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(57) Abstract: A bioreactor for culturing of cells is described. Screens suitable as a cell growth scaffold may comprise crossed fibers.
Screens may be contained loosely in a screen holder, which in turn may be contained inside a manifold assembly. A lower manifold,
screen holder and upper manifold may have identical, or similar interior open cross-sections. Flow of liquid medium can occur upwardly
through the array of screens, then flowing over a weir in the presence of an air pocket, and into a moat and a pump. The screen holder
may have slots whose exterior-facing ligaments are rounded, and may have grooves whose interior-facing edges are rounded. These
components may be located inside an incubator suitable to maintain desired environmental conditions and cleanliness.

[Continued on next page]



WO 2018/044699 A1 {100V A0 R0 00O rr

GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IF, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:

—  with international search report (Art. 21(3))

—  before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))



WO 2018/044699 PCT/US2017/048523

Bioreactor

{0001} This patent application claims the benefit of Provisional patent application U.S. Sexial No

52/380,414, filed August 27, 2016, which is incorporated herem by reference in its entirety.
‘ield of the Invention
j0002] Embodiments of the mvention pertain to bioreactors.
Background of the Invention

{0003} Bioreactors are used to expand a population of cells, such as stem cells or other
anchorage dependent cells. However, improvements are still desirable, such as in regard to ease
of use, and avtomation, and reproducibility of procedures. It is also desirable to calture so as to

produce large numbers of cells, such as billions of cells if possible.
Brief Description of the Invention

{0004} In an embodiment of the invention, there may be provided a bioreactor, comptising: a
reservoir container for holding a hquid mediwm; a duct providing a flowpath in a generally
vertical direction upward from the reservoir comtainer from a lower end of the duct to an upper
end of the duct; a cultare strocture located within the duct, a top of the duct being at a higher
elevation than a top of the culture structure; and a circnlation system for causing the liquid
medium to flow upwardly through the duct past or through the culture strocture, wherein the
apper end of the duct comprises an overflow wall surrounded ou its outside by a moat, the moat
being at a lower elevation than the top of the overflow wall, the upper end of the duct and the
moat betng in contact with a pocket region, the pocket region being bounded by a structare that
is connected to the duct, the pocket region being isolated from fluid communication with an
exterior of the pocket region, wherein when the circulation system is operating, the lignid
medium flows over the overflow wall within the pocket region and the liquid medium is i
contact with gas that is contained in the pocket region, and the Hquid medivm overflows into the

moat and 1s removed from the moat by the cireulation system.

[00035] In an embodiment of the invention, there may be provided a bioreactor, comprising: a

reservolr comtainer for holding a hguid mediwm; a mamfold assembly, the manifold assembly
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comprising an upper manifold and a lower manifold, the lower manifold having a lower end
extending into the reservoir container; a screen holder, the screen holder holding a plurality of
screens that are suitable as scaffolds for cells; and a circulation system for causing the hguid
medium to flow through the manifold assembly and through the screen holder, wheremn the
mantfold assembly and the screen holder provide a flowpath through the lower mamfold and the
screen holder and the upper manifold, wherein the screen helder is contained withm the manifold
assembly, and wherein the screens are contamed within the screen holder but have at least some

ability to move with respect {0 the screen holder 1 at least one direction.

0006} In an embodiment of the invention, there may be provided a bioreactor, comprising: a
reservolr container for holding a hguid medium; a manmfold assembly, the mantfold assembly
compiising an upper manifold and a lower manifold, the lower manifold having a lower end
extending inte the reservoir contamer; a screen holder, the screen holder holding a plurahity of
screens that are suitable as scaffolds for cells; the screen holder being able to be contained within
the manifold assembly; and a circulating system for causing the liquid medium 1o flow through
the manifold assembly and throagh the screen holder, wherein the manifold assembly and the
screen holder provide a flowpath through the lower manifold and the screen holder and the uppey
manifold, wherein the screen holder has grooves on an internal surface thereof, and has slots
through an external surface thereof, and wherem the grooves and the slots are configured so that

the screens are able to be mserted through the slots and be supported by at Ieast one of the

grooves and the slots.

