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Abstract:

The ecological costs of land, water and carbon emissions
have long been associated with traditional animal
husbandry. Global population growth, in turn, is further
increasing the environmental pressures of animal
agriculture. Emerging technology of cultured meat has
significant potential for application. By promoting the
industrialization and commercial application of cultured
meat, it helps to protect animal welfare, alleviate food
pressure and produce healthy, sustainable meat products in
a more environmentally friendly way. This study found that
the keys to achieving scale effects and cost control in the
cultured meat industry include:1)development of affordable
and efficient food-grade culture media by synthesizing
growth factors from inexpensive materials such as plant
proteins and food industry by-products;2)establishment of
a large-scale, controlled and automated production system
based on 3D suspension and replenishment batch culture;3)
Select the appropriate bioreactor based on cell type, culture
size, culture stage, and intended use. In the future, the
development of cutting-edge technologies such as cellular
immortality and 4D printing may help the cultivated
meat industry further expand its production scale and
reduce costs, making cultivated meat a more common and
sustainable way of meat production. This paper analyses
the technological advances and shortcomings in the cost
of culture medium, establishment of scale-up system and
selection of bioreactors, which are crucial to the three
cultured meat industries, with the aim of providing some
references for the scale-up production and cost control of
cell culture meat.
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1. Introduction

There are many ecological problems that persist in tradi-
tional animal husbandry such as the high water consump-
tion, low land use and air pollution. Global population
and meat demand are projected to grow by 60% and 70%,
respectively, by 2050 [1]. If alternative, more efficient,
environmentally friendly and sustainable meat production
methods are not developed, the systemic environmental
pressures caused by traditional animal husbandry will
be exacerbated along with the increase in global demand
for meat. For example, increasing the supply of meat re-
quires an expansion of existing farms. However, this is
often accompanied by the blind expansion of rangelands
or overgrazing, which can easily lead to the reduction of
forest areas, the destruction of biodiversity, and the accel-
eration of soil degradation and environmental pollution.
In this context, cultured meat has significant development
potential. Cultured meat produced from renewable en-
ergy sources, if produced on a large industrial scale, can
effectively alleviate the chronic environmental pressures
and energy consumption of meat production. The promo-
tion of cultured meat is expected to save 89% of water
consumption and 99% of land and reduce greenhouse gas
emissions by 96% [2].

However, the current production of cultured meat is ex-
pensive due to low yields, high costs and lack of scale.
This greatly diminishes its commercial competitiveness.
Consequently, producing high value-added products and
reducing costs to achieve large-scale production are im-
portant strategies to promote the development of cultured
meat. The process of cultured meat production can be
broadly divided into the following four stages:1)Seed
cell isolation and primary proliferation;2)Cell expansion
culture using an expansion bioreactor;3)Inoculation of
microcarriers and scaffolds for cell differentiation in other
types of bioreactors;4) Organisational construction and
processing into products. The high cost of cultured meat
greatly limits its industrial production and marketing.
However, there is a lack of research on techniques related
to optimizing the cost of cultured meat. Therefore, based
on the process of cultured meat production, this research
screened out three key factors affecting the industrial scale
and cost of cultured meat, namely the cost of culture me-
dium, the establishment of scale-up system and the selec-
tion of bioreactorThe study elaborates on the techniques
and methods of optimising the cost structure of large-
scale production of cultured meat in these three directions.
This study aims to provide a theoretical basis for the
development of cultured meat from laboratory research
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and development to industrial applications and commer-
cialisation.This paper focuses on the three key factors
affecting the cost, namely the cost of culture medium, the
establishment of scale-up system and the selection of bio-
reactors, describes the technology to achieve scale-up pro-
duction of cultured meat and the method to optimize the
cost structure, so as to provide a theoretical basis for the
over-expansion of cultured meat from laboratory research
and development to industrial application and commercial
development.

