nrd4278
https://doi.org/10.1038/nrd4278
https://doi.org/10.1038/nrd4278
https://doi.org/10.1038/nature11859
https://doi.org/10.1038/nature11859
https://doi.org/10.1038/nature11859
https://doi.org/10.1038/nature11859
https://doi.org/10.1021/acsabm.3c00408
https://doi.org/10.1021/acsabm.3c00408
https://doi.org/10.1021/acsabm.3c00408
https://doi.org/10.1021/acsabm.3c00408
https://doi.org/10.1021/acsabm.3c00408
https://doi.org/10.1038/s42003-022-03593-5
https://doi.org/10.1038/s42003-022-03593-5
https://doi.org/10.1038/s42003-022-03593-5
https://doi.org/10.1038/s42003-022-03593-5
https://doi.org/10.1021/acsomega.3c09684
https://doi.org/10.1021/acsomega.3c09684
https://doi.org/10.1021/acsomega.3c09684
https://doi.org/10.1021/acsomega.3c09684
https://doi.org/10.1021/acsomega.3c09684
https://doi.org/10.1146/annurev.biochem.77.032207.120833
https://doi.org/10.1146/annurev.biochem.77.032207.120833
https://doi.org/10.1146/annurev.biochem.77.032207.120833
https://doi.org/10.1146/annurev.biochem.77.032207.120833
https://doi.org/10.1146/annurev.biochem.77.032207.120833
https://doi.org/10.1016/j.appet.2020.104814
https://doi.org/10.1016/j.appet.2020.104814
https://doi.org/10.1016/j.appet.2020.104814
https://doi.org/10.1016/j.appet.2020.104814
https://doi.org/10.1016/j.appet.2020.104814
https://doi.org/10.1016/j.jafr.2024.101307
https://doi.org/10.1016/j.jafr.2024.101307
https://doi.org/10.1016/j.jafr.2024.101307
https://doi.org/10.1016/j.jafr.2024.101307
https://doi.org/10.1016/j.jafr.2024.101307
https://doi.org/10.1016/j.tem.2015.03.006
https://doi.org/10.1016/j.tem.2015.03.006
https://doi.org/10.1016/j.tem.2015.03.006
https://doi.org/10.1016/j.tem.2015.03.006
https://doi.org/10.1016/j.tem.2015.03.006
https://doi.org/10.1016/j.bej.2018.01.015
https://doi.org/10.1016/j.bej.2018.01.015
https://doi.org/10.1016/j.bej.2018.01.015
https://doi.org/10.1016/j.bej.2018.01.015
https://doi.org/10.1016/j.bej.2018.01.015
https://doi.org/10.1016/j.tifs.2018.04.010
https://doi.org/10.1016/j.tifs.2018.04.010
https://doi.org/10.1016/j.tifs.2018.04.010
https://doi.org/10.1016/j.tifs.2018.04.010
https://doi.org/10.1016/j.tifs.2018.04.010
https://doi.org/10.1016/j.crsus.2023.100009
https://doi.org/10.1016/j.crsus.2023.100009
https://doi.org/10.1016/j.crsus.2023.100009
https://doi.org/10.1016/j.crsus.2023.100009
https://doi.org/10.1016/j.crsus.2023.100009
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1073/pnas.0337434100
https://doi.org/10.1073/pnas.0337434100
https://doi.org/10.1073/pnas.0337434100
https://doi.org/10.1073/pnas.0337434100
https://doi.org/10.1016/j.heliyon.2024.e27649
https://doi.org/10.1016/j.heliyon.2024.e27649
https://doi.org/10.1016/j.heliyon.2024.e27649
https://doi.org/10.1016/j.heliyon.2024.e27649
https://doi.org/10.1016/j.heliyon.2024.e27649
https://doi.org/10.1016/j.heliyon.2024.e27649
https://doi.org/10.1016/j.jcyt.2023.05.002
https://doi.org/10.1016/j.jcyt.2023.05.002
https://doi.org/10.1016/j.jcyt.2023.05.002
https://doi.org/10.1016/j.jcyt.2023.05.002
https://doi.org/10.1016/j.jcyt.2023.05.002
https://doi.org/10.1016/j.tifs.2019.04.018
https://doi.org/10.1016/j.tifs.2019.04.018
https://doi.org/10.1016/j.tifs.2019.04.018
https://doi.org/10.1016/j.tifs.2019.04.018
https://doi.org/10.1016/j.tifs.2019.04.018
https://doi.org/10.1007/s10616-017-0101-8
https://doi.org/10.1007/s10616-017-0101-8
https://doi.org/10.1007/s10616-017-0101-8
https://doi.org/10.1007/s10616-017-0101-8
https://doi.org/10.1016/j.biortech.2018.01.029
https://doi.org/10.1016/j.biortech.2018.01.029
https://doi.org/10.1016/j.biortech.2018.01.029
https://doi.org/10.1016/j.biortech.2018.01.029
https://doi.org/10.1016/j.biortech.2018.01.029
https://doi.org/10.1016/j.addr.2023.114857
https://doi.org/10.1016/j.addr.2023.114857
https://doi.org/10.1016/j.addr.2023.114857
https://doi.org/10.1016/j.addr.2023.114857
https://doi.org/10.1016/j.addr.2023.114857
https://doi.org/10.1016/j.colsurfb.2023.113570
https://doi.org/10.1016/j.colsurfb.2023.113570
https://doi.org/10.1016/j.colsurfb.2023.113570
https://doi.org/10.1016/j.colsurfb.2023.113570
https://doi.org/10.1016/j.colsurfb.2023.113570
https://doi.org/10.1002/adfm.202413316
https://doi.org/10.1002/adfm.202413316
https://doi.org/10.1002/adfm.202413316
https://doi.org/10.1002/adfm.202413316