{00071 in an embodiment of the invention, there may be provided a screen wherein at least
some of the screens comprise a plurality of fibers, and within an individual one of the screens,
the fibers are arranged in sequence in at least first, second, third and fourth lavers, the fibers
within gach of the layers being generally parallel to cach other, wherein fibers in the fust layer
are generally parallel to fibers in the third Jayer and fibers i the second layer ave generally
parallel 1o fbers in the fourth layer, and wherein when viewed perpendicular 10 a flat sueface of
the screen, fibers of the third laver are located non-aligned with fibers of the first laver and fibers

of the fourth layer are located non-aligned with fibers of the second laver.

[0008) Inn an embodiment of the invention, there may be provided a bioreactor having a rotor

that can oceapy more than one angular ortentation during a cell growth protocol. The rotor can

b3
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hold screens on which cells grow. Depending on the orientation of the rotor and the screens,

higuid medivm can be caused to flow either through the screens or generally parallel to the
SCreens.

10009 In an embodiment of the invention, there may be provided a bioreactor having a
reservorr whose bottom has features consducive o0 using as much as possible of the hgud
medium. Such featores may include a somp near where the doct draws fluid wpward from the

reservolr, and a rotating bar that can urge hguid medium toward the duct,

Brief Description of the Hlustrations

[0010] Embodiments of the invention are further described but are o ro way limited by the
following tllustrations.

{0011} Figure 1A shows an overall layout of some of the major components of a bioresctor

of an embodiment of the mvention.

{0012] Figure 1B shows the components of Figure 1A in cross-section.
[0013] Figure 2A shows an assembly, it cross-section, comprising the lower manifold and

the npper mantfold.

10014} Figure 2B shows the same assembly as Figure 2A, with the upper manifold
highlighted.

{0015} Figure 2C shows the same assembly as Figure 24, with the lower manifold
highltighted.

{0016] Figure 3A is a three-dimensional view showing a sereen holder, without screens.

[0017] Figure 3B is g three-dimensional view showing the screen holder of Figure 3A,
exploded.

j0018] Figure 3C 15 a three-dimensional view showing the screen holder with screens i it

For clarity of illustration, one part of the screen holder is colored differently from the other

part.
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{0019] Figure 3D 15 a three-dimensional view showing the screen holder of Figure 3C with
one part of the screen holder missing m order to better show the screens,

10020} Figure 3E is a three-dimensional view showing the screen holder of Figure 3D with
some of the screens missing.

[0021] Figure 4A is a view of the closure piece of the sereen holder, showing rounded

entrances of dlots in the screen holder,

{00221 Figure 4B is another view of the closure piece of the screen holder, from a different
perspective.

[0023] Figure 4C is a view of a local region of the closure piece.

[0024] Figure 5A shows a screen roade according to an embodiment of the mvention,

(0025} Figure 38 shows a closer view of a similar screen.

100261 Figure SC lustrates spacing pavameters of the screens such as those in Figores $A

and 5B.

0027 Figure 5D tHustrates more specifically the placement of fibers within a screen, and
g P A 4 :

their staggering.

Padeg

{0028] Figure 6A illustrates a possible leakage flowpath.
(o024 Figure 6B illustrates places where Hquid medium is present during typical operation

of the system.

{0030} Figure 7A illustrates the three-sided piece that is part of the screen holder, sn as to
illustrate positioning slots.

{0031 Figure 7B is a cutaway view illustrating the three-sided piece of Figure 7A, together

withy & pusher accessory.

{0032] Figure 7C illustrates the pusher accessory.
{0033} Figure 7D tlustrates g recess and boss for engagement of the screen holder with the

upper manifold.

[0034) Figure 8 illuatrates details of seals.

S
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{0035] Figure 9 iHlustrates placement of two bioreactors of embodiments of the fnvention
within an incubator,
10036} Figure 10A illustrates flowpaths of various gases and Hguids inclading into and out

of the incubator and into and out of a reservolr container and manifold assembly.

[0037] Figure 108 iHustrates a showerhead connected to the reservoir container.

{0038} Figure 11 shows an overall favout of a bioreactor of another embodiment of the
nvention.

{00391 Figure 12 shows an overall flmd flow path within the bioreactor.

{00407 Figure 13 shows a reservoir base including several recesses.

fo0d i} Figure 14 shows the riser conduit and nearby components.

[0042] Figure 15 shows an exploded view of the rotor chamber and rotor,

[0043] Figures 16A-16C show various views of the rotor.

