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PIPE-BASED BIOREACTORS FOR PRODUCING COMESTIBLE MEAT PRODUCTS
AND METHODS OF USING THE SAME

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] The present application claims the benefit of, and priority to, U.S. Application No.
18/047,196, entitled “PIPE-BASED BIOREACTORS FOR PRODUCING COMESTIBLE
MEAT PRODUCTS AND METHODSOF USING THE SAME” filed October 17, 2022. The
aforementioned application is hereby incorporated by reference in its entirety.

BACKGROUND

[0002] As the world’s population continues to grow, cell-based or cultured meat products
for consumption have emerged as an attractive alternative (or supplement) to conventional
meat from slaughtered animals. For instance, cell-based, cultivated, or cultured meat represents
a technology that could address the specific dietary needs of humans. Cell-based meat products
can be prepared from a combination of cultivated adherent and suspension cells derived from
a non-human animal.
[0003] In addition to addressing dietary needs, cell-based meat products help alleviate
several drawbacks linked to conventional meat products for humans, livestock, and the
environment. For instance, conventional meat production involves controversial practices
associated with animal husbandry and slaughter. Other drawbacks associated with slaughtered
meat production include low conversion of caloric input to edible nutrients, microbial
contamination of the product, emergence and propagation of veterinary and zoonotic diseases,
relative natural resource requirements, and resultant industrial pollutants, such as greenhouse
gas emissions and nitrogen waste streams.
[0004] Despite advances in creating cell-based meat products, existing methods for
cultivating and processing cell-based meat products face several shortcomings. In particular,
existing methods for cultivating and processing cell-based meat products often suffer from
slow cellular growth and lack of cellular tissue mass. Existing methods for cultivating cell-
based meat products are often costly in terms of both time and processing resources. More
specifically, existing methods require prohibitive amounts of time to generate small amounts
of cell-based meat products. For instance, existing methods often take eleven or more days to
form a thin layer of cell-based tissue. To compensate for slow times of growing cell-based
tissue and the lack of cellular tissue mass, some existing manufacturers ramp up the same
existing methods by increasing the number and size of machines and tools used to grow cellular

tissue. However, such upscaling of cultivation equipment presents additional challenges with
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respect to overall equipment and supply costs, sterility and cleanability of bioreactors and
support equipment, and harvestability of cultivated cells. Relatedly, many conventional
systems, particularly when upscaled for increased production, limit the operability of ideal flow
rates, flow distribution, and heat and mass transfer during cultivation processes.
[0005] These, along with additional problems and issues are present in existing methods,
apparatuses, and systems for cultivating cell-based meat products.

BRIEF SUMMARY
[0006] Embodiments of the present disclosure provide benefits and/or solve one or more
of the foregoing or other problems in the art with systems, apparatuses, and methods for
preparing a comestible cell-based meat product utilizing one or more pipe-based bioreactors.
In one or more embodiments, for example, the one or more pipe-based bioreactors comprise a
plurality of substrates conforming to an interior profile of an elongated cylindrical enclosure.
Cells may be injected into the one or more pipe-based bioreactors, where they adhere to the
plurality of substrates and are cultivated thereon to form cell-based meat products. In some
embodiments, each pipe-based bioreactor in a system of pipe-based bioreactors can be cleaned,
seeded, cultivated, and/or harvested independently—without disrupting other pipe-based
bioreactors in the system.
[0007] Also, the disclosed embodiments include systems, apparatuses, and methods
providing additional advantages over existing solutions, such as improved flow control during
steaming, cleaning, seeding, cultivating, and/or harvesting processes. Further, one or more
embodiments enable seeding on both sides of planar substrates for increased yield of cell-based
meat products. In some embodiments, multiple pipe-based bioreactors are interconnected (e.g.,
arranged in parallel) within a system comprising shared sources of steam, cell culture, nutrients,
and so forth. Also, in some embodiments, pipe-based bioreactors are mounted at an angle with
offset inlets and outlets to reduce accumulation of condensation (i.e., pooling) during steaming
and to reduce accumulation of gas bubbles during inoculation and cultivation. Accordingly, the
disclosed embodiments present various improvements in cost of manufacture and process
efficiency.
[0008] Additional features and advantages of one or more embodiments of the present
disclosure are outlined in the description which follows, and in part will be obvious from the

description, or may be learned by the practice of such example embodiments.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0009] The detailed description provides one or more embodiments with additional
specificity and detail through the use of the accompanying drawings, as briefly described
below.
[0010] FIG. 1 illustrates a pipe-based bioreactor with a plurality of planar substrates in
accordance with one or more embodiments.
[0011] FIG. 2 illustrates a plurality of planar substrates arranged to fit within a pipe-based
bioreactor in accordance with one or more embodiments.
[0012] FIG. 3 illustrates a pipe-based bioreactor in accordance with one or more
embodiments.
[0013] FIG. 4 illustrates a plurality of planar substrates conforming to an interior profile of
a pipe-based bioreactor in accordance with one or more embodiments.
[0014] FIGS. SA-5E illustrate various arrangements of substrates within a pipe-based
bioreactor in accordance with one or more embodiments.
[0015] FIG. 6 illustrates a pipe-based bioreactor with magnetically rotatable substrates in
accordance with one or more embodiments.
[0016] FIG. 7 illustrates a mechanically sealed rotatable pipe-based bioreactor in
accordance with one or more embodiments.
[0017] FIG. 8 illustrates a pipe-based bioreactor with an offset inlet and an offset outlet in
accordance with one or more embodiments.
[0018] FIG. 9 illustrates a series of interconnected pipe-based bioreactors in accordance
with one or more embodiments.
[0019] FIG. 10 illustrates a rotatable series of interconnected pipe-based bioreactors in
accordance with one or more embodiments.
[0020] FIG. 11 illustrates a system of interconnected pipe-based bioreactors in accordance
with one or more embodiments.
[0021] FIG. 12 illustrates a flowchart of a series of acts for preparing a comestible cell-
based meat product in accordance with one or more embodiments.
[0022] FIG. 13 illustrates a graph of a series of acts for preparing a comestible cell-based
meat product in accordance with one or more embodiments.
[0023] FIG. 14 illustrates a method for steaming a system of interconnected pipe-based
bioreactors in accordance with one or more embodiments.
[0024] FIG. 15 illustrates a method for inoculating a system of interconnected pipe-based

bioreactors in accordance with one or more embodiments.
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[0025] FIG. 16 illustrates a method for cultivating cells within a system of interconnected
pipe-based bioreactors in accordance with one or more embodiments.
[0026] FIG. 17 illustrates a method for harvesting cells from a system of interconnected
pipe-based bioreactors in accordance with one or more embodiments.
[0027] FIG. 18 illustrates a harvester mechanism in accordance with one or more
embodiments.
[0028] FIG. 19 illustrates a belt filter for collecting and processing meat cells in accordance
with one or more embodiments.
[0029] FIG. 20 illustrates a method for cleaning a system of pipe-based bioreactors in
accordance with one or more embodiments.
[0030] FIGS. 21-22 illustrate flowcharts of two series of acts for preparing comestible meat
products in accordance with one or more embodiments.

DETAILED DESCRIPTION
[0031] This disclosure describes one or more embodiments of a pipe-based bioreactor for
preparing comestible cell-based meat products and methods of using the same. To illustrate,
the comestible cell-based meat products generally contain cultured animal tissues prepared by
adhering cells derived from a non-human animal to one or more substrates within an enclosed
bioreactor, cultivating the cells with a cell culture media to promote cell growth, and harvesting
the cell-based meat product by detaching the cultured cells from the one or more substrates. In
particular, the disclosed embodiments include pipe-based bioreactors comprising one or more
substrates disposed within an elongated enclosure and various methods for using pipe-based
bioreactors to prepare comestible cell-based meat products. In some embodiments, a pipe-
based bioreactor includes a plurality of parallel stacked planar substrates conforming to an
interior profile of the elongated enclosure. In some examples, the substrates are not strictly
planar, but instead substantially planar. For instance, the substrate may be substantially planar
and include indents or ridges for spacing and strength as described below.
[0032] In some embodiments, for example, a pipe-based bioreactor for preparing a
comestible meat product includes an elongated cylindrical enclosure defining a cavity, and a
plurality of nominally spaced substrates arranged within the cavity. Also, in one or more
embodiments, the plurality of nominally spaced substrates conforms to an interior profile of
the elongated cylindrical enclosure and is configured to support growth of the comestible meat
product. As disclosed herein, pipe-based bioreactors enable higher fluid velocities, improved
flow distribution, improved temperature distribution, and lower overall costs in comparison to

conventional systems.
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[0033] Moreover, as disclosed herein, pipe-based bioreactors enable improved control of
internal conditions during each process of the production of comestible meat products. For
example, as disclosed herein, the increased fluid velocities enabled by a pipe-based bioreactor
of relatively small diameter increases shear forces on cultured cells within the bioreactor when
harvesting meat product by flowing fluid at an elevated flow rate to remove the cultured cells.
Also, the disclosed embodiments enable improved control and implementation of ideal
conditions within bioreactors for cleaning, such as improved control and consistency of PH
levels, temperatures, and duration of contact with cleaning solutions within the pipe-based
bioreactor. Moreover, in some implementations, the foregoing improvements enable increased
efficiency of production relative to conventional systems.

[0034] Moreover, in some embodiments, a pipe-based bioreactor is mounted to a ground
surface at an acute angle relative to the ground surface, such that the pipe-based bioreactor and
the one or more substrates disposed therein are at an incline. As disclosed herein, the inclined
pipe-based bioreactor prevents accumulation of fluid condensation (i.e., pooling) during
steaming (or cleaning) of the pipe-based bioreactor as the fluid flows with gravity down the
incline and out of the pipe-based bioreactor. Also, the inclined pipe-based bioreactor prevents
the accumulation of gas bubbles during the cultivation process as the buoyancy of the gas
bubbles causes them to rise up the incline and out of the pipe-based bioreactor.

[0035] Additionally, in one or more embodiments, a system for preparing a comestible
meat product includes a plurality of interconnected pipe-based bioreactors coupled to one or
more fluid sources, such as sources of steam, culture media, cleaning chemicals, and other
fluids necessary for the preparation of cell-based meat products. In some embodiments, the
system of pipe-based bioreactors includes a plurality of valves for selectively opening and
closing connections between the pipe-based bioreactors and the one or more fluid sources, such
that each pipe-based bioreactor can be operated individually. For instance, each pipe-based
bioreactor within the system can be selectively and individually cleaned, seeded with cells,
cultivated with cell culture media, and harvested to remove cultured cells therefrom without
disrupting other pipe-based bioreactors within the system. In addition, the one or more fluid
sources can be cleaned, repaired, or otherwise maintained without disrupting the plurality of
pipe-based bioreactors. Moreover, by enabling selective operation of each interconnected pipe-
based bioreactor within a bioreactor system, the disclosed embodiments allow for reduced
resources, such as fluid sources and/or pumps.

[0036] As mentioned above, the disclosed embodiments enable improved flow distribution

and higher fluid velocities during procedures for preparing cell-based meat products. For
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example, in some embodiments, a method for producing a comestible meat product includes
flowing cells into an elongated bioreactor (e.g., a pipe-based bioreactor according to one or
more disclosed embodiments) for a first period of time. In some embodiments, the initial
flowing of cells comprises a high fluid velocity to ensure a uniform, substantially laminar flow
(e.g., aplug flow) of cells during inoculation of the one or more substrates within the elongated
bioreactor. In one or more embodiments, for example, the elongated bioreactor is filled with
cell culture media prior to flowing cells therethrough, and a substantially laminar plug flow is
implemented to insert cells therein to prevent mixing of the cells as they push the cell culture
media out of the elongated bioreactor.

[0037] Upon flowing cells into the elongated bioreactor, flow of material therethrough is
arrested or at least partially decelerated for a second period of time in order to allow at least a
portion of the cells to settle, land, and/or otherwise adhere to one or more substrates or surfaces
disposed within the elongated bioreactor. Then, at an end of the second period of time, cell
culture media is circulated through the elongated bioreactor at a progressively increasing flow
rate (i.e., gradually accelerating) for a third period of time to provide a gradual rise in shearing
forces that allow settled, landed, and/or adhered cells to maintain position on the one or more
substrates and resist shear introduced with the rising fluid velocity while promoting growth of
the settled, landed, and/or adhered cells. Indeed, by gradually increasing fluid velocity, the
disclosed embodiments prevent shearing of settled, landed, and/or adhered cells from substrates
at least by avoiding abrupt changes in fluid velocity that could result in increased separation of
cells from substrates.

[0038] As also mentioned above, the disclosed embodiments enable selective operation of
individual bioreactors within a system of bioreactors. For example, in some embodiments, a
method for producing a comestible meat product includes growing meat cells within a plurality
of elongated bioreactors (e.g., a system of pipe-based bioreactors according to one or more
disclosed embodiments) connected in parallel by circulating cell culture media through the
elongated bioreactors at one or more cultivation flow rates. Upon growing the meat cells within
the plurality of elongate bioreactors, cultured cells are selectively harvested from a first
bioreactor by closing valves to other bioreactors of the plurality and flowing fluid through the
first bioreactor at an elevated flow rate compared to the one or more cultivation flow rates.
Moreover, some embodiments include selectively sanitizing (i.e., cleaning) the first bioreactor
by closing valves to other bioreactors of the plurality and flowing sanitation fluid (e.g., steam

or cleaning solution) through the first bioreactor. In some embodiments, the sanitation fluid is



WO 2024/085898 PCT/US2022/078310

flowed in an opposite flow direction of the flow direction used during cultivation and
harvesting.

