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Cultured meat, as a cellular agriculture product, utilizes tissue engineering techniques

and consequently faces not only cell culture challenges but also scale-up limitations.

To ensure cultured meat is financially viable, efficient bioprocess design for scale-up is

required. In this mini-review we focus on the design of the expansion bioreactor, and

put it in context of the entire bioprocess by providing an overview of the upstream

and downstream process considerations. As a full-scale cultured meat bioprocess is

still hypothetical we include a review of the key factors and fundamental cell biology

parameters required as input data for the design of a process with a product that

is not only viable but price competitive. This review highlights the vital aspects of a

cultured meat bioreactor design that are often overlooked when parallels are drawn

against fermentation processes such as brewing or recombinant protein production in the

pharmaceutical industry. Practical application and awareness of the concepts presented

here will enable more accurate estimation of the production expenses and raw material

requirements. This will form a basis for both further academic research and the design

of industrial-scale processes in the field of cultured meat and the wider field of tissue

engineering-based cellular agriculture.

Keywords: bioprocessing, bioreactor, cellular agriculture, cultured meat, in vitro meat, muscle cell, scale-up,

tissue engineering

INTRODUCTION

The current status of the cultured meat field is still within the research and development

phase: at the time of writing there is no commercially available cultured meat product.

Cultured meat is also known as cell-based meat, clean meat and in vitro meat. The biological

knowledge to produce cultured meat—tissue engineering of muscle and fat—is relatively
well-understood and developed at lab scale, however cultured meat production technology

is still early stage. There are a number of technical challenges facing large-scale production,
including cell source, scaffold, culture media and bioprocessing (Edelman et al., 2005; Datar
and Betti, 2010; Specht et al., 2018; Stephens et al., 2018). Whether this be on a small
kilogram-scale, or a large ton-scale is yet to be determined; hypothetical options vary from
small-scale, local factories capable of supplying villages to large-scale, industrial-sized, commercial
production plants (van der Weele and Tramper, 2014). The technical landscape of the field is
more prevalent within the start-up space than academia, with accessible intellectual property
(IP) in the form of patents; publicly available patents that are currently available include:
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(Van Eelen et al., 1999; Vein, 2004; Van Eelen, 2007; Marga and
Forgacs, 2014; Hasson et al., 2015; Forgacs et al., 2016, 2017;
Genovese et al., 2016, 2017, 2018, 2019;Marga, 2016;Miller, 2017;
Elfenbein and Kolbeck, 2018; Nahmias, 2018; Savir et al., 2018;
Ben-Arye and Levenberg, 2019).

In conjunction with the production process, quality assurance
(QA) will need to form an integral part of the process,
pertaining to monitoring of cell-state, for example cell viability,
phenotype, protein content, etc. also mentioned in Stephens
et al. (2018). As no ISO standard exists for cultured meat
to date, current practice is based on lab-scale techniques
and Good Cell Culture Practice (GCCP) as outlined by
Coecke et al. (2005). To make cultured meat production
financially viable it will be necessary to utilize a less manual-
labor intensive and more automated and efficient process of
production than lab-scale tissue culture, in the form of a
bioprocess. In this article, use of the term “large-scale” will
be used to refer to any automated and scalable bioprocess
irrespective of production volume. Aspects of this challenge
have been previously reviewed (Moritz et al., 2015) while
the purpose of this mini-review is to outline the design
considerations necessary for large-scale production of cultured
meat in the form of muscle cells alone, focused on the
expansion bioreactor, with an overview of the other related
key design considerations. While we focus on cultured meat
grown on a scaffold, the general design considerations can
be applied to all other cell types whether they are adherent
or non-adherent.

THE BIOREACTOR IN CONTEXT OF THE
BIOPROCESS

The starting point for bioprocess design is to specify the final
product form e.g., processed vs. full cut meat, or a dry powder
source of protein vs. a wet cell biomass. This decision impacts
the type of bioprocess units required for both the upstream and
downstream process. The purpose of a bioreactor is to generate
a controlled environment suitable for the in vitro management
of the mammalian cells. The two sequential cell culture phases
of proliferation and differentiation form the foundation of the
bioprocess design as the cultured cells are the desired end
product. The design is iterative as choices must be made
alongside the calculations of the mass balances, energy balances,
and methods of heat supply/removal including heat integration
to save energy. An example of upstream and downstream design
iteration is the use of a recycle to save water and sizing of waste
valorization units to utilize waste products will be dependent on
the bioreactor effluent flow rate. Alongside the bioreactor(s) for
proliferation and differentiation the upstream process is likely to
include units such asmedia storage tanks, media heat exchangers,
and a means of maintaining isothermal (constant temperature)
conditions within the bioreactor(s). A summary of the key areas
for consideration in the design and optimization of a cultured
meat bioprocess is provided in Figure 1, with the bioreactor at
the center of the system.