International Journal of Food Science and Technology, 2025, Vol. 60, No. 2 | 17

co-culture: Novel Prospect for cultured meat production tech-
niques. Food Chemistry, 460, 140696. https://doi.org/10.1016/j.
foodchem.2024.140696

Wang, Z., Liang, W, Ao, R., & An, Y. (2025). Adipose decellularized
matrix: A promising skeletal muscle tissue engineering material
for volume muscle loss. Biomaterials Research, 29,0174. https://doi.
0rg/10.34133/bmr.0174

Warren, L., Manos, P. D, Ahfeldt, T, Loh, Y. H., Li, H., Lau, F, Ebina, W,,
Mandal, P. K., Smith, Z. D,, Meissner, A., Daley, G. Q., Brack, A. S,
Collins, J. J,, Cowan, C.,, Schlaeger, T. M., & Rossi, D.]. (2010). Highly
efficient reprogramming to pluripotency and directed differen-
tiation of human cells with synthetic modified mRNA. Cell Stem
Cell, 7, 618-630. https://doi.org/10.1016/j.stem.2010.08.012

World Health Organization & Food and Agriculture Organization of
the United Nations. (2023). Food safety aspects of cell-based food.
(p.145). World Health Organization.

Wolf, M. T,, Daly, K. A., Brennan-Pierce, E. P, Johnson, S. A., Carruthers,
C. A, D’'Amore, A, Nagarkar, S. P, Velankar, S. S, & Badylak, S. F.
(2012). A hydrogel derived from decellularized dermal extracel-
lular matrix. Biomaterials, 33, 7028-7038. https://doi.org/10.1016/
j.biomaterials.2012.06.051

Wood,J.D.,Enser, M., Fisher, A. V., Nute, G.R., Sheard, P. R, Richardson,
R.1, Hughes, S. 1., & Whittington, F. M. (2008). Fat deposition, fatty
acid composition and meat quality: A review. Meat Science, 78,
343-358. https://doi.org/10.1016/j.meatsci.2007.07.019

Wright, K. W. (2017). Re: Whitman et al.: Bifocals fail to improve
stereopsis outcomes in high AC/A accommodative esotropia
(Ophthalmology 2016;123:690-696). Ophthalmology, 124, e10-e11.
https://doi.org/10.1016/j.ophtha.2016.04.050

Wu, I.-C, Liou, J.-W., Yang, C.-H., Chen, J.-H., Chen, K.-Y,, & Hung,
C.-H. (2023). Self-assembly of gelatin and collagen in the polyvinyl
alcohol substrate and its influence on cell adhesion, prolif-
eration, shape, spreading and differentiation. Frontiers in Bio-
engineering and Biotechnology, 11, 11-2023. https://doi.org/10.3389/
fbioe.2023.1193849