[0039] As illustrated by the foregoing discussion, the present disclosure utilizes a variety
of terms to describe features and advantages of the disclosed methods. Additional detail is now
provided regarding the meaning of such terms. For example, as used herein, the term “cells”
refers to individual cells of meat. In particular, cells may comprise different cell types, such as
one or more of muscle-derived cells, muscle progenitor cells, satellite cells, stem cells,
myoblasts, mesangioblasts, myofibroblasts, ectoderm lineage cells, endoderm lineage cells,
mesoderm lineage cells, mesenchymal stem cells, hepatocytes, fibroblasts, pericytes,
adipocytes, epithelial, chondrocytes, osteoblasts, osteoclasts, pluripotent cells, somatic stem
cells, endothelial cells, or other similar cell types. Furthermore, cells may comprise different
types of progenitor cells, including myogenic progenitors, adipogenic progenitors,
mesenchymal progenitors (e.g., mesenchymal progeny cells), or other types of progenitor cells.
[0040] The animal cells can be primary cells and/or cell lines. The methods provided herein
are applicable to any metazoan cell in culture. Generally, the animal cells are from any
metazoan species whose tissues are suitable for dietary consumption and demonstrate the
capacity for skeletal muscle tissue specification. In some embodiments, the animal cells are
derived from any non-human animal species intended for human or non-human dietary
consumption (e.g., cells of avian, ovine, caprine, porcine, bovine, or piscine origin) (e.g., cells
of livestock, poultry, avian, game, or aquatic species).

[0041] Additionally, in one or more embodiments, the animal cells are from livestock such
as domestic cattle, pigs, sheep, goats, camels, water buffalo, rabbits, and the like. In addition,
or in the alternative, in some embodiments, the animal cells are from poultry such as domestic
chicken, turkeys, ducks, geese, pigeons, and the like. Further, in one or more embodiments, the
animal cells are from game species such as wild deer, gallinaceous fowl, waterfowl, hare, and
the like. The animal cells can also be cells from aquatic species or semi-aquatic species
harvested commercially from wild fisheries or aquaculture operations, or for sport, including
certain fish, crustaceans, mollusks, cephalopods, cetaceans, crocodilians, turtles, frogs, and the
like. Additionally, in one or more embodiments, the animal cells are from exotic, conserved or
extinct animal species. In some embodiments, the animal cells are from Gallus, Gallus
domesticus, Bos taurus, Sous scrofa, Meleagris gallopavo, Anas platyrynchos, Salmo salar,
Thunnus thynnus, Ovis aries, Coturnix, Capra aegagrus hircus, or Homarus americanus.
[0042] In some embodiments, the animal cells are modifiable by a genetic switch to induce

rapid and efficient conversion of the cells to skeletal muscle for cultured production.
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Additionally, in one or more embodiments, the animal cells are myogenic cells, destined to
become muscle, or muscle-like cells. In some embodiments, the myogenic cells are natively
myogenic, e.g., myoblasts. Natively myogenic cells include, but are not limited to,
mesenchymal progeny, myoblasts, myocytes, satellite cells, side population cells, muscle
derived stem cells, mesenchymal stem cells, myogenic pericytes, or mesoangioblasts.

[0043] Further, in some embodiments, the animal cells are of the skeletal muscle lineage.
Cells of the skeletal muscle lineage include myoblasts, myocytes, and skeletal muscle
progenitor cells, also called myogenic progenitors that include satellite cells, side population
cells, muscle derived stem cells, mesenchymal stem cells, mesenchymal progeny, myogenic
pericytes, and mesoangioblasts. Additionally, in one or more embodiments, the animal cells
are non-myogenic, and such non-myogenic cells can be programmed to be myogenic, for
example, the cells may comprise fibroblasts modified to express one or more myogenic
transcription factors. In exemplary embodiments, the myogenic transcription factors include
MYODI1, MYOG, MYF5, MYF6, PAX3, PAX7, paralogs, orthologs, and genetic variants
thereof. In some embodiments, the cells are modified to express one or more myogenic
transcription factors as described in a PCT publication, WO/2015/066377, incorporated by
reference herein in its entirety.

[0044] In some embodiments, the animal cells include a mixture of one or more cell
populations described herein. For example, the animal cells can include a mixture of fibrogenic
cells and myogenic cells in co-culture. In another example, the animal cells can include a
mixture of fibroblasts and myoblasts in co-culture. In some embodiments, the animal cells used
for the production of comestible cell-based food products for consumption are a mixture of
fibroblasts and myoblasts in a suspension co-culture. In some embodiments the animal cells
used for the production of comestible cell-based food products for consumption are a mixture
of fibroblasts and myoblasts in an adherent co-culture. In some embodiments, the co-culture
can further comprise adipocytes.

[0045] In some embodiments, the animal cells are genetically modified to inhibit a
pathway, e.g., the HIPPO signaling pathway. Exemplary methods to inhibit the HIPPO
signaling pathway as described in a PCT Application No. PCT/US2018/031276, incorporated
by reference herein in its entirety. Further, in one or more embodiments, the cells are modified
to express telomerase reverse transcriptase (TERT) and/or inhibit cyclin-dependent kinase
inhibitors (CKI). Additionally, in some embodiments, the cells are modified to express TERT
and/or inhibit cyclin-dependent kinase inhibitors as described in a PCT publication, WO
2017/124100, incorporated by reference herein in its entirety.
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[0046] Additionally, in one or more embodiments, the animal cells are modified to express
glutamine synthetase (GS), insulin-like growth factor (IGF), and/or albumin. Exemplary
methods of modifying cells to express GS, IGF, and/or albumin are described in a PCT
Application No. PCT/US2018/042187 which is incorporated by reference herein in its entirety.
[0047] Additionally, it will be appreciated that the animal cells can comprise any
combination of the modifications described herein. Similarly, in one or more embodiments, the
animal cells can include a combination of the various cell types described herein.

[0048] As used herein, the term “suspension cells” (or “suspension”) refers to cells growing
in an at least partially liquid growth medium in which cells grow, multiply, and/or maintain
nourishment. In particular, a suspension includes an agitated growth medium that is housed in
a container in which single cells or small aggregates of cells grow, multiply, and/or maintain
nourishment from the nutrients of the agitated growth medium. Cells grown in suspension are
not attached to a substrate and therefore differ from a conventional adherent culture. As used
herein, the term “suspension culture” or “cell suspension culture” refers to a type of culture in
which single cells or small aggregates of cells are cultured as non-adherent cells or aggregates
of cells.

[0049] As used herein, the term “adherent cells” refers to a mass comprising cells of meat.
In particular, adherent cells can refer to cellular tissue of cultured meat gathered into a
collective mass, including via growth on a substrate. In some embodiments, the cell mass is
comestible. Additionally, adherent cells can include cells grown on a substrate that have been
nourished by a growth medium to grow during a formation period. Adherent cells may
comprise different cell types, such as one or more of muscle-derived cells, muscle progenitor
cells, satellite cells, stem cells, myoblasts, mesangioblasts, myofibroblasts, mesenchymal
progeny, mesenchymal stem cells, hepatocytes, fibroblasts, pericytes, adipocytes, epithelial,
chondrocytes, osteoblasts, osteoclasts, pluripotent cells, somatic stem cells, endothelial cells,
or other similar cell types. For example, adherent cells can include a cell sheet of cultured meat
growing within an enclosure, such as a chamber, housing, container, etc.

EEINA3

[0050] As used herein, the phrases “cell-based meat composition,” “cell-based meat,”

ERIN43 EEINS

slaughter-free cell-based meat,” “in vitro produced meat,

M

“slaughter-free meat, in vitro
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cell-based meat,” “cultured meat,” “cultivated meat,” “slaughter-free cultured meat,” “in vitro

produced cultured meat,” “in vitro meat,” “in vitro cultured meat” and other similar such
phrases are interchangeably used herein, and refer to the meat that is generated in vitro, starting
with cells in culture, and that method which does not involve the slaughter of an animal in

order to directly obtain meat from that animal for dietary consumption.
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[0051] As used herein, the term “substrate” refers to a material on which cells attach or
grow. In particular, a substrate includes a material to which cells adhere and upon which cells
form a cellular tissue. Accordingly, a substrate can support or promote cell adhesion, cell
differentiation, and/or growth of cells to form a cell mass—namely, a comestible meat product.
For example, a steel substrate or other substrate can be positioned to receive loaded cell culture
media as part of a seeding process inside a bioreactor. Once the cell mass grows to a
predetermined size or for a predetermined duration, in some embodiments, the cell mass is
harvested from the substrate. The substrate can include a variety of bio-compatible materials,
such as a metal material, polymer material, organic, or biologic scaffold. The substrate may be
porous, have pores of variable size, or otherwise have features that permit at least some
components of steam, cleaner, and/or culture media to permeate from one side of a substrate to
another side of the substrate. Furthermore, substrate surfaces may be solid, with a variety of
surface finishes or textures, including but not limited to electro-polished, electro-plated,
sanded, bead-blasted, or etched surface finishes.

[0052] As used herein, the term “bioreactor,” used interchangeably with the term
“cultivator” refers to an apparatus in which cells are seeded, cultivated, and grown to form a
cellular tissue of the cell-based meat product. As mentioned above, for instance, one or more
substrates for supporting and promoting cell adhesion, cell differentiation, and/or cell growth
can be disposed within a cavity or chamber of a bioreactor or cultivator. Bioreactors or
cultivators are often part of a closed system for producing cells in a sterile environment.
Moreover, the pipe-based bioreactors disclosed herein may optionally be referred to as tissue
cultivators, pipe-based cultivators, tissue bioreactors, and so forth.

[0053] Additional detail will now be provided in relation to illustrative figures portraying
example embodiments and implementation of the disclosed methods, apparatuses, and systems.
For example, FIG. 1 illustrates a pipe-based bioreactor 100 according to one or more
embodiments. As illustrated, the pipe-based bioreactor 100 comprises an elongated enclosure
102 (i.e., a pipe) with a plurality of substrates 104 disposed therein. As mentioned previously,
the elongated enclosure 102 of the pipe-based bioreactor enables increased fluid velocities and
improved flow control (e.g., as discussed in greater detail below in relation to FIG. 13).
[0054] As described herein, elongated enclosures can include various shapes and sizes
configured to allow for passage of fluid therethrough at relatively high fluid velocities. For
example, in some embodiments, the elongated enclosure of a pipe-based bioreactor comprises
a cylinder with a relatively small ratio of diameter to length. For example, in one or more

embodiments, an elongated bioreactor or pipe-based bioreactor has a diameter-to-length ratio
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of at least 1:2. More specifically, in one or more embodiments, an elongated bioreactor or pipe-
based bioreactor has a diameter-to-length ratio between 1:2 and 1:100, between 1:3 and 1:80,
between 1:4 and 1:60, between 1:5 and 1:50, between 1:5 and 1:40, between 1:5 and 1:20, or
between 1:5 and 1:10.

[0055] For instance, in one or more embodiments, the elongated enclosure comprises a
diameter between 4 inches and 16 inches and a length between 4 feet and 40 feet. For instance,
in one or more embodiments, the elongated enclosure comprises a pipe with an outer diameter
of approximately 4 inches and a length of approximately 8 to 20 feet. In alternative
embodiments, the elongated enclosure comprises a pipe with an outer diameter of
approximately 8 inches and a length of approximately 10 to 20 feet. In particular, in one or
more embodiments the elongated enclosure comprises a pipe with an outer diameter of 4 inches
and a length of 10 feet or an outer diameter of 8 inches and a length of 20 feet.

[0056] As shown in FIG. 1, the plurality of substrates 104 are arranged to conform to an
interior profile of the elongated enclosure 102, as secured by multiple clamps or template rings
108. In some embodiments, the clamps or template rings 108 also secure the substrates 104 at
a desired spacing relative to one another to allow for cell growth between substrates. The
substrates 104 and/or the clamps/rings 108 can include a variety of bio-compatible materials,
such as a metal material, polymer material, organic, or biologic material. In one or more
embodiments, the substrates 104 disposed within the elongated enclosure 102 are nominally
spaced to provide for growth of meat cells therebetween. For example, in some embodiments,
substrates are spaced apart by a distance between 0.5Smm and 10mm. In some embodiments,
the spacing between substrates is between 1mm and Smm. In at least one embodiment, the
spacing between substrates is approximately 2.5mm.

[0057] Also, the pipe-based bioreactor 100 may include a hygienic (i.e., aseptic) ball
housing 110 with clamp 112 providing access to the plurality of substrates 104 within the
elongated enclosure 102. In some embodiments, clamp 112 and/or ball housing 110 also
include a transparent piece of material for viewing (i.e., monitoring) the interior of the
elongated enclosure 102,

[0058] As shown, the elongated enclosure 102 is connected to a fluid source at each end
via process connections 114, through which fluid flow direction may be varied as needed. In
addition, a valve 116 is secured to the pipe-based bioreactor 100 to provide for adjustment of
flow rates within the elongated enclosure 102. In alternative embodiments, additional and/or
alternative types of valves, other than those illustrated, are implemented for adjustment of flow

rates within the elongated enclosure 102.