Cells, Media, and Scaffold
While not the subject of review here, a bioprocess design review
cannot overlook the cells, media and scaffold entirely, so we
highlight key considerations. The cell source can be primary
cells isolated from tissue, via live or dead animal biopsies or
immortalized cell lines (Datar and Betti, 2010; Specht et al., 2018;
Stephens et al., 2018). Stem cells will likely be required for the
biomass expansion phase due to their ease of proliferation and
can be muscle progenitor cells such as myoblasts or myosatellite
stem cells due to their directed lineage tomyotubes or alternatives
such as induced pluripotent stem cells (iPSCs) (Post, 2012; Kadim
et al., 2015; Specht et al., 2018).

The media requirements can be evaluated in two ways; (i)
the media required to satisfy the minimum working volume
of a bioreactor based on the maximum achievable cell density
(cells/mL) and (ii) themedia required based on cell consumption.
Ideally, the minimum media requirement should be based on
cell consumption to prevent substrate limitations being imposed
on cell viability, maintenance and growth. Use of an optimized
and chemically-defined media could minimize waste and the
associated cost of media as well as CAPEX.

In the expansion phase, the desire is to maximize biomass
yields e.g., biomass per glucose and minimize by-product yields.
The deciding factors in cell choice and media choice should
also include total protein yield; ease of maintaining replicative
ability for proliferation; ease of inducing differentiation; and
“robustness” to the bioprocessing steps.

Scaffold design and form should be considered as an intrinsic
part of the bioprocess design, as the surface area to volume ratio
has a direct impact on the size of the bioreactor(s) required,
and choice of scaffold affects the bioreactor seeding efficiency,
passaging requirements of the system, downstream processing,
bioreactor fluid dynamics and mass transfer, and cost. The
scaffold can either be edible, or non-edible. One perceived benefit
of using edible biomaterials is that the scaffold may contribute
to the texture of the final product, which may be viewed upon
favorably until the technical challenge of co-culturing (e.g.,
with fat cells), has been overcome (Edelman et al., 2005; Datar
and Betti, 2010). Further considerations specific to cultured
meat include the foreseeable benefit of aligning cells to assist
differentiation into myotubes and maturation into myofibres,
Schuster et al. (2017) either by stimulation (Edelman et al., 2005)
or scaffolding surface properties such as fibrillar striations shown
to align satellite cells (Yan et al., 2007).

If the cells need to be removed from the scaffold, for
passaging or if the scaffold is not edible or biodegradable,
several dissociation techniques exist. With lab-scale culture it
is common practice to perform enzymatic dissociation using
trypsin, however trypsin is animal-derived from cows or pigs
and can be subject to batch-to-batch variation (Masters and
Stacey, 2007). Other methods are available such as mechanical or
shear-induced dissociation (Wang et al., 2018), and controllable
biomaterials (Duffy et al., 2014; Miotto et al., 2017). Non-animal
derived dissociation alternatives such as the recombinant enzyme
TrypLE, derived from microbial sources, or an enzyme-free
cell dissociation buffer such as Versene (EDTA) to promote
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FIGURE 1 | Summary of the key areas of consideration for cultured meat bioprocess design. The top block gives a whole-process overview, and the remaining boxes

provide a summary of the inputs to and outputs from the bioreactor.

aggregates could also be used (Masters and Stacey, 2007; Beers
et al., 2012; Daniszewski et al., 2018). These alternatives may be
preferable in serum-free applications as serum is not required to
inhibit enzymatic activity.