2. Development of Food-grade Culture
Media

Media for the pharmaceutical industry are still widely
used by the cultured meat industry.Its high selling price
greatly increases the cost of cultured meat, which in turn
constrains the large-scale production of cultured meat.
The cost of cell culture media accounts for 55%-90% of
the cost of cell culture meat production [3].Therefore, the
development of low-cost food-grade culture media suit-
able for the safe and efficient production of meat products
can effectively reduce the price of cultured meat.Growth
factors account for 96% of the total cost of the medium.
The use of serum is effective in simulating a stable in vi-
tro growth environment for cells. However, media with
only 20% serum can cost as much as $200-500/litre and
there is a potential risk of contamination with blood-borne
pathogenic contaminants.This implies that the key to the
development of food-grade media lies in finding suitable
low-cost materials, such as plant proteins or food industry
by-products, to replace the source of growth factors in
serum media.This not only reduces costs, but also cir-
cumvents the risk of cell loss and blood-borne pathogen
contamination by unknown parts of the serum complex
and improves the feasibility, safety and stability of mass
production of cultured meat.In addition, the cost of media
supplements, another key barrier to scale-up of cultured
meat production, can be effectively reduced with the re-
duction in the cost of growth factors.

Finding low-cost, efficient and sustainable serum substi-
tutes is key to the development of food-grade culture me-
dia. A series of explorations for serum-free media(SFM)
laid the foundation for the development of such food-
grade media.The cost of Beefy-8 SFM is only $16 per
liter, which is much lower than that of serum medium.
Moreover, Beefy-9 medium developed by adding recom-
binant albumin to Beefy-8 can enable bovine muscle stem
cells to stably proliferate for 7 generations in vitro, with
an average doubling time of less than 40 hours [4].Fur-
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ther, the use of rapeseed protein isolate to replace recom-
binant albumin in the development of Beefy-R not only
reduces costs but also shortens the average doubling time
of bovine muscle stem cells to 26.6 hours [5].In addition,
vegetable protein hydrolysates have been shown to be ef-
fective serum substitutes.Two studies using plant protein
hydrolysates as a substitute for animal proteins have illus-
trated that they are effective in increasing the proliferation
and productivity of animal cells, improving product safety
and reducing costs [6,7].In another study on SFM, differ-
ent food industry by-products such as chicken carcass,
cod spine, eggshell membrane, egg white powder, pork
plasma, etc. were enzymatically or chemically hydrolyzed
to be used as skeletal muscle cell growth factors, and were
evaluated using three indexes: metabolic activity, cell pro-
liferation and cytotoxicity effects on muscle cells cultured
in vitro. Results showed that the enzymatic products of
pork plasma could substitute for serum to effectively im-
prove Skeletal muscle cell metabolic activity by 110% and
proliferation rate by 48%, and is safe and non-toxic [8].
While SFM hold significant promise for optimizing the
cost of cultured meat production, several existing lim-
itations should be noted: cells grown in serum-free me-
dium are relatively more sensitive to mechanical factor;
adaptation to homogeneous SFM can also be affected by
cell type; it is also more complex to prepare and preserve
compared to traditional synthetic media. Therefore, on the
one hand the cells can be modified for low serum domes-
tication using cellular biotechnology; on the other hand,
SFM formulations can be optimized for specific cell lines
to better mimic the in vivo environment. In addition, the
simplified and standardized process of industrial prepa-
ration of SFM results in a lower-priced and more stable
products, which contribute to the development of inexpen-
sive, food-grade media that can effectively improve cell
proliferation efficiency and passaging stability, and are
suitable for the current cultured meat industry.

3. Scale-up System Established

3.1 Establishment of a 3D Suspension Training
System

Most cultured meat seed cells are adherence-dependent.
2D cell culture is well suited to this characteristic, and
it is easy to operate, environmentally controlled, and
product homogeneous. However, the approach relies on
manual operations on the one hand at a limited scale; on
the other hand, it tends to lead to de-differentiation of
cells, a phenomenon in which cell lines lose their cellular

histological properties. These limit its application to large-
scale industrial production. The 3D cell culture model,
which mimics the spatial environment of cells in vivo, is
a good solution to the problem of cell de-differentiation.
The 3D cell culture mode is able to maintain the stability
of cell properties and achieve high-density culture, which
is more suitable for large-scale production. Domestication
of adherent-dependent seeded cells by suspension to adapt
to 3D suspension culture enables their more stable, con-
tinuous and efficient expansion to meet the standards of
industrial-scale high-density cell culture.