11



WO 2024/085898 PCT/US2022/078310

[0059] Furthermore, FIG. 2 illustrates an expanded view of the plurality of substrates 104
of the pipe-based bioreactor 100 of FIG. 1. In the embodiment shown, the plurality of substrates
104 comprises a series of planar substrates, stacked in parallel and separated from one another
to allow for adherence and growth of cells on one or both planar surfaces of each substrate. As
shown, the planar substrates of the plurality of substrates 104 comprise various widths to
maximize the use of space within the elongated enclosure 102 (see FIG. 1). More specifically,
the planar substrates have a relatively small width near the top and bottom of the elongated
enclosure 102 and increase in width as they approach the center of the elongated enclosure 102
in a vertical direction along the profile thereof. For instance, in one or more embodiments, the
planar substrate proximate to the center of the elongated enclosure 102 has a width
approximately the same as the interior diameter thereof, whereas the planar substrates
proximate to the top and bottom of the elongated enclosure have widths approximately one
third of the interior diameter of the elongated enclosure 102. As also shown, each planar
substrate increases in width as they approach the planar substrate proximate the center, such
that the plurality of substrates conforms to the interior profile of the elongated enclosure 102.
[0060] As shown by FIGS. 1-2, the pipe-based bioreactor 100 can include a plurality of
substrates 104 that are stacked vertically. In one or more implementations, the substrates have
varying widths. For example, in one or more implementations, at least 50 percent of the
substrates have a unique width (e.g., a width that differs from the widths of the other substrates).
In alternative implementations, each of the substrates has a unique width. In still further
embodiments, pairs of substrates have the same width that is unique from other pairs of
substrates. In such implementations, a pair of substrates comprise substrates that are equally
spaced from the center of the pipe-based bioreactor 100.

[0061] In one or more embodiments, the center substrate(s) have a width greater than the
other substrates. For example, the center substrate can comprise a single substrate positioned
at the center of the pipe-based bioreactor 100. Alternatively, the center substrates can comprise
a pair of substrates that are nearest to the center of the pipe-based bioreactor 100 and are equally
distant from the center (e.g., longitudinal axis) of the pipe-based bioreactor 100. In other words,
the center substrate(s) have the largest width. The substrates have widths that decrease as the
substrates move away from the center of the pipe-based bioreactor 100. In this manner, the
substrate(s) farthest from the center of the pipe-based bioreactor 100 have the smallest width.
In one or more implementations, each substrate on a first side of the center substrate(s) has a
unique width. Similarly, each substrate on an opposing side (e.g., a second side) of the center

substrate(s) has a unique width. In such implementations, the plurality of substrates 104
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comprises pairs of substrates with the same width (e.g., a substrate on one side of the center of
the pipe-based bioreactor 100 and a corresponding substrate on an opposing side of the center
of the pipe-based bioreactor 100).

[0062] In one or more implementations, the pipe-based bioreactor 100 comprises between
6 and 50 substrates. More particularly, in one or more implementations the pipe-based
bioreactor 100 comprises between 10 and 40 substrates or between 20 and 30 substrates. For
example, FIG. 2 illustrates an implementation of a pipe-based bioreactor 100 with 24 plates.
One will appreciate in light of the disclosure herein that the total number of substrates is
dictated by the diameter of the pipe-based bioreactor 100 and the spacing between adjacent
substrates. The exemplary embodiment of FIG. 2, the pipe-based bioreactor 100 comprises an
even number of substrates. In alternative implementation, the pipe-based bioreactor 100
comprises an odd number of substrates.

[0063] In the embodiment shown in FIG. 2, the pipe-based bioreactor 100 comprises
substrates with 12 unique widths. More particularly, the pipe-based bioreactor 100 comprises
12 pairs of substates, where each pair of substrates comprises a different width than each other
pair of substrates. In one or more alternative implementations, the pipe-based bioreactor 100
comprises substrates with at least 3 unique widths. In alternative implementations, the pipe-
based bioreactor 100 comprises substrates with at least 5, 10, 15, 20, or 25 unique widths. In
one or more implementations, the pipe-based bioreactor 100 comprises substrates with between
3 and 20 unique widths.

[0064] As shown by FIG. 2, in one or more implementations, the pipe-based bioreactor 100
comprises a plurality of stacked substrates with offset edges. For example, in one or more
embodiments, each substrate of the pipe-based bioreactor 100 terminates at a different point
than immediately adjacent substrate(s). In other words, each substrate of the pipe-based
bioreactor 100 comprises a width that differs than each immediately adjacent substrate(s).
[0065] FIGS. 1-2 also illustrate that in one or more embodiments the pipe-based bioreactor
100 comprises a plurality of planar substrates housed within a curved or circular elongated
enclosure 102. Furthermore, in one or more implementations, each planar substrate extends
along an entire length of the elongated enclosure 102. In alternative implementations, each
planar substrate extends between 90 and 100 percent of the length of the elongated enclosure
102. In still further implementations, each planar substrate extends between 95 and 100 percent
of the length of the elongated enclosure 102.

[0066] Moreover, while the plurality of substrates 104 of FIGS. 1-2 comprise one

configuration of horizontally arranged planar substrates, embodiments of the present disclosure
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include various configurations of nominally spaced substrates conforming to the interior of an
elongated enclosure, such as but not limited to vertically arranged planar substrates, a
honeycomb lattice, one or more spiral substrates, a plurality of concentric circular substrates,
a packed tube, an empty tube, packed rods, or corrugated sheets.

[0067] FIG. 3 illustrates an embodiment of a pipe-based bioreactor 300 implementing
additional features useful in the preparation of cell-based meat products. For instance, sight
glasses 306 are secured to each end of elongated enclosure 302 to enable monitoring of cell
adherence, cell growth, cell harvesting, and cleaning of the pipe-based bioreactor 300. The
sight glasses can comprise a clear material (glass, borosilicate glass, polycarbonate, etc.) that
allows for viewing of the interior of the pipe-based bioreactor 300. As shown in FIG. 3, some
embodiments include sight glasses 306 that encircle the entire circumference of the elongated
enclosure 302. Alternative embodiments include sight glasses that only cover a portion of the
circumference of the elongated enclosure, such as but not limited to a square, rectangular, or
circular sight glass. Also, some embodiments include additional sight glasses to enable
monitoring of the interior of the pipe-based bioreactor at various locations. For example, in one
or more embodiments, the sight glass extends along an entire length of the elongated enclosure
302 of the pipe-based bioreactor 300.

[0068] In some embodiments, additional or alternative means are provided for monitoring
the contents of the pipe-based bioreactor. For example, a variety of sensor can be implemented
to measure and/or monitor temperature, PH-levels, internal pressure, and so forth. Furthermore,
the pipe-based bioreactor design ensures that measurements taken at one position within the
bioreactor are relatively consistent with other positions within the bioreactor, compared to
conventional systems having significantly larger internal volumes. Accordingly, in one or more
implementations, single measurements can be taken within a pipe-based bioreactor that
represent the whole interior of the bioreactor with an increased level of accuracy.

[0069] Moreover, the pipe-based bioreactor 300 includes plumbing reducers 304 at each
end of the elongated enclosure 302. As mentioned previously, the disclosed embodiments of
pipe-based bioreactors enable increased fluid velocities and improved flow control by virtue of
the pipe-based design. Various configurations of plumbing can be used to regulate fluid flow
with embodiments of the pipe-based bioreactor, such as but not limited to the illustrated
plumbing reducers 304. For example, in one or more embodiments, offset or eccentric
plumbing at opposing ends of the pipe-based bioreactor (i.e., inlets and outlets) to prevent (or
reduce) pooling of fluid at either end thereof, such as described below in relation to FIG. 8 and

as shown in FIGS. 8, 14-17, and 20.
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[0070] Additionally, in some embodiments, offset or eccentric plumbing enables the pipe-
based bioreactor to be fully drained of fluid during each process of meat product production.
For example, such plumbing allows condensate to leave the pipe-based bioreactor during
steaming in place (and cleaning in place) and allows gas bubbles to escape upward and out of
the pipe-based bioreactor, thus preventing dead zones (areas with limited cell growth) within
the pipe-based bioreactor.

[0071] FIG. 4 illustrates a cross sectional view of an embodiment of a pipe-based
bioreactor 400 implementing a plurality of planar substrates 402 conforming to an interior
profile of an elongated enclosure (enclosure not pictured due to the viewing angle). As shown
by FIG. 4, the pipe-based bioreactor 400 can comprise a circular cross section. In alternative
implementations, the pipe-based bioreactor 400 comprises an elliptical, triangular, square,
rectangular, rectangular with rounded edges, hexagonal, octagonal, or other shaped cross
section.

[0072] The pipe-based bioreactor is securable to a system via a tri-clamp gasket 408, or
other means operable to secure pipes together in a closed system. As shown, the plurality of
planar substrates 402 are secured in place by one or more retaining rings 404 comprised of
Teflon or another suitable material, such as but not limited to silicone, rubber, or plastic. In
alternative embodiments, the retaining rings 404 are not included.

[0073] In addition, the plurality of planar substrates 402 are spaced apart by strips 406
comprised of silicone or another suitable material, such as but not limited to Teflon, rubber, or
plastic. In alternative embodiments the plurality of planar substrates 402 are spaced apart by
indentations, grooves, ridges, or protrusions in the substrates themselves, such as but not
limited to the configuration discussed below in relation to FIG. 5A. The spacing between layers
of the plurality of planar substrates 402 is thus maintained to create space for adhered cells to
grow on each substrate during the cultivation process. In some embodiments, for example, the
planar substrates 402 are spaced apart from one another by a gap between 0.005 and 0.025
inches. For instance, in one or more embodiments the planar substrates 402 are spaced apart
by a spacing distance of between 0.01 and 1.0 inches, between 0.05 and 0.5 inches, between
0.07 inches and 0.15 inches. In particular, in one or more embodiments the spacing distance
comprises 0.100 inches or 0.125 inches.

[0074] As mentioned above, embodiments of the pipe-based bioreactor include various
configurations of substrates conforming to the inside of an elongated enclosure. For example,
FIGS. 5A through 5E illustrate cross sectional views of pipe-based bioreactors 500a through

500e, respectively, implementing various exemplary alternative configurations of substrates.
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Various alternative embodiments include configurations of substrates not shown herein, such
as but not limited to a packed tube, an empty tube, packed rods, or corrugated sheets.

[0075] As shown in FIG. 5A, the pipe-based bioreactor 500a includes a plurality of
substantially planar substrates 502 in a stacked configuration within an enclosure 504. As
illustrated, each substrate of the plurality of substrates 502 is separated by indents or ridges 506
in the substrates themselves, thus eliminating the necessity of spacers, adhesive strips, and/or
retaining rings for maintaining the spacing between substrates. Such substrates that include
indents or ridges are considered substantially planar substrates. In one or more embodiments,
for example, each indent or ridge 506 comprises a bend (i.e., a protrusion) of the substrate plate
protruding to contact each neighboring plate, thus forming a gap (e.g., a spacing distance)
between adjacent substrates. As shown, each of the plurality of substrates 502 includes three
bends/protrusions to secure the distance between substrate plates and reduce bending of the
substrate plates under load. Alternative embodiments include more or fewer bends/protrusions
than shown in FIG. 5A.

[0076] As shown in FIG. 5B, the pipe-based bioreactor 500b includes a honeycomb lattice
512 of substrate material conforming to the interior of an elongated enclosure 514. For
example, each pod of the honeycomb lattice 512 comprises a hexagon cross section extending
into the elongated enclosure 514 of pipe-based bioreactor 500b (i.e., into the page as
illustrated), with sufficient pods to fill the interior profile thereof. In alternative embodiments,
the honeycomb lattice comprises pods of various profiles, such as but not limited to a circle,
square, pentagon, and so forth.

[0077] As illustrated, each pod of the honeycomb lattice 512 provides an area to which
cells can adhere and grow while allowing for fluid to pass therethrough. Indeed, various of
different configurations of substrates conforming to the interior of a pipe-based bioreactor can
be implemented to produce cell-based meat products according to the present disclosure.
[0078] As shown in FIG. 5C, the pipe-based bioreactor 500c includes a spiral substrate 522
conforming to the interior of an elongated enclosure 524. As illustrated, the spiral substrate 522
originates at and is secured to a cylinder 526 proximate a central axis of the elongated enclosure
524. Alternatively, in one or more embodiments, the spiral substrate 522 is secured to and/or
originates at an interior surface of the elongated enclosure 524. Also, while not shown in FIG.
5C, the spiral substrate 522 can be secured within the pipe-based bioreactor 500c by alternative
or additional structures, such as but not limited to a mesh, a lattice, or individual elements

between adjacent surfaces of the spiral substrate 522.
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[0079] As shown in FIG. 5D the pipe-based bioreactor 500d includes multiple leafed spiral
substrates 532 conforming to the interior of an elongated enclosure 534. As illustrated, each
spiral substrate 532 originates at and is secured to a cylinder 536 proximate a central axis of
the elongated enclosure 534. Alternatively, in one or more embodiments, one or more of the
spiral substrates 532 is secured to and/or originates at an interior surface of the elongated
enclosure 534. Also, while not shown in FIG. 5D, each of the spiral substrates 532 can be
secured within the pipe-based bioreactor 500d by alternative or additional structures, such as
but not limited to a mesh, a lattice, or individual elements between adjacent surfaces of the
spiral substrates 532.

[0080] Moreover, while the pipe-based bioreactors 500c¢ and 500d are shown having
respective cylinders 526 and 536 proximate a central axis thereof, embodiments can omit such
an element or include alternative elements, such as but not limited to a solid bar or wire or a
protruded square or other profile shape.