Wu, R, Li, P, Xiao, P, Zhang, S., Wang, X, Liu, J,, Sun, W, Chang, Y,
Al X, Chen, L, Zhuo, Y., Wang, J., Wang, Z., Li, S,, Li, Y., Ji, W,, Guo,
W, Wu, S, & Chen, Y. (2025). Activation of endogenous full-length

utrophin by MyoAAV-UA as a therapeutic approach for Duchenne
muscular dystrophy. Nature Communications, 16, 2398. https://doi.
0rg/10.1038/s41467-025-57831-5

Wurm, M. C, Most, T, Bergauer, B, Rietzel, D, Neukam, F. W,
Cifuentes, S. C., & Wilmowsky, C. voN. (2017). In-vitro evaluation
of Polylactic acid (PLA) manufactured by fused deposition mod-
eling. Journal of Biological Engineering, 11. https://doi.org/10.1186/
513036-017-0073-4

Xiang, X., Huang, L., Luo, W, Qin, L., Bian, M., Chen, W,, Han, G,
Wang, N, Mo, G, Zhang, C, Zhang, Y, Yang, H, Lu, S, Zhang,
J, & Fu, T. (2025). Neuromuscular electrical stimulation allevi-
ates stroke-related sarcopenia by promoting satellite cells myo-
genic differentiation via AMPK-ULK1-autophagy axis. Journal of
Orthopaedic Translation, 52, 249-264. https://doi.org/10.1016/j.jot.
2025.03.021

Xu, J., Pérez-Pedroza, R., Moretti, M., Alhattab, D.,, Valle-Pérez, A.,
Valle-Pérez, A., Garcia-Parra, J., Cardenas-Calvario, A., Sanchez-A-
mador, D. E,, & Hauser, C. A. E. (2024). 3D bioprinting of colon
organoids in ultrashort self-assembling and decorated peptide
matrices. International Journal of Biosciences, 0, 3033. https://doi.
0rg/10.36922/ijb.3033

Yavas, A., van Putten, M., Ariyurek, Y, & Aartsma-Rus, A. (2025).
Antisense oligonucleotide-mediated redirection of Igfl alterna-
tive polyadenylation. Neuromuscular Disorders, 51, 105394. https://
doi.org/10.1016/j.nmd.2025.105394

Yeh, C. J, Sattler, K. M., & Lepper, C. (2023). Molecular regulation
of satellite cells via intercellular signaling. Gene, 858, 147172.
https://doi.org/10.1016/j.gene.2023.147172

Yin, H., Price, F, & Rudnicki, M. A. (2013). Satellite cells and the
muscle stem cell niche. Physiological Reviews, 93, 23-67. https://
doi.org/10.1152/physrev.00043.2011

Zhou, D, Chen, ], Liu, B, Zhang, X,, Li, X,, & Xu, T. (2019). Bioinks
for jet-based bioprinting. Bioprinting, 16, e00060. https://doi.
org/10.1016/j.bprint.2019.e00060

Zhu, P, & Peek, C. B. (2024). Circadian timing of satellite cell
function and muscle regeneration. Current Topics in Developmen-
tal Biology, 158, 307-339. https://doi.org/10.1016/bs.ctdb.2024.01.
017

© The Author(s) 2025. Published by Oxford University Press on behalf of the Institute of Food Science and Technology. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/

by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited

International Journal of Food Science and Technology, 2025, 60(2), vvaf220
https:/doi.org/10.1093/ijfood/vvaf220
Review