Downstream and Recycle Operation Units
Foreseeable downstream units required with recycle operation
include cell debris removal, and medium refinement, cell
harvesting and product formulation. Medium refinement will
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allow the retention of valuable components such as glucose,
glutamine and proteins, plus removal of unwanted lactate
and ammonia. Recovery of purified water may also be
carried out using downstream separation units. Potential
downstream units may include one or more of membrane
filtration, (electro)dialysis, precipitation, solvent extraction, and
adsorption. Relevant industrial examples include fermentation
(Li et al., 2008; Lee et al., 2017; Seankham et al., 2017); water
treatment (Bódalo et al., 2005); and iPSC culture (Nath et al.,
2017). Further product formulation units capable of chopping,
drying, flavoring, texturizing, packaging and labeling may be
required (Park et al., 2014) depending on the product of interest.

BIOREACTOR DESIGN

The first stage to consider, and one that remains a challenge for
the industry, is cell expansion via proliferation at scale; this will
form the focus of the bioreactor discussion here.

Lessons From Other Industries
Within the field of cultured meat, a popular analogy is to
describe the large-scale process required for production as
comparable to a brewery to help consumers and experts from
different fields visualize a hypothetical cultured meat process.
A brewery and the majority of other large-scale biotechnology
processes are fermentation based using prokaryotes or simple
eukaryotes such as yeast, while cultured meat requires complex
eukaryotic cells such as mammalian or fish cells. Current
commercial applications of mammalian cell culture are in the
recombinant (therapeutic) protein industry as host-cells, and
the cell therapy industry. All these biotechnology industries
present opportunities to merge established technology to scale-
up cultured meat production.

Therapeutic protein production is carried out in large-scale
stirred tank bioreactors (STRs) up to 20,000 L (Eibl et al., 2009;
Kunert and Reinhart, 2016). This presents a good parallel and
source of technical expertise for cultured meat production,
however the cell lines approved for the production of monoclonal
antibodies (mAbs) for human therapy are CHO, NSO and
Sp2/0 cells (Dumont et al., 2016; Kunert and Reinhart, 2016)
all of which are cultured in suspension, without the need for
a scaffold. Although mammalian cells are more shear-sensitive
than prokaryotes, STRs with impeller-driven mixing and air
sparging are used in the therapeutic protein industry with
eukaryotes. This is possible due to the use of suspension cell-
lines, however the myocyte precursors required for culturedmeat
are anchorage-dependent and have lower shear limits (Venkat
et al., 1996; Hu et al., 2011). The limitation results from the
hydrodynamic forces (shear and normal stresses) that detach the
cell from the scaffold surface, resulting in eventual cell death,
while suspension cells can withstand higher agitation in the
form of both air sparging and impeller rotations (Cherry and
Papoutsakis, 1986; Hu et al., 2011). This limitation could be
overcome by utilizing scaffold-free cell aggregates or spheroids
(Kumar and Starly, 2015; Merten, 2015). Possible advantages
are the potential to achieve high cell densities and the in vivo-
like culture environment; the disadvantages include difficulties

in controlling diameters in bioreactors which may lead to
necrotic centers and passaging limitations if adhesion proteins
are damaged during aggregate dissociation to single-cell form
(Kumar and Starly, 2015).

The relatively new industry of cell therapies, where the cell
is the product of interest, is the most relevant comparison,
with allogeneic (off-the-shelf) rather than autologous (patient-
specific) cell therapies most pertinent due to the scale
requirement. The industry is seeing a drive toward the need for
fully automated bioprocesses, both upstream and downstream to
reduce variations associated with manual culture and improve
reproducibility, but is largely currently at the scale of 100–
1000 well-plates and tissue culture flasks (Daniszewski et al.,
2018). Applicable cell therapies include the culture of anchorage-
dependent mesenchymal stem cells (MSCs) reviewed by Jossen
et al. (2018). The allogeneic, cell therapy industry is experiencing
a similar bottleneck to the cultured meat industry resulting from
the difficulties of large-scale adherent cell culture. An industry
shift from planar flask cultures to automated bioreactors is taking
place seeing the use of single-use STRs ranging from working
volumes of 35–50 L (Schirmaier et al., 2014; Lawson et al., 2017;
Jossen et al., 2018), note the scale difference to suspension
cell culture.