[0081] As shown in FIG. 5E, the pipe-based bioreactor 500e includes a plurality of
substrates comprising nominally spaced concentric rings 542 that conform to the interior of an
elongated enclosure 544. As illustrated the concentric rings 542 are secured within the
elongated enclosure 544 by a mesh interlock 546 that maintains gaps between adjacent
concentric rings 542. Alternatively, or additionally, the concentric rings 542 can be secured
utilizing individual elements between adjacent concentric rings 542. In one or more
implementations, each the pipe-based bioreactor 100 comprise two mesh interlocks 546 (one
at an end of the pipe-based bioreactor 100 and one at an opposing end of the pipe-based
bioreactor 100). Alternatively, the pipe-based bioreactor 100 comprises more than two mesh
interlocks 546. For example, the pipe-based bioreactor 100 comprises three mesh interlocks
546 (one at each end of the pipe-based bioreactor 100and one at the middle of the pipe-based
bioreactor 100). In still further implementations, the pipe-based bioreactor 100 comprises a
plurality of equally spaced mesh interlocks 546.

[0082] As mentioned previously, in some embodiments, pipe-based bioreactors and/or the
substrates disposed therein are rotatable to allow for cells to be seeded to opposing sides of the
substrates. For example, FIG. 6 illustrates a cross sectional view of a pipe-based bioreactor 600
implementing rotatable substrates 602 within an elongated enclosure 604. As shown, the
substrates 602 are secured to a ferrous or magnetic coupling 608 within the elongated enclosure
604, the coupling 608 itself being rotatable within the enclosure 604. An external electromagnet
606 is implemented to rotate the ferrous or magnetic coupling 608 within the elongated

enclosure 604, thus also rotating the substrates 602 without opening the enclosure 604.

17



WO 2024/085898 PCT/US2022/078310

[0083] In alternative embodiments, substrates disposed within a pipe-based bioreactor are
rotatable without the use of a magnetic apparatus. For example, in one or more embodiments,
substrates are secured to a rotatable coupling within an elongated enclosure of a pipe-based
bioreactor, the rotatable coupling having one or more handles or flanges protruding outside of
the enclosure to allow for a machine or operator to rotate the rotatable coupling from without.
Alternatively, a remote motor can be implemented within the closed system of the pipe-based
bioreactor to enable rotation of the rotatable coupling while maintaining a closed, sterile system
within the elongated enclosure.

[0084] Accordingly, with the pipe-based bioreactor 600 secured to a fluid source via a tri-
clamp 610 (or other available connection hardware), cells can be injected into the elongated
enclosure 604 with the substrates 602 in a first planar position to allow for the cells to adhere
to a top side of the substrates 602. Then, utilizing the external electromagnet 606, the substrates
602 are rotated 180 degrees before seeding the opposite sides thereof with cells. Thus, the
substrates 602 can be seeded on both sides to effectively double the amount of cell production
in the pipe-based bioreactor 600. In addition, the substrates 602 can be rotated during or prior
to other cultivation, harvesting, or cleaning processes when repositioning of the substrates 602
is advantageous.

[0085] Alternatively, in some embodiments, the elongated enclosure of the pipe-based
bioreactor can be rotated (as opposed to rotating the interior substrates with the enclosure fixed)
to allow for seeding of planar substrates on both sides. For example, FIG. 7 illustrates a pipe-
based bioreactor 700 secured to a fluid source via a rotary fluid coupling 706 (i.e., a mechanical
coupling) having fluid connections 708. The pipe-based bioreactor 700 comprises multiple
planar substrates 702 fixedly secured within an elongated enclosure 704, such that rotation of
the planar substrates requires rotation of the elongated enclosure 704.

[0086] As an alternative to rotation, or as a further supplementation to disperse seeding,
porous substrates and/or agitated flow may be used to further facilitate seeding on opposing
sides of a substrate. In some embodiments, the substrates are oriented vertically within the
pipe-based bioreactor to allow seeding on both sides, the substrates remaining vertical or
returning to horizontal during growth, harvest, and cleaning. Alternatively or additionally, cells
flowed into a pipe-based bioreactor for seeding can be configured to float rather than settle
(i.e., reduced in density relative to an ambient fluid), such that the floating cells can rise and
adhere to an underside of a substrate.

[0087] As shown, the pipe-based bioreactor 700 is rotatable by virtue of the rotary fluid

coupling 706 having fluid inlets 708. In other embodiments, alternative rotatable couplings can
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be used, such as coupling having ball bearings or other means of controlled rotation.
Accordingly, cells can be injected from a connected fluid source into the elongated enclosure
704 with the enclosure positioned such that the substrates 702 are in a first planar position to
allow for the cells to adhere to a top side of the substrates 702. Then, utilizing the rotary fluid
coupling 706 (or other rotatable coupling) to rotate the elongated enclosure 704, the substrates
702 are rotated 180 degrees before seeding the opposite sides thereof with cells. Thus, the
substrates 702 can be seeded on both sides to effectively double the amount of cell production
in the pipe-based bioreactor 700. In addition, the elongated enclosure 704 can be rotated during
or prior to other cultivation, harvesting, or cleaning processes when repositioning of the
substrates 702 is advantageous.

[0088] In some embodiments, a pipe-based bioreactor and/or the one or more substrates
disposed therein are continuously rotatable. For instance, in some implementations, the pipe-
based bioreactor can be rotated continuously at a relatively slow rate to allow cells to settle and
adhere on surfaces of the one or more substrates within the pipe-based bioreactor. For example,
in embodiments comprising non-planar substrates (e.g., spiral or circular substrates such as
illustrated in FIGS. 5C-5E), the pipe-based bioreactor can be rotated continuously to allow
cells to settle and adhere to curved surfaces within the pipe-based bioreactor.

[0089] Furthermore, in some embodiments, the pipe-based bioreactor is mounted at an
incline relative to the ground to take advantage of gravitational forces during certain processes
in the preparation of cell-based meat products. For example, FIG. 8 illustrates a pipe-based
bioreactor 800 with multiple planar substrates 802 disposed within an elongated enclosure 804
mounted at an angle 0 relative to the ground. In one or more embodiments, the angle 6 is
between 1 degree and 89 degrees. In other words, the angle 0 is not parallel or perpendicular
to a horizontal plane. In some embodiments, for example, the angle © is between 1 and 45
degrees, between 5 and 25 degrees, or between 5 and 15 degrees. For instance, in one or more
embodiments, the angle 6 of the pipe-based bioreactor 800 is approximately 10 degrees relative
to a horizontal plane. In some implementations, a ground surface supporting the pipe-based
bioreactor represents the horizontal plane.

[0090] Indeed, with the pipe-based bioreactor 800 at an incline, accumulation of steam
condensation (i.e., pooling) is reduced during steaming for sanitation in a flow direction from
right to left, when referencing FIG. 8, and accumulation of gas bubbles during cultivation is
reduced in a flow direction from left to right, when referencing FIG. 8. As further illustrated,

the pipe-based bioreactor 800 comprises offset inlets/outlets 808. As shown, the offset
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inlets/outlets 808 prevent collection (i.e., pooling) of fluid or gas bubbles at the respective entry
and exit of the elongated enclosure 804.

[0091] In one or more embodiments, a pipe-based bioreactor and/or the substrates disposed
therein are rotated continuously during cell growth. Continuous rotation advantageously
provides regular, repeating variations in gravitational forces experienced by adhered cells
during growth and differentiation. In some implementations, during continuous rotation, the
flow of fluid may be adjusted such that the interior of the pipe-based bioreactor is only partially
filled with liquid. In other words, continuous rotation may be paired with a flow rate of cell
culture media that only partially fills the pipe-based reactor at any given time, wherein the
adhered cells cycle between a submerged, liquid environment and an exposed, gaseous
environment (e.g., air). In some examples, the pipe-based reactor is filled between about 10
and 90 percent, between about 20 and 80 percent, between about 30 and 70 percent, between
about 40 and 60 percent, or at about 50 percent. In some embodiments, the angle of incline of
a pipe-based bioreactor is selectively adjustable, such that the pipe-based bioreactor can be
tilted at various angles relative to a ground surface during various procedures. In some
instances, an angle of the pipe-based reactor is set relatively horizontal to a ground surface to
provide a relatively consistent submerge cycle across a length of the pipe-based reactor. For
example, a relatively horizontal angle ensures that the partially filled bioreactor has sufficient
liquid on a higher end thereof. In one example, the relatively horizontal angle from a ground
surface is between about 1 and 5 degrees, between about 1 and 4 degrees, between about 1 and
3 degrees, or between about 1 and 2 degrees. With the pipe-based bioreactor partially filled,
continuously rotated, and minimally angled, the cells therein may beneficially experience
variations in fluid exposure and gravitational forces in a regular repeating pattern, thus
providing regular and tolerable stress to the cells to promote robust tissue formation during
cultivation of cells. Additionally, providing variable conditions for adherent cells in terms of
regular submerge cycles and regular oscillations in gravity facilitate robust cell growth that is
better able to differentiate into tissue with strong connections to neighboring cells and is more
resistant to oxidative stress.

[0092] In some embodiments, a plurality of pipe-based bioreactors is interconnected, such
as but not limited to in series or in parallel, to a fluid source to enable increased production of
cell-based meat products. For example, FIG. 9 illustrates a bioreactor system 900 of pipe-based
bioreactors 902 connected in parallel to a fluid source via process connections 908, 910. While
the bioreactor system 900 is shown having five pipe-based bioreactors in parallel, other

embodiments can include additional or fewer pipe-based bioreactors and can include pipe-
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based bioreactors in parallel, side-by-side, in series (i.e., connected axially for increased overall
length), or any combination thereof. As shown, each pipe-based bioreactor 902 is optionally
secured to process connection 910 with a hygienic (aseptic) ball housing 906. Alternative
hardware for connection of the pipe-based bioreactors to a fluid source and to one another are
also anticipated within the scope of this disclosure.

[0093] With the pipe-based bioreactors 902 arranged in an interconnected system, the
bioreactor system 900 is upscaled with relatively low cost and effort compared to other
methods for expansion. For example, to increase the size of a single pipe-based bioreactor (i.e.,
by increasing the length and/or diameter of the elongated enclosure) can result in increased
cost of materials, as well as a necessity for larger pumps in order to achieve similar flow rates
and flow distributions within the enlarged enclosures. In contrast, interconnecting the pipe-
based bioreactors 902 enables nearly unlimited upscaling/expansion of the bioreactor system
900 without detrimental effects to operable flow rates and/or flow distributions within each
pipe-based bioreactor 902. For instance, in some embodiments, a single build specification for
a pipe-based bioreactor is used to construct a system of virtually any number of pipe-based
bioreactors without the need to design or implement additional customized parts.

[0094] As also shown in FIG. 9, a pneumatic butterfly valve 912 is secured at a second end
of each pipe-based bioreactor 902 for flow control and/or shutoff. While not shown in FIG. 9,
some embodiments include additional valves for selective opening and shutting of each pipe-
based reactor 902 in the system 900. Indeed, another advantage of the foregoing configuration
of pipe-based bioreactors 902 connected in parallel is the ability to close off one or more of the
pipe-based bioreactors 902 from the fluid source while flowing fluid through one or more
opened pipe-based bioreactors 902. Thus, one or more pipe-based bioreactors 902 can be
operated at a time, allowing for further increased flow rates and flow control by temporarily
limiting the size of the open system.

[0095] As shown by FIG. 9, in one or more implementations, a system for growing meat
cells to form a comestible cell-based meat product comprises a plurality of elongated
bioreactors 902 where each bioreactor has a diameter of less than 20 inches. In alternative
implementations, a system for growing meat cells to form a comestible cell-based meat product
comprises a plurality of elongated bioreactors 902 where each bioreactor has a diameter of less
than 25, 15, 12, 10, or 8 inches.

[0096] In one or more implementations, a system for growing meat cells to form a
comestible cell-based meat product comprises a plurality of elongated bioreactors 902 where

each bioreactor has a diameter-to-length ratio of at least 1:2. More specifically, in one or more
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embodiments, a system for growing meat cells to form a comestible cell-based meat product
comprises a plurality of elongated bioreactors 902 where each bioreactor has a diameter-to-
length ratio between 1:2 and 1:100, between 1:3 and 1:80, between 1:4 and 1:60, between 1:5
and 1:50, between 1:5 and 1:40, between 1:5 and 1:20, or between 1:5 and 1:10.

[0097] Additionally, or alternatively, a system for growing meat cells to form a comestible
cell-based meat product comprises a plurality of elongated bioreactors 902 each comprising a
plurality of planar substrates configured to grow cells where each substrate, or pair of
substrates, has a unique width.

[0098] As mentioned previously, some embodiments include a plurality of pipe-based
bioreactors connected in series to enable increased production of cell-based meat products. For
example, FIG. 10 illustrates a bioreactor system 1000 implementing multiple pipe-based
bioreactors 1002 connected in pairs for increased length. As further illustrated, five pairs of
pipe-based bioreactors 1002 connected in series are in turn connected in parallel to a fluid
source via process connections 1012, 1014. Also, each inline pair of pipe-based bioreactors
1002 are secured by a ball housing 1016 having a viewing glass 1018 for observation and
inspection of the interior of each inline bioreactor. An additional ball housing 1008 secures
each inline pair of pipe-based bioreactors 1002 to the process connection 1014 at a first end,
and a valve 1010 is secured proximate the process connection 1012 at a second end for flow
control and/or shutoff of each inline pair of pipe-based bioreactors 1002.

[0099] Moreover, as mentioned previously, pipe-based bioreactors can be rotated to enable
seeding of meat cells on both sides of each substrate disposed therein. For example, bioreactor
system 1000 of FIG. 10 is secured to a mounting rack 1004 such that the bioreactor system
1000 can be rotated about axis 1006. Furthermore, while FIG. 10 illustrates the bioreactor
system 1000 rotatably mounted for rotation about axis 1006 (i.e., rotation about a horizontal
axis), alternative embodiments are mounted such that rotation of either the entire system or
each individual pipe-based bioreactor is operable about a vertical axis, such as described above
in relation to FIG. 7.