10044} Figure 17 shows details pertaining to the levels of surfaces of bguids i the
bioreactor,

{0045} Figure 18 shows a filler structure inside the riser conduit,

{0046] Figure 19A shows results of Computational Fhud Dynamics modeling of the overall

system at a first flowrate of hiquid.

[0047] Figure 198 shows results of Computational Fluid Dynamics modeling of the overall
system at a second flowrate of liquid.

[0048] Figure 19C shows results of Computational Fluid Dynamics modeling of the overall
system at a third flowrate of Haquid.

{00491 Figure 20 shows resolts of Computational Flutd Dyvnamics modehing near individoal

sCyeens.
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Detailed Description of the Invention

{0050] One phenomenon that is important in cell culture is the limiting distance for
diffusion of nutrients and waste prodacts during growth and maintenance of cells and
tissae, Tissue in Hving organisms organizes itself so that cells are never separated by more
than a certain distance from a blood vessel or wansport path. The maximum distance for
cells to be located away from a transport vessel such as a blood vessel 18 about several
hundred microns. In the design of bioregetors, an important consideration 18 to provide a
geometry it which cells are never separated from hquid medium by a distance greater than

several hundred microns.

00511 Another phenomenon that 1s relevant o solated cells surrounded by liquid is
motion of the cells through the liquid, The physical properties (density, viscosity) of a
liquid culture medivm typically similar 1o the physical properties of water. Cells that are
loose in a Hguid culiure mediom are slightly denser than the density of the hqud culture
medium that surrounds them, which canses the cells to fall or sink downward under the
inflaence of gravity. I a cell is considered to be a sphere moving in a viscous hquid, the

sitaation is described by Stokes™ Law. In this situation, the settding velocity is given by
T - o) Foe BT FTIRE )
V= {pealt - PRuid) 8 FDMZAUSY )

where D is the diameter of the sphere, {Peaji - Plyia) 18 the difference in density between

the sphere and the flrd, g is the acceleration due to gravity, and  is the viscosity of the

fhud. This equation is valid for conditions of laminar flow.

0052} Another consideration in cell culture 15 to provide a gaseous atmosphere in the
incubator. which resalis dissolved gas i the cell culture medium, containing sufficient
oxygen and also containing carbon dioxide in a desived concentration of about 20% and 5%
respectively, and having a desired relative humidity such as about 95%. Yet another
consideration is to provide a desired temperature such as approximately normal homan
body temperature, such as 37.0 C

{0053] Another consideration in cell calture is the shear stress due to Hguid that mav be
flowing past the cells that are aitached to or in the process of attaching to a substrate or cell

culture scaffold. It is desirable that such shear stress not exceed a certain value, 5o asnot o
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distodge the cells from the subsirate or scaffold. 1tis believed to be especially important
that the shear siress be small during the early stages of cell seeding n 8 bioreactor, when
cells are still in the process of forming an attachment to the substrate or scaffold. For

mesenchymal stem cells, it is believed to be desirable to keep the local sheay stress under

0.1 Pa.

{0054} Heretn, a first embodiment of the mvention is described in which the cells are
statically seeded omto the scaffolds that are in the form of screens, and the screens are then
mounted side a bioreactor, where liguid mediom perfuses through the screens generally
perpendicular to the screens.

jO055] Referring now to Figures 1A and 1B, there iz illustrated a bioreactor 10 of an embodunent
of the invention. The bioreactor 1 may comprise a reservolr container 60 suitable to hold a desived
quaptity of a liquid medivm. The bioreactor 10 may also comprise a reservoir cover 62
corresponding to reservoir contatner 60, The reservolr cover 62 may attach to the reservoir
contamer 60 by a snap or other suitable fastener or attachment. The reservoir cover 62 may have
an opening 64 therethrongh suitable to receive a flow structure extending through the opening 64
and suitable to extend below a surface of hquid medium in the reservoir container 68, The flow
structure may comprise, as Hastrated, various pieces that fit together and may receive of enclose
a screen holder 200, The screen holder 200 11 o way hold screens 300 upon which cells reside

and grow. The array of screens 300 can be referred to as a culture structure,
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Upper manifold and lower manifold