A study on suspension continuous culture showed that
chicken fibroblasts reached a density of 108 x 106 cells/
ml within 15 days, effectively increasing yield to 36% w/
v and maintaining good visual and organoleptic analyses
[9].Another study on human pluripotent stem cells has
also shown that suspension culture can achieve up to
6-fold expansion in a 4-7d culture cycle and more than
10 generations of stable progeny compared to traditional
wall culture [10].Consequently, selecting an appropriate
culture model to establish 3D cell suspension cultures is
crucial for developing large-scale, controllable production
processes and automated workflows, thereby enabling the
large-scale production and cost optimization of cultured
meat.

However, suspension domestication works by using
mechanical shear to inhibit cellular shear dependence,
making it difficult to establish current suspension culture
systems for highly shear-sensitive cells such as muscle
stem cells.A review of engineering principles for optimal
suspension culture conditions proved that suspension
culture in zero headspace culture vessels such as solid ro-
tating couette streams, rotating wall vessels, etc., and the
selection of microcarrier beads and media with densities
as close as possible to each other, minimized mechanical
damage and optimized the differentiation of cultured cells
[11].In addition, low-shear bioreactors can also be pre-
ferred for cell characteristics, and all physiological and
biochemical indicators and metabolic patterns of the cells
can be dynamically monitored in order to establish a suit-
able, efficient and scaled-up suspension culture system.

3.2 Cell Culture Model Optimization

Critical factors in cell culture include the provision of ad-
equate nutrients for efficient cell growth and metabolism,
timely regulation of catabolic metabolites, and contamina-
tion prevention and control. Common modes of cell cul-
ture operation include batch culture, continuous culture,
perfusion culture, and replenishment batch culture. Batch
cultures are easy to operate but are not conducive to cell



passaging and are therefore not suitable for large-scale
production of cultured meat. Continuous cultures are also
rarely used in large industrial production lines due to con-
tamination and genetic stability risks. Although perfusion
culture has significant advantages in increasing cell densi-
ty and yield and can be used in conjunction with mechan-
ical cell immobilization in the cell differentiation stage, it
has the disadvantages of high cost, complexity and risk of
contamination.

The relative simplicity, cost and yield advantages of re-
plenishment batch culture make it the most widely used
in the industry today.For example, a study of batch and
replenished batch cell cultures calculated that replenished
batch cultures reduced media consumption by 70% [12].
Another study on the application of batch, supplemented
batch and continuous cultures to fermentation also re-
vealed that supplemented batch cultures resulted in higher
product concentrations and higher yields than the other
cultures [13].A study evaluating the extent of cell cul-
ture scale-up demonstrated, through a techno-economic
analysis showed that the total cost of replenishment batch
culture ($37/Kg) was lower than that of perfusion cul-
ture ($51/Kg) under the same conditions and that culture
conditions were more homogeneous, and that a replen-
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ishment batch process using low-cost hydrolysate media
might result in a lower price of cultured meat than $25/
Kg, improving the affordability of cultured meat [14].
Consequently, the development of inexpensive medium
supplements and the application of the supplements to
batch cultures can help to reduce the cost of cultured meat
production, expand the scale of industrial production, and
significantly increase the competitiveness of cultured meat
in the market.

4. Bioreactor Selection

Key factors to consider for bioreactors when scaling up
cultured meat production include: reactor geometry, agi-
tator shape and speed, mass transfer efficiency, dissolved
oxygen levels, heat dissipation and avoidance of inhomo-
geneity. Therefore, the large-scale production of cultured
meat requires the selection of an appropriate bioreactor
based on cell type, size and intended use. Bioreactors cur-
rently in common use for cultured meat include: Stirred
Tank Bioreactor(STR), Airlift Bioreactor(ABR), Packed-
Bed Bioreactor(PBR), Oscilllatory Baffled Bioreactor(O-
BR), Hollow Fibre Bioreactor(HFR).Their advantages,
disadvantages, applicable cells and products are shown in
Table 1.