[0100] As mentioned previously, in some embodiments, a plurality of pipe-based
bioreactors is connected in parallel to a fluid source for preparing cell-based meat products.
For example, FIG. 11 illustrates a bioreactor system 1100 comprising a plurality of pipe-based
bioreactors 1102 connected in parallel to a fluid source 1106 (e.g., a media tank for housing
cell culture media). As shown, a plurality of valves 1104 is secured to the plurality of pipe-

based bioreactors 1102 to enable individual use of each pipe-based bioreactor 1102. For
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instance, to limit flow to only a first bioreactor of the plurality of pipe-based bioreactors 1102,
the valve 1104 of the first bioreactor is opened while the remaining valves 1104 are closed.
[0101] Also, the bioreactor system 1100 includes a pump 1110 for pumping fluid through
the bioreactor system 1100. For example, in some embodiments, meat cells are cultivated in
each pipe-based bioreactor 1102 by flowing a cell culture media 1108 therethrough in a first
flow direction (i.e., counterclockwise in FIG. 11). Indeed, in some embodiments, each pipe-
based bioreactor 1102 is seeded, cultivated, and harvested in the first flow direction. Moreover,
each pipe-based bioreactor 1102 can be sanitized, for example, by flowing steam in a second
flow direction (i.e., clockwise in FIG. 11). Further still, in some embodiments, the fluid source
1106 can be cleaned separately from the plurality of pipe-based bioreactors 1102 by closing all
the valves 1104 prior to cleaning and/or steaming the fluid source 1106. In one or more
implementations, each of the elongated bioreactors is of the plurality of pipe-based bioreactors
1102 is mounted at an incline relative to a ground surface to reduce accumulation of
condensation within the elongated bioreactor when flowing steam through the elongated
bioreactors.

[0102] Furthermore, while many of the illustrated embodiments show particular direction
of flow for each process or procedure, such flow directions can be reversed. During cultivation,
for example, the flow direction of cell culture media can be changed intermittently to ensure a
more uniform oxygen gradient within the pipe-based bioreactor (i.e., by intermittently
reversing the oxygen gradient across the pipe-based bioreactor), thus enabling use of longer
pipe-based bioreactors. In addition, harvesting can be done in either or both directions to
achieve greater separation of adhered cells. Similarly, cleaning in both directions may be
implemented to remove materials more effectively from within a pipe-based bioreactor prior
to steaming.

[0103] To further illustrate, FIG. 12 illustrates an example process for preparing comestible
cell-based meat products in accordance with one or more embodiments. More specifically, in
one or more embodiments, meat cells (i.e., adherent cells) are prepared by performing an act
1202 of arranging one or more cell culture substrates. In one or more embodiments, the cell
culture substrates comprise a permeable substrate (e.g., permeable to physiological solutions)
or an impermeable substrate (e.g., impermeable to physiological solutions). The substrate for
the adherent cells can be flat, concave, or convex. Additionally, the substrate for the adherent
cells can be textured so as to promote cell growth. In particular, act 1202 can involve placing

a plurality of elongated substrates within an elongated enclosure of a pipe-based reactor.
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[0104] Further, as shown in FIG. 12, the adherent cells can be prepared by performing an
act 1204 of contacting cells to a surface of the substrate. To illustrate, in one or more
embodiments, the adherent cells are prepared by contacting cell culture substrates to a
cultivation infrastructure, including within a pipe-based bioreactor according to one or more
embodiments disclosed herein. More detail regarding act 1204 is provided below in relation to
FIG. 13 and FIG. 15.

[0105] In some embodiments, the culturing of adherent cells can induce the production of
extracellular matrix (ECM). Indeed, in one or more embodiments, the ECM can act as an
autologous scaffold to direct three-dimensional cellular growth. For example, in some
embodiments, the ECM can direct attachment, proliferation, and hypertrophy of cells on a
plane perpendicular to the substrate. In addition, or in the alternative, in some embodiments,
the cultivation infrastructure may not comprise an exogenously added scaffold to promote self-
assembly of a three-dimensional cellular biomass. In some embodiments, the cultivation
infrastructure may not comprise exogenous scaffolds such as a hydrogel or soft agar.

[0106] As mentioned above, adherent cells can be grown to form a cell sheet. Accordingly,
an exemplary method of producing cell-based meat comprises: (a) providing fibroblasts and/or
myoblasts from a non-human organism; (b) culturing the fibroblasts and/or myoblasts in media
under conditions under which the fibroblasts and/or myoblasts grow in either suspension
culture or adherent culture, wherein the media is substantially free of serum and other
components derived from an animal.

[0107] Additionally, as shown in FIG, 12, in one or more embodiments, the adherent cells
are prepared by performing an act 1206 of growing cells on the substrate(s). In one or more
embodiments, the adherent cells are grown on a suitable substrate that is specifically treated to
allow cell adhesion and spreading, such as a surface located within a sterile, pipe-based
bioreactor. The culturing conditions for the generation of the animal cells for a comestible cell-
based food product are generally aseptic and sterile. For example, cells are injected into a
cultivation tank, such as an adherent bioreactor, such as a pipe-based bioreactor. The cultivator
(i.e., bioreactor) contains the substrate(s) (e.g., metal planks, sheets, or a lattice) to which cells
can adhere. The cells are flowed through the enclosure of the pipe-based bioreactor to allow
cells to adhere to the substrate over time as described in greater detail in relation to FIG. 13
and FIG. 16.

[0108] Before seeding the cells onto the substrate, in some embodiments, the disclosed
methods include preparing the substrate, such as by adding or flowing over adherent media to

increase cell adherence to the substrate. As suggested above, in some implementations, the
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substrate is located within a bioreactor enclosure that is a sterile environment. To prepare the
substrate in a bioreactor, the disclosed methods can include adding adherent media. The
adherent media can be low in calcium to limit cellular clumping, so the cells spread out evenly
across the substrate. The adherent media further facilitates attachment by the cells to the
substrate. In some implementations, preparing the substrate further includes adding
conditioning media and bringing the conditioning media up to temperature. The conditioning
media further prepares the substrate by controlling pH, carbon dioxide, and oxygen levels
within the cultivation tank. Additionally, the conditioning media may coat the substrates such
that the adherence capability of the later seeded cells is enhanced.

[0109] The disclosed methods include growing the cells into a cellular tissue. Generally,
the seeded cells (including the seeded initial cells and the previously unlanded cells) are grown
in conditions that allow the formation of cellular tissue for a formation period. In some cases,
the formation period can equal 4-14 days. During the formation period, cells may be provided
with additional nutrients, media, growth factors, and other supplements to promote cellular
growth. For example, the disclosed methods can include providing growth media on day 1. The
growth media can include growth factors and beneficial proteins. At nutrient intervals (e.g.,
every three days) during the formation period, additional feeds, amino acids, proteins, vitamins,
minerals, and growth factors may be added to the cultivation tank to support growth in the
seeded cells. Additionally, or alternatively, the disclosed methods include adding pre-harvest
media before harvest. For instance, three days before harvest, a pre-harvest media including
yeast concentrate may be added to the cultivation tank.

[0110] In one or more embodiments, the adherent cells include cellular tissue of cultured
meat gathered into a collective or agglomerated mass, including via growth on a substrate. In
one or more embodiments, the cultivation infrastructure for cultivating the adherent cells has a
three-dimensional structure or shape for cultivating a monolayer of adherent cells.
Additionally, in some embodiments, the cultivation infrastructure can promote the adherent
cells to form a three-dimensional growth of metazoan cells in the cultivation infrastructure to
provide a scaffold-less self-assembly of a three-dimensional cellular biomass.

[0111] In some embodiments, the adherent cells are grown on a three-dimensional
cultivation infrastructure. The three-dimensional cultivation infrastructure may be sculpted into
different sizes, shapes, and forms, as desired, to provide the shape and form for the adherent
cells to grow and resemble different types of muscle tissues such as steak, tenderloin, shank,
chicken breast, drumstick, lamb chops, fish filet, lobster tail, etc. The three-dimensional

cultivation infrastructure may be made from natural or synthetic biomaterials that are non-toxic
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so that they may not be harmful if ingested. Natural biomaterials may include, for example,
collagen, fibronectin, laminin, or other extracellular matrices. Synthetic biomaterials may
include, for example, hydroxyapatite, alginate, polyglycolic acid, polylactic acid, or their
copolymers. The three-dimensional cultivation infrastructure may be formed as a solid or
semisolid support.

[0112] A cultivation infrastructure can be of any scale and support any volume of cellular
biomass and culturing reagents. In some embodiments, the cultivation infrastructure ranges
from about 10 pL to about 100,000 L. In exemplary embodiments, the cultivation infrastructure
is about 10 pL, about 100 pL, about 1 mL, about 10 mL, about 100 mL, about 1 L, about 10 L,
about 100 L, about 1000 L, about 10,000 L, or even about 100,000L.

[0113] In one or more embodiments, the comestible cell-based food product, unless
otherwise manipulated to include, does not include vascular tissues, such as veins and arteries,
whereas conventional meat does contain such vasculature, and contains the blood found in the
vasculature. Accordingly, in some embodiments, the comestible cell-based food product does
not comprise any vasculature.

[0114] Likewise, comestible cell-based food product, although composed of muscle or
muscle-like tissues, unless otherwise manipulated to include, does not comprise functioning
muscle tissue. Accordingly, in some embodiments, the cell-based meat does not comprise
functioning muscle tissue. It is noted that features such as vasculature and functional muscle
tissue can be further engineered into the cell-based meat, should there be a desire to do so.
[0115] Also, as shown in FIG, 12, the adherent cells can be prepared by performing an act
1208 of detaching a cell sheet from the substrate. In one or more embodiments, the adherent
cells are harvested by detaching a cell sheet from the substrate. In particular, the adherent cells
are harvested based on various factors. The adherent tissue may be harvested after a
proliferation time period. For example, the adherent cells are harvested after the cells have been
growing for anywhere between 4 and 14 days. In another example, the adherent cells are
harvested based on completing a proliferation phase. More specifically, the adherent cells may
be harvested when the cell sheet starts contracting and stops growing. For instance, the cell
sheet may begin to detach from the substrate. In one or more embodiments, the cell sheet is
detached from the substrate after adding pre-harvest media before harvest.

[0116] As shown by FIG. 12, the method can optionally involve reducing the moisture
and/or size of an agglomeration (e.g., the cell sheet) of adherent cells. For example, act 1210
can involve reducing a moisture content in the adherent cells by vacuum drying the adherent

cells. In addition, in some embodiments, act 1210 involves reducing a size of the meat cells via
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chopping, or other technique. Furthermore, act 1210 can involve forming the cells into the
shape of a meat product (e.g., chicken breast, steak).

[0117] To further illustrate, FIG. 13 includes a graph depiction 1300 of the various flow
rates utilized in the preparation of cell-based meat products within pipe-based bioreactors,
according to one or more embodiments. As illustrated, the y-axis represents fluid velocity (i.e.,
flow rate) within a pipe-based bioreactor and the x-axis represents the approximate time in the
meat cell preparation process.

[0118] Starting with a sterilized pipe-based bioreactor (e.g., by steaming or similar
cleaning methods), meat cells are loaded at an inoculation plug flow rate 1302 until the pipe-
based bioreactor is completely filled with cell culture media. In some embodiments, for
example, cells are loaded at an inoculation plug flow rate 1302 corresponding to a fluid velocity
of 5 to 10 mm/s for 10 minutes. The plug flow 1302 operates at a relatively high flow rate to
increase fluid displacement while reducing fluid mixing compared to lower flow rates.
Accordingly, the primary objective of the plug flow 1302 is to fully displace the cell culture
media with inoculation material (i.e., adherent cells) until the pipe-based bioreactor is
overfilled to ensure cell contact with the entire surface area of each substrate disposed therein
(e.g., by 10-20%).

[0119] With the pipe-based bioreactor filled with cell culture media, valves to the pipe are
closed to induce zero-velocity seeding flow 1304 to allow cells within the cell culture media to
settle and adhere to the substrates within the pipe-based bioreactor. In some embodiments, for
example, the zero-velocity seeding flow 1304 is maintained for 30 minutes to 4 hours to permit
cells to adhere to the adherence substrates of the pipe-based bioreactor. Alternatively, in some
embodiments, the zero-velocity seeding flow 1304 is replaced with a relatively low (but non-
zero) flow for a similar time period.

[0120] Once the cells of the cell culture media have been allowed to settle and adhere to
the substrates, valves to the pipe-based bioreactor are opened and cell culture media is again
flowed across the substrates at a gradually increasing cultivation flow rate 1308. The
cultivation flow rate 1308 starts at a relatively low initial flow rate 1306 to prevent shearing
forces that would separate (i.e., rip) adhered cells from the substrates. As shown, the cultivation
flow rate 1308 is gradually increased from the initial flow rate 1306 until reaching a maximum
flow rate 1310. In some embodiments, for example, the cultivation flow 1308 is gradually
increased from an initial flow rate 1306 corresponding to a fluid velocity of 0.5mm/s to a
maximum flow rate 1310 corresponding to a fluid velocity of 5 mm/s. As an alternative to the

gradual increase in flow rate shown, the cultivation flow rate 1308 can be increased in a
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stepwise manner to progressively increase the cultivation flow rate 1308 from the initial flow
rate 1306 to the maximum flow rate 1310. In some embodiments, the cultivation flow rate 1308
operates within the range between initial flow rate 1306 and maximum flow rate 1310 for a
period of 7 to 11 days to allow the adhered cells time to cultivate and grow.