Bioreactor Configuration and Sizing
Bioreactor Configurations
The mode of operation, be it batch, fed-batch or continuous
will impact the bioreactor size and media requirements. From a
large-scale perspective, typically fed-batch or continuous supply
of media is favored. Several configurations can operate in these
modes. Agitated vessels are currently the most common in
biotech industries. They provide a time-averaged homogenous,
well-mixed environment through convective mixing initiated
by mechanical, pneumatic or hydraulic agitation such as
impeller driven stirred tank bioreactors (STRs), rotating wall
bioreactors (RWBs), and rocking motions as seen with wave
bioreactors. Other bioreactor configurations enable continuous,
perfusion operation such as packed bed bioreactors (PBBs),
fluidized bed bioreactors (FBBs) and membrane bioreactors
such as hollow fiber bioreactors (HFBs). For non-perfusion
reactors, such as STRs, continuous (perfusion) operation requires
the coupling of the bioreactor with an internal or external
cell retention device on a recycle line, by centrifugation,
sedimentation, ultrasonic separation ormicrofiltration with spin-
filters, alternating tangential flow (ATF) filtration or tangential
flow filtration (TFF) (Woodside et al., 1998; Czermak et al., 2007;
Clincke et al., 2013a,b). A summary of the bioreactors tested for
animal myosatellite and myoblast cell culture to date is presented
in Table 1.

Bioreactor Sizing, Passaging and the Importance of

Cell Density
Decisions related to the type, size and number of bioreactors
will be influenced by a number of factors including passaging.
Passaging, in the form of sequential transference to reactors
of increasing size, as seen in seed trains, is required to satisfy
the minimum and maximum cell densities. Microcarrier culture
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TABLE 1 | Bioreactors that have been used for the expansion of skeletal muscle cells.

Bioreactor Cell line Scaffold Scale and operation Inoculation density Culture details Final density References

Rotating wall

bioreactor

(HARVs)

Primary rat

myosatellite cellsa
Microcarriers coated with

MatrigelTM (Cytodex-3,

Biosilon)

Capacity 10mL

Batch

0.5, 1.0 and 2.0 x 105

cells/mL (equivalent to

18,000 cells/cm2 )

Cultured for 5 days in DMEM +

20% FBS

4.5, 6.5 and 9.0 x 105

cells/mL respectively after 4

days.b

Molnar et al., 1997

Spinner flask (STR) Bovine myoblastc Microcarriers (Cytodex 1,

Synthemax II and Cellbind)

WV/C = 95/250mL

Impeller agitation

Batch

1 x 106 cells/mL (equivalent

to 5,500 cells/cm2 ).

8 days of culture in advanced

DMEM + 20% FBS + 10% HS

+ 1% P/S with the addition of

new beads (day 3 and 7) as a

form of passaging.

3 x 106 cells/mL Verbruggen et al.,

2017

STR C2C12d Microcarriers

(SoloHill Labs glass coated

polymer)

WV/C = 0.8 – 1.35/1.6 L

Impeller agitation

Air supplied by ring sparger

Batch then continuous

Not specified Cultured for approximately

14.5-16.5 days in DMEM + 10%

FBS

Not specified Breese and

Admassu, 1999

HFB

(HF for media

supply and

scaffold)

C2C12d PLLA hollow fiber Capacity not specified

Single 2 cm long fiber

Continuous and static/batch

4,000 cells/cm2 Cultured for 3 and 7 days in

DMEM + 10% FBS + P/S.

Decrease in cell number seen

during continuous operation.

Not specified Bettahalli et al.,

2011a

HFB (HF for media

supply only)

C2C12d PP, PS and PES hollow

fiberse

Scaffold = PEOT-PBT

Capacity not specified

Continuous

3 x 106 cells Cultured for 3, 7 and 14 days in

DMEM + 10% FBS + P/S

5 – 14 x 106 cells/scaffold

after 7 days

Bettahalli et al.,

2011b

HFB (HF for media

supply only)

C2C12d Cellulose triacetate hollow

fibersf

Scaffold = collagen

type I gel in ECS

Capacity 1mLb

Continuous

8.2 x 107 cells/mL of

collagen solution

Proliferation for 1 day (DMEM +

10% FBS + P/S), then

differentiation induced and

cultured for 7 days (DMEM + 2%

calf serum + P/S)

Not specified Yamamoto et al.,

2012

HFB (HF for media

supply only)

C2C12d PS hollow fibers

C2C12 spheroid of

diameter 300µm.