{0056] Referring more specifically to Figures 2A, 2B and 2C, the flow structure may comprise a
manifold assembly that comprises lower manifold 82 and an opper manifold 86, Lower manifold
82 and an upper manifold 86 may fit together with each other, and in combination may surround
andd enclose sereen holder 200, Lower manifold 82 may extend downward into reservolr container
60 sufficiently so that the bottom end of lower manifold 82 may extend below a desired level of

lquid medrum that s stored in the reservoir comainer 50,

[0057] The mnterior of lower manifold 82 may be generally close-fitting with respect to the extenior
of screen holder 200, Lower manifold 82 may have a ledge 84 Screen holder 200 may rest upon

ledge 84, but screen holder may alse be able to move slightly upward in the vertical divection,

{00581 Upper manifold 86 may be suttable to fit together with ower manifold 82, Upper manifold
86 may define an internal passageway therethrough that is 1o fuid communication with the interior
of lower manitold 82 and with the interior of screen holder 200 if soreen holder 200 is present
inside lower manifold 82. Upper manifold 86 may have an internal that is of similar shape to the
interior of lower manifold 82. The interior of upper manifold 86 and the mterior of screen holder
200 may be of sinular or identical shape and dimensions so that changes of cross-sectional flow
area and changes of flow direction are small or non-existent as flow goes through lower manifold

82 and then through screen holder 200 and then through upper manifold 86,

[0039] Upper mantfold 86 may have, above the location where it interfacey with lower manifold
82, an upper end that 1s weir or pverflow wall 112, Weir 112 may be a penerally honizontal edpe
defining a perimeter of the passageway through upper mantfold 86, When ligoid is present and
flowing in the system with an air space in the upper portion of upper manifold 86, weir 112 may
define a liquid fevel of hiquid inside upper masitokd 86 and related components. External of weir
112 may be a moat 116 may have a bottom that is at a lower elevation than the top of weir 112
Moat 116 may be suitable to receive and contain hiquid that overflows weir 112, Moat 116 mav
further have a sump 118, which may be a localized depression that is smaller than moat 116 and
1s at g lower elevation than other parts of moat 116, There may further be provided, in fhud
communication with sump 18, an exat passageway by which liquid meditun may exit to other

parts of a fhuid circuit.
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{00601 Upper manifold 86 may engage with lower manitold 82 in a slideable manner that is guided
by a feature of upper manifold 86 being parallel to, of similar shape, and of similar dimensions but
allowing enough looseness for motion, with respect to a corresponding feature of lower mamifold
82. Asillustrated, the feature of upper manifold &6 is located ontwardly with respect to the featurs
of lower mamfold 82, Upper manifold 86 may bave a contact with lower manifold 82 that himits
the motion of upper manifold 86 toward lower manifold 82, formmg a stop constraint.
Ahernatively, it is possible that motion of upper manifold 86 and lower manifold 82 toward each
other could be stopped when an appropriate surface (which may be flat} of upper manifold 86
makes contact with an upper surface of screen holder 200, and correspondingly a lower surface of
screen bolder 200 makes contact with an appropriate surface (which may be flat) of lower manifold
BZ.

[0061] There may also be provided a top cover 130 that covers the top of upper manifold 86, Top
cover 130 may be at least approximately a flat plate. If desired, top cover 130 may have stiffening
ribs, Top cover 130 may be permanently joined to upper mamfold 86 and, there may also be
provided a seal between top cover 130 and upper manifold 86. 1t would alternatively be possible

if desired to provide some form of fastener connecting top cover 130 and upper manifbld &6

(00621 As llustrated, opening 64 through reservolr cover 62 may have a raised edge or lip 68
sarrounding i, and lower manifold 82 may bave a flasge 83 surrounding lower manifold 82 on s
exterior. Flange 83 may rest upon raised edge or hip 68 to define a spatial relationship between
lower manifold 82 and reservorr cover 62, Raiwsed edge or lip 68 may provide that if any
condensation of hiquid water ocours on reservolr cover 62, and if such condensate ix not sterils,
such condensate can be prevented from dripping into reservoir comtainer 60, Such condensate may
be confined to the top {external) surface of reservor cover 62. Various designs of such lip are

possible.

9
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Seals and clamps

{0063} Lower manifold 82 may have a lower manifold seal groove 92 that is suitable to contain
a compressible seal 94 for creating a seal between lower mantfold 82 and upper manifold 86
This compressible seal 94 is illnstrated as having a shape, in cross-section, that is rectangular with
deformable triangular fingers on one surface. Of course, other cross-sectional shapes are also
possible. Preload between npper manifold 86 and lower manifold 82 may be created by clamping
devices, which may be over-center type clamping devices. Two such clamping devices 974,978
are Hlustrated. When the described stop situation 1s reached based on position of apper manifold
&6 and lower manifold 82 relative to each other, compressible seal 94 may occupy a compressed

configuration.