[0121] After cultivation, the adhered and cultivated cells are harvested at an elevated
harvest flow rate 1312. The harvest flow rate 1312 is elevated to induce a sharp increase in
shear force between the adhered and cultivated cells, thus removing the cells for harvest. In
some embodiments, for example, fluid flow is increased to a harvest flow rate 1312
corresponding to a fluid velocity of 1000mm/s for a period of 10 to 30 minutes. In some
embodiments wherein a bioreactor system comprises a plurality of interconnected pipe-based
bioreactors coupled to the fluid source, the harvest flow rate 1312 is applied to a single pipe-
based bioreactor at a time (or batches of two or more pipe-based bioreactors) whilst cells are
collected for preparation of cell-based meat products (e.g., as described below in relation to
FIGS 18 and 19).

[0122] After harvesting the cells from the pipe-based bioreactor (or system of pipe-based
bioreactors), the pipe-based bioreactor(s) are cleaned at a cleaning flow rate 1314 in
preparation for another round of inoculation, cultivation, and harvest. In some embodiments,
for example, the cleaning flow rate 1314 has a fluid velocity of 1500mm/s and operates for 30
to 90 minutes. In some embodiments, pulsation, ramping, and deramping of flow is additionally
or alternatively implemented to further induce sharp increases in shear to remove materials
from within the pipe-based bioreactor during cleaning and/or harvesting. In one or more
embodiments, the cleaning fluid comprises a caustic acid that, in some instances, is heated. In
some embodiments, each pipe-based bioreactor is individually cleaned while valves to the
remaining pipe-based bioreactors are closed. Alternatively, some embodiments include
cleaning the system of pipe-based bioreactors simultaneously. Moreover, in cases where
harvesting is accomplished without opening the system and/or the pipe-based bioreactor, the
cleaning step may be skipped as the sterility of the system is maintained.

[0123] Relatedly, FIGS. 14-20 illustrate a plurality of pipe-based bioreactors connected in
parallel and configured to operate according to the processes discussed above in relation to
FIG. 13. For instance, FIG. 14 illustrates a bioreactor system 1400 implementing a steam in
place (SIP) procedure, according to one or more embodiments, for cleaning pipe-based
bioreactors 1402 within the system 1400. As shown, the bioreactor system 1400 includes four
interconnected pipe-based bioreactors 1402 connected in parallel to a fluid source 1408

containing a cell culture media 1410, as well as a fluid pump 1406 for flowing the cell culture
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media 1410 and other fluids into the pipe-based bioreactors 1402. When steaming one or more
of the pipe-based bioreactors 1402, in some embodiments, steam from a steam source 1412 is
flowed in a clockwise direction, with reference to the perspective of FIG. 14 as indicated by
arrows , through the pipe-based reactors 1402 and into a steam trap 1414.

[0124] Moreover, as shown in FIG. 14, one or more of the pipe-based reactors 1402 can be
steamed in place without steaming or otherwise disturbing the fluid source 1408 by shutting
source valves 1416a and 1416b and opening bioreactor system valves 1418a and 1418b and
steam valves 1420a and 1420b. Also, the fluid source 1408 can be steamed in place separately,
without steaming or otherwise disturbing the pipe-based bioreactors 1402, by closing
bioreactor system valves 1418a and 1418b and opening source valves 1416a and 1416b and
steam valves 1420a and 1420b. Also, each pipe-based bioreactor 1402 can be steamed in place
separately (i.e., one at a time) by use of corresponding inlet valves 1404.

[0125] Furthermore, as shown in FIG. 14, each of the pipe-based bioreactors 1402 is
inclined relative to horizontal (i.e., relative to the ground). With the pipe-based bioreactors
1402 mounted at an incline, condensation during steaming in place is pulled by gravity towards
the steam trap 1414, thus preventing accumulation of condensation within the pipe-based
bioreactors 1402. In addition, in some embodiments, each of the pipe-based bioreactors 1402
includes offset outlets 1422 and inlets 1424 to further prevent accumulation of fluid at opposing
ends thereof. Accordingly, after traversing each pipe-based bioreactor 1402, the steam exits the
system 1400 through an open steam valve 1420a into the steam trap 1414.

[0126] FIG. 15 illustrates a bioreactor system 1500 implementing an inoculation
procedure, according to one or more embodiments, for seeding (i.e., adhering cells to internal
substrates) pipe-based bioreactors 1502 within the system 1500. As shown, the bioreactor
system 1500 includes four pipe-based bioreactors 1502 connected in parallel to a fluid source
1508 containing a cell culture media 1510. Prior to inoculation (i.e., seeding), one or more of
the pipe-based bioreactors 1502 are filled with cell culture media 1510 from fluid source 1508.
During inoculation, an inoculation valve 1514 is opened and inoculation cells 1512 are flowed
into a given pipe-based bioreactor 1502 at a plug flow rate in a counterclockwise direction
(e.g., using a pump 1506). In some embodiments, the plug flow rate is configured to displace
loaded cell culture media within the given pipe-based bioreactor 1502 and replace it with an
inoculation bolus (i.e., a prescribed dose of inoculation cells 1512) while reducing mixing of
inoculation cells 1512 with the cell culture media 1510 within the given pipe-based bioreactor

1502. For example, in some embodiments, the plug flow rate has a fluid velocity of 10mm/s.
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[0127] In some embodiments, the inoculation bolus is larger than the given pipe-based
bioreactor 1502 in order to overfill the give pipe-based bioreactor 1502 to ensure maximum
adherence of inoculation cells 1510 to the substrates disposed within the given pipe-based
bioreactor 1502. For example, in some embodiments, the inoculation bolus is larger than the
given pipe-based bioreactor by between 10% and 20%. After the given pipe-based bioreactor
is loaded with the inoculation bolus, the corresponding inlet valve 1504 is closed and the
inoculation cells are allowed to settle and adhere to substrates disposed within the given pipe-
based bioreactor 1402. For example, in some embodiments, an inoculated pipe-based
bioreactor is allowed to rest (i.e., with zero flow of fluid or very low flow) for between 30
minutes and 4 hours. In one or more embodiments, the pipe-based bioreactors are thus
inoculated separately (i.e., one at a time) by use of corresponding inlet valves 1504.

[0128] FIG. 16 illustrates a bioreactor system 1600 implementing a cultivation procedure,
according to one or more embodiments, for cultivating cells (i.e., promoting cell growth) within
pipe-based bioreactors 1602 of the system 1600. As shown, the bioreactor system 1600
includes four pipe-based bioreactors 1602 connected in parallel to a fluid source 1608
containing a cell culture media 1610. With the pipe-based bioreactors 1602 inoculated (i.e.,
seeded) as discussed above in relation to FIG. 15, cell culture media 1610 is flowed at a
gradually increasing cultivation flow rate in a counterclockwise direction (e.g., using a pump
1606). In some embodiments, for example, the cultivation flow rate starts at a fluid velocity of
0.5 mm/s and is gradually raised to a fluid velocity between 5 and 6 mm/s. As previously
mentioned, the cultivation flow rate is maintained at an upper end of the velocity range for a
cultivation period. For example, in some embodiments, the cultivation period is between 7 and
11 days.

[0129] As mentioned previously, the cultivation flow rate starts at a relatively low fluid
velocity to reduce shearing of adhered cells from substrates within the pipe-based bioreactors
1602. Moreover, the cultivation flow rate is gradually increased to reduce separation of
adherent cells while increasing oxygen delivered by cell culture media 1610 to the cells within
the pipe-based bioreactors 1602.

[0130] Furthermore, as shown in FIG. 16, each of the pipe-based bioreactors 1602 is
inclined relative to horizontal (i.e., relative to the ground). With the pipe-based bioreactors
1602 mounted at an incline, buoyant gas bubbles (e.g., oxygen bubbles) float upward towards
the fluid source 1608, thus preventing accumulation of gases within the pipe-based bioreactors

1602 during cultivation and other processes. In addition, in some embodiments, each of the
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pipe-based bioreactors 1602 includes offset outlets 1624 and inlets 1622 to further prevent
accumulation of gases at opposing ends thereof.

[0131] FIG. 17 illustrates a bioreactor system 1700 implementing a harvest in place (HIP)
procedure, according to one or more embodiments, for harvesting cultured cells from within
pipe-based bioreactors 1702 of the system 1700. As shown, the bioreactor system 1700
includes four pipe-based bioreactors 1702 connected in parallel to a fluid source 1708
containing a cell culture media 1710. During harvesting, an elevated harvest flow is induced in
a given pipe-based bioreactor 1702 in order to introduce a shearing force sufficient to separate
the cultured cells from the substrates disposed within the given pipe-based bioreactor 1702. As
shown, the harvest flow can be comprised of cell culture media 1710 from fluid source 1708
or, alternatively, of a saline solution from another fluid source.

[0132] In some embodiments, each pipe-based bioreactor 1702 is harvested separately (i.e.,
one at a time) to enable increased flow rate and control. In some embodiments, for example,
the harvest flow rate comprises a fluid velocity of 1000 to 3000 mm/s. Also, as shown in FIG.
17, each pipe-based bioreactor 1702 includes offset outlets 1724 and offset inlets 1722 to
prevent regions of low flow during harvesting in place. Indeed, the incline and the offset outlets
of pipe-based bioreactors, according to the various embodiments described herein, provide
various advantages in the foregoing procedures for preparing cell-based meat products.

[0133] As shown in FIG. 17, a harvest flow operating in a counterclockwise direction (e.g.,
using a pump 1706) may separate cultured cells from the substrates within a given bioreactor
1702 and propels the cultured cells into a harvester mechanism 1712 (e.g., a catch and belt
system) for collection. In some embodiments, the harvester mechanism 1712 gathers the
cultured cells in one or more catch bins without opening or otherwise contaminating the system
1700. Embodiments of the harvester mechanism 1712 are described in greater detail below in
relation to FIG. 18. As shown in FIG. 17, the cell culture media 1710 (or alternative harvesting
fluid), along with the separated cultured cells, is circulated through the harvester mechanism
1712, returning to the system 1700 for a continuous flow. While the harvester mechanism 1712
is shown at a particular location within the bioreactor system 1700, in some embodiments the
harvester mechanism 1712 is attached at another location (e.g., on the opposite side of the pipe-
based bioreactors 1702) to allow for harvesting in the opposite (i.e., clockwise) direction.
[0134] As mentioned above, FIG. 18 illustrates an example embodiment of a harvester
mechanism. More specifically, FIG. 18 illustrates a catch and belt system 1800, according to
some embodiments, for gathering cultured cells separated from pipe-based bioreactors during

harvesting in place. The catch and belt system 1800 is connected to a bioreactor system 1802
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with a plurality of valves, such that a closed environment of the bioreactor system 1802 can be
maintained throughout the various processes for preparing cell-based meat products disclosed
herein. For instance, during harvesting in place, a bioreactor system valve 1820 is closed and
catch system valves 1812 and 1818 are opened to direct the harvest flow into the catch and belt
system 1800. Also, the catch and belt system 1800 comprises multiple catch bins 1804a-c for
gathering (i.e., collecting) cultured cells from a harvest flow, such as described above in
relation to FIG. 17. While the catch and belt system 1800 includes three catch bins 1804a-c,
embodiments can include any number of catch bins 1804 for gathering cultured cells during
harvesting in place.

[0135] As illustrated in FIG. 18, with the bioreactor system valve 1820 closed, the catch
system entry valve 1812 open, and a catch system exit valve 1818 open, the harvest flow
carrying cultured cells from a bioreactor system 1802 enters the catch and belt system 1800.
Flowing in a counterclockwise direction, the harvest flow enters a first catch bin 1804a and,
with bin entry and exit valves 1814a, 1816a open and other bin entry valves 1814b-c closed,
cells begin to gather in the first catch bin 1804a. As the harvest flow passes through the first
catch bin 1804a, cultures cells are gathered in the first catch bin 1804a as harvest flow fluid
(e.g., cell culture media or saline solution) continues through the bin exit valve 1816a and back
into the bioreactor system 1802.

[0136] As the first catch bin 1804a reaches full capacity, a pressure differential is detected
by pressure sensors 1808, 1810. For instance, pressure detected by outlet pressure sensor 1818
is lower than pressure detected by inlet pressure sensor 1808 due to the first catch bin 1804a
being obstructed by a full capacity of gathered cells. In response to detection of the pressure
differential, harvest flow to the first catch bin 1804a is closed (i.e., cut off) via bin entry and
exit valves 1814a, 1816a, and harvest flow to a second catch bin 1804b is opened via bin entry
and exit valves 1814b, 1816b. The foregoing process is repeated to fill the second catch bin
1804b until a pressure differential is again detected by pressure sensors 1808, 1810, indicating
that the second catch bin 1804 has reached full capacity. In response, harvest flow to the second
catch bin 1804b is closed and harvest flow to the third catch bin 1804c is opened until a pressure
differential is detected again. As mentioned previously, in some embodiments, additional catch
bins 1804 can be incorporated to enable larger capacities of harvest cells. Conversely, fewer
catch bin 1804 can be employed for smaller capacities of harvest cells.