Table 1. Comparison of Commonly Used Bioreactors in cultivated-meat Industry

Type Advantages Disadvantages Applicable Cells Applicable products
Good mixing;High o en transfer| . . Ground meat prod-
. * ‘g & xyg ) High shear stress damages fragile . Y P
STR efficiency;High scalablility and widely } . suspension cells ucts;
cells;high energy consumption
used Paste products
Lower mixing efficiency than
Low shear stress good for fragile cells; ¢ . ?ﬂ & ! . .y High value-added
ABR . STR;Limited scalability for |vulnerable cell
Energy-efficient . i products
high-density cultures
High surface area savings on costs of
PBR culture .rr?edi.a and‘ operations;High Pifficulty in s.caling. up train- adherent cell structured meat
space utilisation;Suitable for continu- | ing;Uneven nutrient logistics
ous production
L h tress;Easy to build;Simpl Small- and medi-
oW shear's ?SS’ asy to u.1 -S1mpie Limited scalability;Not suitable for matl- and med Small batch test
OBR to operate;Disposable;Suitable for| . . um-scale cell cul-
. high density culture products
pre-optimisation ture
Low shear stress;Practical at the stage | Cell density and high microfibres | myofibroblast;fi-
HFR . o L. . . structured meat
of cell differentiation can limit cell harvesting efficiency | broblast

Cultured meat cell culture is mainly divided into two stag-
es: expansion and differentiation. The amplification phase
aims to obtain the highest possible cell density. Therefore,
it is suitable for cell immobilization by microcarriers and
culture in dynamic hybrid bioreactors such as STR and

RBR. Static bioreactors, on the other hand, are more ad-
vantageous during the differentiation phase, as the smaller
shear stress is less able to better simulate the actual con-
ditions of myogenesis. For instance, HFR can mimic the
role of blood vessels for nutrient supply and metabolite
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removal [15].The PBR has a cell-immobilized packed bed
structure with slow medium circulation, and high animal
cell densities can be achieved through the application
of the perfusion mode of operation. The use of PBR for
muscle cell proliferation or the final step of seed culture
procedures may result in meat products with good texture.
To summarize, the selection of a suitable bioreactor based
on cell type, culture scale, culture stage and intended use
could help to establish a scaled-up, automated production
process and optimise the cost and efficiency of cultured
meat production.

5. Conclusion

Cultured meat has great potential for application: reliev-
ing pressure on land and water resources, air pollution and
biodiversity destruction caused by animal husbandry re-
flects ecological values; it also helps to alleviate problems
such as the misuse of antibiotics in the aquaculture indus-
try and achieve efficient, safe and sustainable production
of meat products; the ability to produce meat products that
cannot be raised by traditional livestock farming, or more
economically produce high value-added products, demon-
strates commercial value. However, currently cultured
meat is limited by industrial scale and production costs,
making commercial application and promotion difficult.
Based on the cultured meat production process, key as-
pects of reducing its cost include: searching for cheap and
suitable materials such as plant proteins and food industry
by-products for the synthesis of growth factors, which can
be applied to the development of low-cost and high-effi-
ciency food-grade culture media; establishment of a large-
scale, controlled, automated production system based on
3D suspension and replenishment batch culture; select
the appropriate bioreactor based on cell type, culture size,
stage of culture, and intended use.

In the future, cultured meat may be able to increase the
scale of production and commercial competitiveness in
these ways: explore safe and efficient cell immortalization
technology to build a seed bank of good cells; integration
of, for example, computational fluid dynamics, spatial and
temporal multi-scale coupling simulation technology to
build a multi-level dynamic intelligent model, to achieve
precise control of the production process and intelligent
production; Combining emerging technologies such as 4D
printing to solve existing challenges such as cultivating
meat vascular networks, further enhancing meat quali-
ty to produce high value-added products; Continuously
promote the improvement of the regulatory system, and
increase the popularization of science to enhance consum-

er acceptance. The development and dissemination of cul-
tured meat technology may facilitate the production and
consumption of more economical, healthy and sustainable
meat products in a more environmentally friendly way,
reducing the pressure on meat demand that accompanies
population growth.
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