[0064] Upper mantfold 86 may have an upper manttold seal groove 96 that is suitable for holding
a compressible seal member 98 for creating a seal between upper manifold 86 and top cover 130
This compressible seal member 98 is llustrated as being a typical O-ring. Preload between top
cover 130 and upper manifold 86 may be created by snaps (not tHustrated), clamps {(not llustrated)
or any other appropriate design features. Another possibility is that top cover 130 can be

permanently joined to npper manifold 86 such as by adbesive.

16
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Screen holder

In an embodiment of the invention, the screens 300 may be held by a screen holder 200,
The screen holder 200 is lustrated in Figures 3A-3E and Figures 4A-4C, Screen holder 200 may
hold a desired number of screens in a desired spaced position and orientation.  The screen holder
200 lustrated it Figure 3A-3E and Figure 4A-4C holds 15 screens 300, It may be desirable that
the number of screens be pot much larger than approximately 15 it order 10 avoid creating

gradients of oxygen concentration i the liquid medium during operation of the bioresctor.

In peneral, screen holder 200 may surrcund a hollow intenior space and may be any of
various shapes soch as round, rectangudar, ete. As illustrated, the screen holder 200 (on both its
both wtertor and #ts exterior] has the general shape of a rectangle with rounded comners. The
screens 300 held by the illustrated screen bolder 200 are rectangudar. For sake of convenience in
description, screen holder 200 is descrbed here using directional designations such as front and
back, sides, and horizontal and vertical, which generally correspond to their ovientation or position
as thustrated in the assembled bioreactor 10, However, it may be understood that these directional

designations are somewhat arbitravy.

0067} When screens 300 are in place tn screen holder 200, there may be a desired amount

[0068]

10069]

of space in the vertical direction between a screen 300 and is nearest neighbor sereen. In
the bioreactor 10 as illustrated, the flow of the Hquid medium can be generally
perpendicnlar to the flat surface of screens 300, flowing through the open spaces in the

soreen 300,

A cell culture region could comtain, for example, approximately 135 such screens
300 spaced apart from each other by a sufficient distance so that the screens do not touch

each other and some sideways Bow of hqud mediwn 15 possible 1 necessary,

Screen holder 200 could be of a hollow simple shape some of which forms a complete
perimeter, with the shape being a shape such as round or rectangular {possibly with rounded
corners). In general, 1t is possible that screen holder 200 could be made as a single piece, such as
by an additive manufacturing proces. However, perhaps more typically screen holder 200 could
be made out of two pieces, such as two pieces of molded plastic, that join together with each other.

It ia dHustrated that sereen holder 200 is made of two inter-engaging pieces. The screen holder 200

may comprise a three-sided piece 220 and a closure piece 240 that is engageable with the three-

11
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sided piece 220, The three-sided piece 220 may comprise, in sequence, a first side segment 2224,
a rear segment 2228 and a second side segment 222C opposed to the first side segment 222A. The
closure piece 240 may comprise at least one segment, which may be considered a front segment
242B. As illustrated, the closure piece 240 may additionally comprise a first side segment 242A
and a second side segment 242C. Thus, in sequence, there is a first side segment 2424, a front
segment 2428 and a second side segment 242C. The first side segment 2427 may be engageable
with the first side segment 222A, and the second side segment 242C mayv be engageable with the
second side segment 222C. However, it 15 also possible that the closure prece 240 nught comprise
only a front segment 2428,  As illustrated, fromt segment 242B and rear segment 222B are
substantially parallel to each other, and first side segment 222A and second side segment 222C are
substantially parallel to each other and first side segment 242 A and second side segment 292C are

substantially parallel to each other. However, other spatial relationships are also possible.

(0070} The engagement features may comprise deformable tabs 804, and further mav comprise an
opening 2244 in first side segment 222A and a similar opening 224C in second side segment
222C, with the openings 224A and 2240 being appropriately designed to engage with tabs 80{
The tabs 800 may be elastically deformable betwesn an engagement posttion as Hlustrated, and a
release position in which the deformable tabs 800 are bent mmward sufficiently o create
disengagement. The tabs 800 may comprise living hinges, and it is further possible that elasticity
elsewhere m the closure prece 240 may also contribute to changes of dunension or shape so as to

permit or assist in achieving disengagement.