[0137] Additionally, in response to any given catch bin 1804 being filled to full capacity,
a harvest buffer 1806 is flowed through the full catch bin 1804 to remove the gathered cells to

a belt filter 1828 (such as described below in relation to FIG. 19) or similar system for
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processing cells in preparation of comestible meat products. For instance, when the first catch
bin 1804a reaches full capacity and harvest flow is diverted to another catch bin, buffer entry
valve 1822a and buffer exit valve 1824a are opened to allow the harvest buffer 1806 to flow
through the first catch bin 1804a. Accordingly, the harvest buffer 1806 pushes and/or carries
the collected cells from the first catch bin 1804a to the belt filter 1828 for further processing.
In some embodiments, the harvest buffer 1806 flows through each catch bin 1804a-c
individually and accumulates gathered cells into a feed hopper 1826 prior to further cell
processing in the belt filter 1828. As illustrated, in some embodiments, the harvest buffer 1806
is configured to flow through each catch bin 1804 without entering the bioreactor system 1802.
[0138] As mentioned above, some embodiments utilize a belt filter to further process
gathered cells in preparation of comestible meat products. For example, FIG. 19 illustrates a
belt filter system 1900 according to one or more embodiments. As shown, harvested meat cells
1914 are fed into the belt filter system 1900 by a feed hopper 1902 (such as the feed hopper
1826 described above in relation to FIG. 18). More specifically, the feed hopper 1902 gradually
drops harvested meat cells 1914 onto a porous conveyor belt 1904, where excess fluid drops
through gravity section 1906 and exits via drain 1908. Additional fluid is extracted from the
harvested meat cells 1914 utilizing a pressure section 1910. Finally, processed meat cells 1916
are collected in a receiving container 1912. In some embodiments, the belt filter system 1900
maintains a closed environment, such that sterility of the overall system can be maintained and
the necessity for cleaning between meat cell preparation procedures reduced.

[0139] FIG. 20 illustrates a bioreactor system 2000 implementing a clean in place (CIP)
procedure, according to one or more embodiments, for cleaning pipe-based bioreactors 2002
of the system 2000. As shown, the bioreactor system 2000 includes four pipe-based bioreactors
2002 connected in parallel to a fluid source 2008 containing a cell culture medium 2010. When
cleaning one or more of the pipe-based bioreactors 2002, in some embodiments, cleaning fluid
(e.g., caustic acid) from a cleaning module 2012 is flowed in a counterclockwise direction (e.g.,
using a pump 2006), through the pipe-based reactors 2002, returning to the cleaning module
2012 as illustrated. In some embodiments, for example, the cleaning fluid is flowed through
each pipe-based bioreactor 2002 at a cleaning flow rate with a fluid velocity of 1 to 3 mm/s.
[0140] Moreover, as shown in FIG. 20, one or more of the pipe-based reactors 2002 can be
cleaned in place without cleaning or otherwise disturbing the fluid source 2008 by shutting
source valves 2016 and opening bioreactor system valves 2018 and cleaning valves 2020. Also,
the fluid source 2008 can be cleaned in place separately, without cleaning or otherwise

disturbing the pipe-based bioreactors 2002, by closing bioreactor system valves 2018 and
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opening source valves 2016 and cleaning valves 2020. Also, each pipe-based bioreactor 2002
can be cleaned in place separately (i.e., one at a time) by use of corresponding inlet valves
2004.

[0141] FIGS. 1-20, the corresponding text, and the examples provide a number of different
methods, systems, and apparatuses for producing a comestible meat product. In addition to the
foregoing, one or more embodiments can also be described in terms of flowcharts comprising
acts for accomplishing a particular result, as shown in FIGS. 21 and 22. The acts described
herein may be performed with more or fewer acts. Further, the acts may be performed in
differing orders. Additionally, the acts described herein may be repeated or performed in
parallel with one another or parallel with different instances of the same or similar acts.
[0142] As mentioned, FIGS. 21 and 22 illustrate flowcharts of two series of acts 2100 and
2200, respectively, and for producing a comestible meat product in accordance with one or
more embodiments. While FIGS. 21 and 22 illustrate acts according to particular embodiments,
alternative embodiments may omit, add to, reorder, and/or modify any of the acts shown in
FIGS. 21 and 22.

[0143] FIG. 21 illustrates a flowchart of a series of acts 2100. By way of overview, the
series of acts 2100 includes an act 2102 of flowing cells into an elongated bioreactor, and act
2104 of arresting flow to allow cells to settle and adhere to substrates of the elongated
bioreactor, and an act 2106 of circulating cell culture media through the elongated bioreactor
at an increasing flow rate to reduce shearing of cells while promoting growth.

[0144] The series of acts 2100 illustrated in FIG. 21 includes the act 2102 of flowing cells
into an elongated bioreactor. For example, in some embodiments, the act 2102 comprises
flowing cells into an elongated bioreactor for a first period of time. Also, in some embodiments,
flowing cells into the elongated bioreactor comprises filling the elongated bioreactor with cell
culture media and displacing the cell culture media within the elongated bioreactor with cells.
In one or more embodiments, displacing the cell culture media within the elongated bioreactor
comprises flowing cells into the elongated bioreactor at a flow rate configured to displace the
cell culture media while at least partially reducing mixing of the cells with fluid within the
elongated bioreactor.

[0145] Further, the series of acts 2100 illustrated in FIG. 21 includes the act 2104 of
arresting flow to allow cells to settle and adhere to substrates of the elongated bioreactor. In
particular, the act 2104 comprises at least partially arresting flow of material through the
elongated bioreactor for a second period of time to allow at least a portion of the cells to settle

and adhere to one or more substrates within the elongated bioreactor. Additionally, in some
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embodiments, the act 2104 comprises, in response to allowing the at least a portion of the cells
to settle and adhere to the one or more substrates, rotating the one or more substrates about a
longitudinal axis relative to the elongated bioreactor, and allowing an additional portion of the
cells to settle and adhere to one or more opposing surfaces of the one or more substrates within
the elongated bioreactor by at least partially arresting flow of material through the elongated
bioreactor for an additional period of time.

[0146] In one or more embodiments. the act 2104 further comprises continuously rotating
the one or more substrates about a longitudinal axis while at least partially arresting flow of
material through the elongated bioreactor for the second period of time to allow the at least a
portion of the cells to settle and adhere to the one or more substrates within the elongated
bioreactor.

[0147] Further, the series of acts 2100 illustrated in FIG. 21 includes the act 2106 of
circulating cell culture media through the elongated bioreactor at an increasing flow rate to
reduce shearing of cells while promoting growth. In particular, the act 2106 comprises
circulating cell culture media through the elongated bioreactor for a third period of time at a
progressively increasing flow rate to prevent shearing of the adhered cells from the one or more
substrates while promoting growth of the adhered cells.

[0148] Moreover, in some embodiments, the series of acts 2100 also includes an act (not
shown in FIG. 21) for harvesting meat cells from the elongated bioreactor by flowing fluid
through the elongated bioreactor at an elevated flow rate compared to a maximum flow rate of
the progressively increasing flow rate, the elevated flow rate configured to separate the adhered
cells from the one or more substrates. While also not shown in FIG. 21, in one or more
embodiments, the series of acts 2100 further comprises cleaning the elongated bioreactor by
flowing fluid through the elongated bioreactor at a further elevated flow rate configured to
separate materials remaining on the one or more substrates after harvesting.

[0149] FIG. 22 illustrates a flowchart of a series of acts 2200. By way of overview, the
series of acts 2200 includes an act 2202 of growing cells within a plurality of interconnected
elongated bioreactors, an act 2204 of closing valves to bioreactors other than at least one
bioreactor of the plurality of interconnected elongated bioreactors, an act 2206 of harvesting
cells from the at least one bioreactor, and an act 2208 of cleaning the at least one bioreactor in
place by flowing fluid therethrough.

[0150] The series of acts 2200 illustrated in FIG. 22 includes the act 2202 of growing cells
within a plurality of interconnected elongated bioreactors. For example, in some embodiments,

the act 2202 comprises growing a plurality of meat cells within a plurality of interconnected
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elongated bioreactors by circulating cell culture media through the plurality of interconnected
elongated bioreactors at one or more cultivation flow rates. In some embodiments, the act 2202
comprises growing a plurality of meat cells within a plurality of interconnected elongated
bioreactors by circulating cell culture media through the plurality of interconnected elongated
bioreactors at one or more cultivation flow rates.

[0151] Further, the series of acts 2200 illustrated in FIG. 22 includes the act 2204 of closing
valves to bioreactors other than at least one bioreactor of the plurality of interconnected
elongated bioreactors. In some embodiments, for example, the act 2204 comprises selectively
flowing fluid through at least one elongated bioreactor by opening one or more valves
connected to the at least one elongated bioreactor and closing one or more valves connected to
one or more other elongated bioreactors of the plurality of interconnected elongated
bioreactors. Also, in some embodiments, closing the one or more valves connected to the one
or more other elongated bioreactors increases a flow rate within the at least one elongated
bioreactor. Moreover, in some embodiments, selectively flowing fluid through the at least one
elongated bioreactor comprises seeding or cultivating meat cells within the at least one
elongated bioreactor while maintaining a closed environment of the one or more other
elongated bioreactors.

[0152] Further, the series of acts 2200 illustrated in FIG. 22 includes the act 2206 for
harvesting cells from the at least one bioreactor. For example, in some embodiments, the act
2206 includes harvesting meat cells from within the plurality of interconnected elongated
bioreactors by flowing fluid through the plurality of interconnected elongated bioreactors at an
elevated flow rate compared to the one or more cultivation flow rates.

[0153] In one or more embodiments, the acts 2204 and 2206 comprise selectively
harvesting meat cells from at least one elongated bioreactor of the plurality of interconnected
elongated bioreactors by closing valves to one or more other bioreactors of the plurality of
interconnected elongated bioreactors and flowing fluid through the at least one bioreactor at an
elevated flow rate compared to the one or more cultivation flow rates. Also, in some
embodiments, selectively harvesting meat cells from the at least one elongated bioreactor
further comprises collecting harvested meat cells within a closed environment utilizing a
harvester mechanism.

[0154] Further, the series of acts 2200 illustrated in FIG. 22 includes the act 2208 of
cleaning the at least one bioreactor in place by flowing fluid therethrough. In some
embodiments, for example, the act 2208 comprises selectively flowing fluid through the at least

one elongated bioreactor comprises cleaning the at least one elongated bioreactor in place while
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maintaining a closed environment of the one or more other elongated bioreactors. In one or
more embodiments, the act 2208 comprises, in response to selectively harvesting meat cells
from the at least one elongated bioreactor, selectively cleaning in place the at least one
elongated bioreactor by flowing a cleaning fluid through the at least one elongated bioreactor
without flowing the cleaning fluid through the one or more other elongated bioreactors. Further,
some embodiments include selectively steaming the at least one elongated bioreactor by
closing valves to the one or more other elongated bioreactors of the plurality of interconnected
elongated bioreactors and flowing steam through the at least one elongated bioreactor.

[0155] In one or more embodiments, the act 2208 comprises cleaning the elongated
bioreactor in place by flowing fluid through the elongated bioreactor after harvesting meat cells
from within an elongated bioreactor. Also, in some embodiments, the act 2208 further
comprises sanitizing the elongated bioreactor in place by flowing steam through the elongated
bioreactor. In addition, in some embodiments, flowing steam through the elongated bioreactor
is done in a direction opposite to a direction which fluid flows through the elongated bioreactor
during seeding of the elongated bioreactor. Additionally, when flowing steam through the
elongated bioreactor, in one or more embodiments, the elongated bioreactor is mounted at an
incline relative to a ground surface to reduce accumulation of condensation within the
elongated bioreactor. In one or more embodiments, cleaning the elongated bioreactor in place
by flowing the fluid through the elongated bioreactor comprises flowing the fluid through the
elongated bioreactor at a flow rate configured to separate materials adhering to one or more
surfaces within the elongated bioreactor. Also, in some embodiments, cleaning the elongated
bioreactor in place by flowing the fluid through the elongated bioreactor comprises flowing a
cleaning solution through the elongated bioreactor.

[0156] Moreover, in some embodiments, the series of acts 2200 also includes an act (not
shown in FIG. 22) for, prior to growing the plurality of meat cells within the plurality of
interconnected elongated bioreactors, selectively cleaning in place the at least one elongated
bioreactor by closing valves connected to the one or more other elongated bioreactors of the
plurality of interconnected elongated bioreactors and flowing cleaning solution through the at
least one elongated bioreactor. Further, in one or more embodiments, the plurality of
interconnected elongated bioreactors is mounted at an incline relative to a ground surface to
reduce accumulation of gas bubbles within each elongated bioreactor of the plurality of
interconnected elongated bioreactors during cultivation. Further still, in one or more

embodiments, each elongated bioreactor of the plurality of interconnected elongated
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bioreactors further comprises offset inlets and offset outlets configured to reduce accumulation
of fluids therein.

[0157] In accordance with common practice, the various features illustrated in the drawings
may not be drawn to scale. The illustrations presented in the present disclosure are not meant
to be actual views of any particular apparatus (e.g., device, system, etc.) or method, but are
merely idealized representations that are employed to describe various embodiments of the
disclosure. Accordingly, the dimensions of the various features may be arbitrarily expanded or
reduced for clarity. In addition, some of the drawings may be simplified for clarity. Thus, the
drawings may not depict all of the components of a given apparatus (e.g., device) or all
operations of a particular method.

[0158] Terms used herein and especially in the appended claims (e.g., bodies of the
appended claims) are generally intended as “open” terms (e.g., the term “including” should be
interpreted as “including, but not limited to,” the term “having” should be interpreted as
“having at least,” the term “includes” should be interpreted as “includes, but is not limited to,”
etc.).

[0159] Additionally, if a specific number of an introduced claim recitation is intended, such
an intent will be explicitly recited in the claim, and in the absence of such recitation no such
intent is present. For example, as an aid to understanding, the following appended claims may
contain usage of the introductory phrases “at least one” and “one or more” to introduce claim
recitations. However, the use of such phrases should not be construed to imply that the
introduction of a claim recitation by the indefinite articles “a” or “an” limits any particular
claim containing such introduced claim recitation to embodiments containing only one such
recitation, even when the same claim includes the introductory phrases “one or more” or “at
least one” and indefinite articles such as “a” or “an” (e.g., “a” and/or “an” should be interpreted
to mean “at least one” or “one or more”); the same holds true for the use of definite articles
used to introduce claim recitations.