4 hollow fibers

Capacity not specified

Continuous

Spheroid density not

specified

Cultured for 5 days in 1/1

DMEM/RPMI1640 + 10% FCS

Not specified Baba and Sankai,

2017

The data collated here highlights the discrepancy in the data available in literature, prohibiting direct comparisons. Although the focus of cultured meat is on fish, poultry and livestock animals, mouse cell lines are presented due to their

immortalized status and common-place use within preliminary lab-scale research.

DMEM, Dulbecco’s Modified Eagle Medium; ECS, Extra-Capillary Space; FBS, Fetal Bovine Serum; FCS, Fetal Calf Serum; HARV, High-Aspect-Ratio-Vessel; HF, Hollow Fiber; HFB, Hollow Fiber Bioreactor; HS, Horse Serum; P/S,

penicillin/streptomycin; PEOT-PBT, Poly(ethylene oxide terephthalate)-Poly(butylene terephthalate) open lattice scaffold (64 mm3 ); PES, Polyethersulfone; PLLA, Poly(L-lactic acid); PP, Polypropylene; PS, Polysulfone; RPMI, Roswell Park

Memorial Institute medium; STR, Stirred Tank Bioreactor; WV/C, Working Volume / Capacity.
aCells from anterior tibialis muscles of growing rats, composed of >75% satellite cells.
bMetrics calculated based on information available within article.
cPrimary bovine myoblasts isolated from fresh-beef (slaughtered).
dC2C12s are immortalized murine myoblast cells.
ePurchased from commercial suppliers. PP (Membrana GmbH), modified PS (Asahi Kasei Medical Co. Ltd.), modified PES (Gambro GmbH).
fPurchased from commercial supplier Toyobo Co. Ltd.
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and bead-to-bead transfer capability of a cell-line (Wang and
Ouyang, 1999; Ferrari et al., 2012; Verbruggen et al., 2017)
may enable passaging through the addition of microcarriers to
increase surface area without increasing vessel size. Bioreactor
comparisons should be made based on final cell density
achievable and not on the volume, an arbitrary concept without
context such as the seeding density and final cell number or
density and passaging steps. The achievable cell density will differ
for suspension systems that use microcarriers for anchorage-
dependent cells vs. single-cell suspension. Jossen et al. (2018)
presents a summary of the working volume and cell-density
achieved in different studies and bioreactor types culturing
adherent cells for cultured therapies:

• 1.90 × 105−2 × 106 cells/mL in production scale STRs (35–
50 L),

• 1.90× 105 cells/mL in wave bioreactors (0.5–1.5 L),
• 2.93× 106 cells/mL in PBBs (1.0–5.0 L),
• 108−109 cells/mL in HFBs.

Back of the Envelope (BOTE) calculations enable a quantifiable
comparison of the working volume required for different
bioreactors. Assuming a wet cell mass of c.a. 3.5 × 10−12 kg/cell
(Park et al., 2008; Hu, 2012; Mattick et al., 2015) the number of
cells required to produce 1 kg of wet “meat” in the form of muscle
cells is c.a. 2.9 x 1011 cells. Based on theoretical maximum cell
density achievable reported by Ellis et al. (2005), which are in-
line with the densities summarized by Jossen et al. (2018), for
adherent cell culture the working volumes by bioreactor type are
calculated to be:

• 2,900 L for tissue culture flasks (lab-scale culture),
• 570 L for STRs,
• 110 L for PBBs,
• 48 L for FBBs,
• 1.4 L for HFBs.

These numbers are provided to give an idea of the impact cell
density can have on the size of a bioreactor required to achieve
the same biomass target. However, this does not account for
the number of seed-train reactors dictated by inoculum cell
numbers, passaging requirements, and scaffold surface area to
volume ratios. Reader attention is drawn to the fact that this is
the ‘working volume’ of the bioreactor and does not dictate the
process media requirements, a common misconception within
the field when making predictions of media requirements; which
will be much greater than the bioreactor working volumes
due to cell metabolic requirements over the duration of the
culture period.