{0071} Screen holder 200 may have an upper edge and a lower edge that may be flat, and which

may be paraliel to each other.



[0072)

[0073]

[0074]

0075
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Stots and grooves in sereen holder, and rounded edges near slots and grooves

The screen holder 200 may comprise varions grooves and slots that define locations of
screens 300 and provide mechanical support for screens 300, As illustrated, screen holder 200 is
able 1o hold 15 of the screens 300, but of course other numbers of screens 300 are also possible.
The spacing distance between screens 300 may be chosen from a combination of consuderations
such as patterns of {Tnid flow between screens 300, and desired overall packing density of cells in

the cell culture region of bioreactor 10

If screen holder 200 were made as a stngle piece (sinnlar to what 1s tHustrated buy with the
three~-sided piece 220 and the closure plece 240 joined {ogethen), it would be possible to insert and

remove sereens 200 into or fom screen holder 200, This can be done from g sideways divection.

In the screen holder 200 as described and tHlustrated, it is possible to insert and remove
screens 300 mito or from screen holder 200 when thres-sided piece 220 and closure piece 240 are
already assemibled 1o each other, without disassembling those pieces from each other, This can be
done from a sideways direction. As illustrated, first side segment 222A has grooves 170, and
second side segment 222C has grooves 170, Rear segment 222B has grooves 170, Fromt segment
2428 has slots through which screens 300 may pass without disassembly of screen holder 200
The grooves 170 may be substantially co-planar with each other and may have similar or identical
dimensions to each other in the vertical direction. Slots 180 may be parallel to or coplanar with at
least some of grooves 170, The vertical dimensions and elevations of slots 180 may be identical
to those of grooves 170, although i 1s sufficient ihe vertical dimensions and elevations are simply
generally similar to each other. These various features mav combing and interact so that when
screen holder 200 15 assembled, it is possible for screens 300 to be slid into place through slot 180
and to be supported by grooves 170, as well as by slot 180, The desired spacing or separation
between screens 300 is maintained by the material of screen bolder 200 near grooves 170, and by

the material of screen holder 200 (ligaments) that exist between slots 180,

Ag itlustrated, closure piece 240 has three sides, with two of the sides 2424, 242C being
short. One side wall of screen hokder 200 comprises both first side segiment 222A and first side
segment 242A, and similarly the other side wall comprises both second side segment 2220 and

second side segment 242C. As Hllustrated, even tabs 800 contain grooves that are continuous with
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grooves 170 in the corresponding adjacent side segments. However, it can be undersiood that

various other designs are alse possible.

10076} As ilustrated, grooves 170 in first side segment 222A and first side segment 2424 are
substantially sharmp-edged. The same is true for grooves 170 in second side segment 2220 and

second sile segment 242C. However, i can be understood that other geometries are also possible,

{00771 On a fromt portion of the screen holder 200, the separators or ligaments of remaining
material may be such that there are rounded edges face generally exteriorly of the screen holder
200. This can be helpful in guiding screens 300 mto slots 180 during nitial insertion of the screens
300 into slots 180, The rownded edges may be hemicyimdrical. Such rounded edges can also be
helpful in gwiding screenss 300 inte slots 180 if it happens that any of the screens 300 are not

perfectly planar, such as being slightly warped out-of-plane,

D078} At a rear portion of the screen holder 200, separators between mdividual screens 300 may
be such that there are rounded edges face generally toward the intenior of the screen holder 200
This can be helpfid in guiding screens 300 into desived positions when screens 300 are being
tnserted mnto screen holder 200, such as near the end of the insertion process. The rounded edges
may be hemicylindrical. The rounded edges may be hemicylindrical.  Such rounded edges can
also be helpful in guiding screens 300 into grooves 170 #f it happens that any of the screens 300

are not perfectly planar, such as being shahtly warped out-of-plane.

[0079] The separators at the front porlion of the screen bolder 200 may define slots through which
the screens 300 may pass. The sepamators at the rear portion of the screen holder 200 may define
grooves nto which the screens 300 may enter but through which i is impossible for screens 300
10 pass.