[0160] In addition, even if a specific number of an introduced claim recitation is explicitly
recited, those skilled in the art will recognize that such recitation should be interpreted to mean
at least the recited number (e.g., the bare recitation of “two recitations,” without other
modifiers, means at least two recitations, or two or more recitations). Furthermore, in those
instances where a convention analogous to “at least one of A, B, and C, etc.” or “one or more
of A, B, and C, etc.” is used, in general such a construction is intended to include A alone, B
alone, C alone, A and B together, A and C together, B and C together, or A, B, and C together,

etc. For example, the use of the term “and/or” is intended to be construed in this manner.
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[0161] Further, any disjunctive word or phrase presenting two or more alternative terms,
whether in the description, claims, or drawings, should be understood to contemplate the
possibilities of including one of the terms, either of the terms, or both terms. For example, the
phrase “A or B” should be understood to include the possibilities of “A” or “B” or “A and B.”
[0162] However, the use of such phrases should not be construed to imply that the
introduction of a claim recitation by the indefinite articles “a” or “an” limits any particular
claim containing such introduced claim recitation to embodiments containing only one such
recitation, even when the same claim includes the introductory phrases “one or more” or “at
least one” and indefinite articles such as “a” or “an” (e.g., “a” and/or “an” should be interpreted
to mean “at least one” or “one or more”); the same holds true for the use of definite articles
used to introduce claim recitations.

[0163] Additionally, the use of the terms “first,” “second,” “third,” etc., are not necessarily
used herein to connote a specific order or number of elements. Generally, the terms “first,”

2

“second,” “third,” etc., are used to distinguish between different elements as generic identifiers.
Absent a showing that the terms “first,” “second,” “third,” etc., connote a specific order, these
terms should not be understood to connote a specific order. Furthermore, absent a showing that
the terms “first,” “second,” “third,” etc., connote a specific number of elements, these terms
should not be understood to connote a specific number of elements. For example, a first widget
may be described as having a first side and a second widget may be described as having a
second side. The use of the term “second side” with respect to the second widget may be to
distinguish such side of the second widget from the “first side” of the first widget and not to
connote that the second widget has two sides.

[0164] All examples and conditional language recited herein are intended for pedagogical
objects to aid the reader in understanding the invention and the concepts contributed by the
inventor to furthering the art and are to be construed as being without limitation to such
specifically recited examples and conditions. Although embodiments of the present disclosure
have been described in detail, it should be understood that the various changes, substitutions,
and alterations could be made hereto without departing from the spirit and scope of the present
disclosure.

[0165] The present invention may be embodied in other specific forms without departing
from its spirit or essential characteristics. Indeed, the described embodiments are to be
considered in all respects only as illustrative and not restrictive. For example, the methods
described herein may be performed with less or more steps/acts or the steps/acts may be

performed in differing orders. Additionally, the steps/acts described herein may be repeated or
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performed in parallel to one another or in parallel to different instances of the same or similar
steps/acts. The scope of the invention is, therefore, indicated by the appended claims rather
than by the foregoing description. All changes that come within the meaning and range of

equivalency of the claims are to be embraced within their scope.
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CLAIMS
What is claimed is:

1. An apparatus for preparing a comestible meat product, the apparatus
comprising:

an elongated cylindrical enclosure defining a cavity; and

a plurality of nominally spaced substrates arranged within the cavity such that the
plurality of nominally spaced substrates conforms to an interior profile of the elongated
cylindrical enclosure and is configured to support growth of the comestible meat product.

2. The apparatus of claim 1, wherein the plurality of nominally spaced substrates
is rotatable to allow for adherence of meat cells to opposing surfaces of the plurality of
nominally spaced substrates.

3. The apparatus of claim 2, further comprising:

a magnetic or ferrous coupling disposed within the elongated cylindrical enclosure and
rotatably securing the plurality of nominally spaced substrates; and

one or more magnets configured to rotate the magnetic or ferrous coupling within the
elongated cylindrical enclosure without rotating the elongated cylindrical enclosure.

4. The apparatus of claim 2, further comprising a fluid source connected to the
elongated cylindrical enclosure by a mechanical coupling, such that the elongated cylindrical
enclosure is rotatable about a longitudinal axis to rotate the plurality of nominally spaced
substrates.

5. The apparatus of claim 1, wherein the elongated cylindrical enclosure is
mounted at an incline relative to a ground surface.

6. The apparatus of claim 5, further comprising an offset inlet and an offset outlet
disposed at opposing ends of the elongated cylindrical enclosure and configured to reduce
accumulation of fluids therein.

7. The apparatus of claim 1, wherein the plurality of nominally spaced substrates
is secured by a retaining ring, such that a gap is formed between each substrate of the plurality
of nominally spaced substrates to allow for adherence of a plurality of meat cells comprising
the comestible meat product.

8. The apparatus of claim 7, further comprising a plurality of elements configured
to support the gap between the plurality of nominally spaced substrates.

9. A system for preparing a comestible meat product, the system comprising:

a fluid source; and
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a plurality of interconnected elongated bioreactors coupled to the fluid source, each
elongated bioreactor of the plurality of interconnected elongated bioreactors comprising:
an elongated cylindrical enclosure defining a cavity; and
a plurality of substrates having a plurality of different widths disposed within
the cavity and configured to support growth of the comestible meat product.

10.  The system of claim 9, further comprising a plurality of valves disposed
between the plurality of interconnected elongated bioreactors, the plurality of valves
configured to selectively open and close an inlet and an outlet to each elongated bioreactor of
the plurality of interconnected elongated bioreactors.

11. The system of claim 9, wherein each elongated bioreactor of the plurality of
interconnected elongated bioreactors has a ratio of diameter to length of at least 1:2.

12. The system of claim 9, further comprising a steam source selectively coupled to
the plurality of interconnected elongated bioreactors.

13.  The system of claim 9, wherein the plurality of interconnected elongated
bioreactors is selectively rotatable about a longitudinal axis.

14.  The system of claim 9, wherein the plurality of interconnected elongated
bioreactors is mounted at an incline relative to a ground surface.

15. The system of claim 9, wherein the plurality of interconnected elongated
bioreactors is selectively coupled to a harvester apparatus for gathering meat cells separated
from the plurality of interconnected elongated bioreactors during harvesting in place.

16. A system for producing a comestible meat product, the system comprising:

a plurality of elongated bioreactors, wherein each elongated bioreactor of the plurality
of elongated bioreactors has a diameter of between 4 inches and 25 inches; and

a plurality of substrates configured to grow cells within each elongated bioreactor of
the plurality of elongated bioreactors.

17.  The system of claim 16, wherein each elongated bioreactor of the plurality of

elongated bioreactors has a diameter-to-length ratio between 1:2 and 1:40.

18.  The system of claim 16, wherein the plurality of substrates comprise a plurality
of different widths.
19. The system of claim 16, wherein each elongated bioreactor of the plurality of

elongated bioreactors comprises a circular cross-section.
20. The system of claim 16, wherein substrates of the plurality of substrates
comprise ridges that define a space between immediately adjacent substrates.

21. A method for producing a comestible meat product, the method comprising:
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growing a plurality of meat cells within a plurality of interconnected elongated
bioreactors by circulating cell culture media through the plurality of interconnected elongated
bioreactors at one or more cultivation flow rates; and

harvesting meat cells from within the plurality of interconnected elongated bioreactors
by flowing fluid through the plurality of interconnected elongated bioreactors at an elevated
flow rate compared to the one or more cultivation flow rates.

22. The method of claim 21, further comprising;

selectively flowing fluid through at least one elongated bioreactor by opening one or
more valves connected to the at least one elongated bioreactor and closing one or more valves
connected to one or more other elongated bioreactors of the plurality of interconnected
elongated bioreactors.

23. The method of claim 22, wherein closing the one or more valves connected to
the one or more other elongated bioreactors increases a flow rate within the at least one
elongated bioreactor.

24, The method of claim 22, wherein selectively flowing fluid through the at least
one elongated bioreactor comprises cleaning the at least one elongated bioreactor in place while
maintaining a closed environment of the one or more other elongated bioreactors.

25. The method of claim 22, wherein selectively flowing fluid through the at least
one elongated bioreactor comprises seeding or cultivating meat cells within the at least one
elongated bioreactor while maintaining a closed environment of the one or more other
elongated bioreactors.

26. A method for producing a comestible meat product, the method comprising:

flowing cells into an elongated bioreactor for a first period of time;

at least partially arresting flow of material through the elongated bioreactor for a second
period of time to allow at least a portion of the cells to settle and adhere to one or more
substrates within the elongated bioreactor; and

circulating cell culture media through the elongated bioreactor for a third period of time
at a progressively increasing flow rate to prevent shearing of the adhered cells from the one or
more substrates while promoting growth of the adhered cells.

27. The method of claim 26, wherein flowing cells into the elongated bioreactor
comprises filling the elongated bioreactor with cell culture media and displacing the cell culture
media within the elongated bioreactor with cells.

28.  The method of claim 27, wherein displacing the cell culture media within the

elongated bioreactor comprises flowing cells into the elongated bioreactor at a flow rate
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configured to displace the cell culture media while at least partially reducing mixing of the
cells with fluid within the elongated bioreactor.

29. The method of claim 26, further comprising;

in response to allowing the at least a portion of the cells to settle and adhere to the one
or more substrates, rotating the one or more substrates about a longitudinal axis relative to the
elongated bioreactor; and

allowing an additional portion of the cells to settle and adhere to one or more opposing
surfaces of the one or more substrates within the elongated bioreactor by at least partially
arresting flow of material through the elongated bioreactor for an additional period of time.

30. The method of claim 26, further comprising continuously rotating the one or
more substrates about a longitudinal axis while at least partially arresting flow of material
through the elongated bioreactor.

31.  The method of claim 26, further comprising harvesting meat cells from the
elongated bioreactor by flowing fluid through the elongated bioreactor at an elevated flow rate
compared to a maximum flow rate of the progressively increasing flow rate, the elevated flow
rate configured to separate the adhered cells from the one or more substrates.

32. The method of claim 31, further comprising cleaning the elongated bioreactor
by flowing fluid through the elongated bioreactor at a further elevated flow rate configured to
separate materials remaining on the one or more substrates after harvesting.

33. A method for producing a comestible meat product, the method comprising:

growing a plurality of meat cells within a plurality of interconnected elongated
bioreactors by circulating cell culture media through the plurality of interconnected elongated
bioreactors at one or more cultivation flow rates; and

selectively harvesting meat cells from at least one elongated bioreactor of the plurality
of interconnected elongated bioreactors by closing valves connected to one or more other
elongated bioreactors of the plurality of interconnected elongated bioreactors and flowing fluid
through the at least one elongated bioreactor at an elevated flow rate compared to the one or
more cultivation flow rates.

34,  The method of claim 33, wherein selectively harvesting meat cells from the at
least one elongated bioreactor further comprises collecting harvested meat cells within a closed

environment utilizing a harvester mechanism.

35.  The method of claim 33, further comprising, prior to growing the plurality of

meat cells within the plurality of interconnected elongated bioreactors, selectively cleaning in
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place the at least one elongated bioreactor by closing valves connected to the one or more other
elongated bioreactors of the plurality of interconnected elongated bioreactors and flowing
cleaning solution through the at least one elongated bioreactor.

36.  The method of claim 33, further comprising, in response to selectively
harvesting meat cells from the at least one elongated bioreactor, selectively cleaning in place
the at least one elongated bioreactor by flowing a cleaning fluid through the at least one
elongated bioreactor without flowing the cleaning fluid through the one or more other
elongated bioreactors.

37.  The method of claim 33, further comprising selectively steaming the at least one
elongated bioreactor by closing valves connected to the one or more other elongated bioreactors
of the plurality of interconnected elongated bioreactors and flowing steam through the at least
one elongated bioreactor.

38.  The method of claim 33, wherein the plurality of interconnected elongated
bioreactors is mounted at an incline relative to a ground surface to reduce accumulation of gas
bubbles within each elongated bioreactor of the plurality of interconnected elongated
bioreactors during cultivation.

39. The method of claim 33, wherein each elongated bioreactor of the plurality of
interconnected elongated bioreactors further comprises offset inlets and offset outlets
configured to reduce accumulation of fluids therein.

40. A method for preparing a comestible meat product, the method comprising:

after harvesting meat cells from within an elongated bioreactor, cleaning the elongated
bioreactor in place by flowing fluid through the elongated bioreactor.

41.  The method of claim 40, further comprising sanitizing the elongated bioreactor
in place by flowing steam through the elongated bioreactor.

42. The method of claim 41, wherein the elongated bioreactor is mounted at an
incline relative to a ground surface to reduce accumulation of condensation within the
elongated bioreactor when flowing steam through the elongated bioreactor.

43.  The method of claim 42, wherein flowing steam through the elongated
bioreactor is done in a direction opposite to a direction which fluid flows through the elongated
bioreactor during seeding of the elongated bioreactor.

44.  The method of claim 40, wherein cleaning the elongated bioreactor in place by
flowing the fluid through the elongated bioreactor comprises flowing the fluid through the
elongated bioreactor at a flow rate configured to separate materials adhering to one or more

surfaces within the elongated bioreactor.
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45.  The method of claim 40, wherein cleaning the elongated bioreactor in place by
flowing the fluid through the elongated bioreactor comprises flowing a cleaning solution

through the elongated bioreactor.
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