A recent development in these high-value product industries
is the move toward single-use bioreactors (SUBs), with the
associated benefits of reduced down-time between batches,
minimal cleaning in place (CIP), reduced contamination risks
and improved scale-up flexibility with bioreactor configurations
available up to 2,000 L (Langer and Rader, 2014; Jacquemart
et al., 2016; Schnitzler et al., 2016). For the recombinant
protein industry, the increased operating expenses associated
with replacing SUBs per batch are offset due to higher product
throughput (Jacquemart et al., 2016). However, a cost of goods

analysis specific to cultured meat should be carried out as the
economics will differ for a high volume, low value commodity.
The environmental impact of single-use items must also be
considered since the plastic waste will end up in landfill or the
sea due to mixed plastic content and contamination imposing
recycling difficulties.

Other Design Considerations
Important Considerations for Upstream Bioprocess

Design
The following are considered key factors to be considered in the
design of an upstream bioprocess for mammalian cells:

• Cell starting number,N0. Essential for calculating the number
of days required to expand to the desired final number, when
used with the inoculation efficiency.

• Inoculation efficiency.How many of the starting cell number
“take” to the bioreactor environment and are able to proliferate
on the scaffold.

• Media requirements. Affects OPEX and CAPEX in terms of
sizing of vessels, piping, and pumps. See section Cells, Media,
and Scaffold.

• Cleaning/sterilization. Has financial and time implications
plus must meet regulations.

• Scaffold source. Must be sustainable, always available, and
have minimal batch to batch variation

• Passaging. May be needed during proliferation to maintain
exponential growth. See section Bioreactor Sizing, Passaging
and the Importance of Cell Density.

• Inoculation and cell removal methods. How the cells are
added to and removed from the bioreactor will impact yield.

Availability of the following kinetic and fundamental cell biology
parameters specific to muscle cells are required for the design
of a process with a product that is not only viable but price
competitive. These parameters are cell-type and species specific
and also system specific and need quantifying for detailed
bioprocess design.

• Cell specific mass (wet and dry) and volume. Impacts the
final desired cell number, NF for product of interest.

• Cell specific growth rate and doubling efficiency. Combined
with N0 and NF determines the proliferation batch time.

• Cell specific protein content and mass change during

differentiation as a function of differentiation time/stage.

Dictates the differentiation batch time for product of interest.
• Cell stability, aging and differentiation potential as a

function of time and passage number.Dictates the number of
population doublings, passages, and ability to become mature
muscle cells for a given starting cell population.

• Cell density per unit volume of bioreactor. Directly impacts
seed train requirements, quantity and size of bioreactors used.

• Oxygen spatial and temporal variation, uptake rate (OUR)

and CO2 production rate. Affects bioreactor size, oxygen
supply method and influent media flow rate.

• Metabolic yield coefficients. Enable efficient supply of media
to minimize waste and OPEX.

• Cell-scaffold dissociationmethod.Affects downstream units.
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• Cell- and system-specific tolerances to lactate, ammonia, pH

and osmolality. Impacts the design of the recycle, purge and
downstream separation units.

• Heat released per mol of oxygen consumed, or other

measure of metabolic pathway energy. Defines the energy
requirements of the bioreactor for either heating or cooling to
maintain isothermal conditions of 37◦C.

Oxygen, Carbon Dioxide, and pH
Oxygen needs to be added to the media, either in the
form of aeration through spargers within the bioreactor, or
upstream to ensure the media is saturated with dissolved
oxygen to meet the high oxygen requirements. Depending on
the buffer used to maintain pH 7.2–7.4 within the bioreactor,
provision and maintenance of carbon dioxide concentration
may be required (Masters and Stacey, 2007). Bubble aeration,
through sparging is traditionally used to supply oxygen
in large scale bioreactors, however alternative bubble-free
aeration methods exist such as use of gas permeable silicone
tubing for feed piping, or an external media aeration device
(Eibl et al., 2009).

CONCLUSIONS

This review has brought together literature from across the
biochemical engineering and tissue engineering fields, with
focus on the proliferation bioreactor, to highlight the design

considerations that need to be met for a bioprocess capable of

commercializing a cultured meat product. It acknowledges that
while lessons can be learned from other biotech industries, there
lacks key data required for bioprocess design. These have been
identified and discussed in the hope readers will be able to address
these and contribute to better design and progression of the
nascent field.
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