{0080] In the case of both the rounded edges of the slots 180 and the ronnded edpes of grooves
170, a hemicylindrical curvature 13 only one of various possible curvatures. A fillet having some
other desired radius is alse possible. Such radius could be either less than or greater than the radius
of the hemicylinder. Other shapes of curves are also possible. Varation of curvature along the

length of the slot 180 or groove 170 is also possible.
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Design of screens

{0081] in embodiments of the invention, and referring now to Figures SA-5D, the
bioreactor 10 may have, within the culture region, an array of screens 300, which serve as
tissue scaffolds for cells sach as anchorage-dependent cells to grow upon. The individual
screens 300 themsebves may comprise a number of layvers of fibers 400, with the fibers 400
having orientations that are perpendicular to the onentations of fibers in an adjacent layer.
in a particular embodiment of the tnvention, the number of lavers of such fibers 400 in an

mdividual sereen 300 may, for example, be four or five or six lavers.

[0082] Typical dimensional pavameters of such screens 300 could be a fiber diaweter of
130 nucrons and & fiber spacing (as defined in Figure 3C) of 200 microns, with that
dimension referring to the distance from an edge of one fiber to the nearest edge of the
nearest fiber in the same plane. Fibers 400 in one layer may be staggered relative to fibers
400 that are parallel to them and are located in a different layer of the screen 300, or
alternatively there does not have to be staggening. The fibers 400 may be spaced apart
from each other by appropriate distances such that during initial cell seeding, the cells
deposit on fibers 400 and do not touch cells on adjacent {ibers 400, However, the spacing
of the fibers 400 may be such that afier some pumber of cell multiphications, cells growing
on nearby fibers 400 may contact or grow against each other (a sitnation known as

contloence).

f0083] More particularly, the fibers 400 may exist in two mutnally perpendicular
directions and may be staggered i both of those two mutually perpendicular directions.
Thus is further illustrated in Figure 5D, Each screen niay comprise a plurality of fibers
forming a first laver having parallel fibers oriented m a first direction and may comprise a
second laver having a plurality of parallel fibers oriented in a second direction that is
perpendicular to the first direction, the fibers in the second layver being joined to the fibers
n the first layer. At least some of the screens comprise a pluarality of fibers, and within an
mdividual one of the screens, the fibers are aranged in sequence in at least first, second,
third and fourth layers, the fibers within each of the layers being generally parallel to each
other, wherein fibers in the first layer are generally parallel to fibers in the third laver and

fibers in the second layer are generally parallel to fibers m the fourth layer, and wherein

oy
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when viewed perpendicular 1o a flat snrface of the screen, fibers of the third laver are
located non-aligned with fibers of the first layer and fibers of the fourth layer are located

non-aligned with fibers of the second layer. More specifically, with respect to this viewing

especialty during initial seeding, while still providing space for iqud medium t0 ocenpy

and flow through, and providing space for cells to grow into as the cells multiply.

[o084) A screen 300 may have a particular number of lavers, such as fowr layers, with
media available at both surfaces of the four-layver construct, for contacting cells, and media
also available in openings that exist between lavers. I is believed that all of the features of
this situation more closely resemble what occurs i natural tssues, which can be termed a
three-dimensional environment. 1t is believed that the three-dimensional situation of
embodiments of the invention 18 more conducive to cell multiphication and expansion than
is a two-dimensional environment. However, it is not wished to be limited to this

explanation,

{008 S] The scregns 300 may be formed by a programmed deposition of heated {ilaments
of polviner, sinilar t0 what 1s described i commonly-owned US patent 8,463,418, The
polymer may be a suitable biocompatible polymer such as polvstyrene. The screen 308 as
described is non-woven. Alernatively, screen 300 may be woven if desired. The overall

shape of the screen 300 may be flat and rectangular.

U In some prior art cell culiuring technigues such as Petri dishes, a layer of cells
grows on a flat surface and experiences an enviromment that is essentially two-dimensional.
Even if there 1s adequate supply of nutnients and removal of waste products in this
situation, such a two-dimensional environment is by inherently different from the

environment in which cells natwrally grow, which is a three-dimensional environment.