Gz0Z lequisoa(g g0 uo Jasn Ausiaaiun Buy-Buny) Aq 82851 £8/0Z2IBANZ/09/31011eAs /w00 dno-olwspeoe//:sdny Wwolj papeojumoq


https://doi.org/10.1016/j.foodchem.2024.140696
https://doi.org/10.1016/j.foodchem.2024.140696
https://doi.org/10.1016/j.foodchem.2024.140696
https://doi.org/10.1016/j.foodchem.2024.140696
https://doi.org/10.1016/j.foodchem.2024.140696
https://doi.org/10.34133/bmr.0174
https://doi.org/10.34133/bmr.0174
https://doi.org/10.34133/bmr.0174
https://doi.org/10.34133/bmr.0174
https://doi.org/10.1016/j.stem.2010.08.012
https://doi.org/10.1016/j.stem.2010.08.012
https://doi.org/10.1016/j.stem.2010.08.012
https://doi.org/10.1016/j.stem.2010.08.012
https://doi.org/10.1016/j.stem.2010.08.012
https://doi.org/10.1016/j.biomaterials.2012.06.051
https://doi.org/10.1016/j.biomaterials.2012.06.051
https://doi.org/10.1016/j.biomaterials.2012.06.051
https://doi.org/10.1016/j.biomaterials.2012.06.051
https://doi.org/10.1016/j.biomaterials.2012.06.051
https://doi.org/10.1016/j.meatsci.2007.07.019
https://doi.org/10.1016/j.meatsci.2007.07.019
https://doi.org/10.1016/j.meatsci.2007.07.019
https://doi.org/10.1016/j.meatsci.2007.07.019
https://doi.org/10.1016/j.meatsci.2007.07.019
https://doi.org/10.1016/j.ophtha.2016.04.050
https://doi.org/10.1016/j.ophtha.2016.04.050
https://doi.org/10.1016/j.ophtha.2016.04.050
https://doi.org/10.1016/j.ophtha.2016.04.050
https://doi.org/10.1016/j.ophtha.2016.04.050
https://doi.org/10.3389/fbioe.2023.1193849
https://doi.org/10.3389/fbioe.2023.1193849
https://doi.org/10.3389/fbioe.2023.1193849
https://doi.org/10.3389/fbioe.2023.1193849
https://doi.org/10.1038/s41467-025-57831-5
https://doi.org/10.1038/s41467-025-57831-5
https://doi.org/10.1038/s41467-025-57831-5
https://doi.org/10.1038/s41467-025-57831-5
https://doi.org/10.1186/s13036-017-0073-4
https://doi.org/10.1186/s13036-017-0073-4
https://doi.org/10.1186/s13036-017-0073-4
https://doi.org/10.1186/s13036-017-0073-4
https://doi.org/10.1016/j.jot.2025.03.021
https://doi.org/10.36922/ijb.3033
https://doi.org/10.36922/ijb.3033
https://doi.org/10.36922/ijb.3033
https://doi.org/10.36922/ijb.3033
https://doi.org/10.1016/j.nmd.2025.105394
https://doi.org/10.1016/j.nmd.2025.105394
https://doi.org/10.1016/j.nmd.2025.105394
https://doi.org/10.1016/j.nmd.2025.105394
https://doi.org/10.1016/j.nmd.2025.105394
https://doi.org/10.1016/j.gene.2023.147172
https://doi.org/10.1016/j.gene.2023.147172
https://doi.org/10.1016/j.gene.2023.147172
https://doi.org/10.1016/j.gene.2023.147172
https://doi.org/10.1016/j.gene.2023.147172
https://doi.org/10.1152/physrev.00043.2011
https://doi.org/10.1152/physrev.00043.2011
https://doi.org/10.1152/physrev.00043.2011
https://doi.org/10.1152/physrev.00043.2011
https://doi.org/10.1016/j.bprint.2019.e00060
https://doi.org/10.1016/j.bprint.2019.e00060
https://doi.org/10.1016/j.bprint.2019.e00060
https://doi.org/10.1016/j.bprint.2019.e00060
https://doi.org/10.1016/j.bprint.2019.e00060
https://doi.org/10.1016/j.bprint.2019.e00060
https://doi.org/10.1016/bs.ctdb.2024.01.017
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/ijfood/vvaf220

	 Cultured meat: advances in stem cell biology, tissue engineering, and bioprocess optimisation for scalable and sustainable production---a review
	Introduction
	Cell sources and differentiation strategies
	Scaffold and structural engineering in cultured meat
	Bioreactor systems and scaling strategies for cultured meat production
	Public perception and market readiness of cultured meat
	Conclusion and future directions
	Data availability
	Author contributions
	Conflicts of interest
	Funding