{0087} In embodiments of the invention, cells seed by attaching onto individual fibers of
the screen. The fiber-to-fiber dimension of the screen may be large encugh that when
isolated cells initially attach to the fibers, at least some of the cells generally do not touch
other cells. After cells bave multiplied, and perhaps created several layers of cells where

initially only one layer of cells was attached 1o a fiber, it is possible that the cutermost cells
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may stitl be independent of the next fiber or # is possible that some of the new cells may
touch other cells that are attached to other fibers, 1.¢., some bridging of fibers may occur
{referved to as confluence). In embodiments of the wnvention, a scresn may have a
particular number of layers of fibers, such as four lavers. with media available at both
surfaces of the four-layer constroct, for contacting cells. At any rate, #f is believed that all
of the features of this situation more closely resembile what occurs 1 natural tissues, which
can be termed a three-dimensional enviromment. Itis behieved that the three-dimensional
situation of embodiments of the mvention 13 more conducive to cell multipheation and
expansion than is a two-dimensional environmemt. However, 1t is not wished to be imited

to this explanation.

008K} A cell culture region could contam, for example, approximately 10 to 15 such
scaffolds spaced apart from each other by a sufficient distance so that the screens do not

touch each other and lignid can flow between the scaffolds.

{00891 In terms of biological parameters, a screen vsed with an embodiment of the
mvention may have an area (length dimension * width dimension} of about 7000 mm*2,
and the portion of that screen exposed to perfusion {excluding the edges that are in
grooves or slots} may have an areg of about 8300 ™2, This screen may be formed of
four Tayers of fibers, with the layers alternating in direction as described elsewhere herein,
On such a screen there may be deposited an initial seeding of gbout 800,000 cells, so that
if 12 screens arve used, the population of seeded cells is 9.6 milhion cells. At the end of
culturing, that cell population has expanded to about 250 mullion cells. Flow of liguid
media speed based on the empty space tn the screen, for dynamic cultoring, can be
approximately 2 omdmin. tis believed that a flow velocity of 1.6 mum/sec, based on the
empty space for passage of hoquid through the screen, will produce a maximum shear
stress, at the edge of a fiber i the screen, of .1 Pa, and it is believed 1o be desirable that

for mesenchvimal sten cells the shear stress should stay below this value.
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Dimensional considerations affecting flow

{0090] in embodiments of the invention, the general direction of flow of the hiqud
medium may be perpendicular to and through the screens 300, which as illustrated is

vertically upward.

[0091] In embodiments of the invention, cells seed by attaching onto mdividual fibers 400
of the screen 300, The fiber-to-fiber dimension of the screen 300 may be large enovgh that
when isolated cells mitially attach to the fibers 400, they generally do not touch other cells.
After cells have multiplied, and perhaps created several lavers of cells attached to a fiber
400 where imtially only one layer of cells was attached to a fiber 400, 1t i3 possible that the
outermost cells may still be out of contact with cells that are attached to the nearest-
neighbor fiber 400, or it is possible that some of the new cells may touch other cells that are
attached 1o other fibers 400, i.e., some bridging between fibers {confluence) may ocour.
Even if confluence does not occur, after additional cells have grown, the open space for

passage of hquid medium through the screen is soxaller than it was at the stast of colturing.

{0092} In embodiments of the invention, the screens 300 may fit within grooves 170 or
slots 180 of screen holder 200 with a slight degree of looseness. This is so that screens 300
can be eastly mserted into or removed from the grooves 170 and slots 180, For example, a
total height of a screen 300 mayv be 600 microns, while the vertical dimeunsion of a groove
170 or slot 180 may be 1 millimeter. This leaves a gap, in the vertical divection, between
the screen 300 and the groove 170 or slot 180, In the horizontal divection, in a side~to-side
direction, the dimensions of the screen 300 may be slightly smaller than the horizontal
dimensions defined by the base of a groove 170 on one side of the screen holder 200 to the
base of the groove 170 on the other side of screen holder 200, In the horizontal direction,
in the front-back direction, the location of the screen 300 may be determined by two
limiting structures between which the screen 300 may it with a slight degree of looseness.
{One of those structures may be the interior wall of the lower nianmifold 82, The other
stragture may be the inward-facing extreme of boss 216, In the front-back direction, the
screen may be slightly smaller, at least at the location of the boss 216, than the distance

between the boss 216 and the opposed mward-facing surface of lower manifold 82,
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Alternatively, # is also possible that some teatures of screen holder 2060 could be wnvolved

m determining the position of screen 300,

[0093] The following forces can act on a honizontally-oriented screen during flow through
the screen: the weight of an individual screen when submerged in the hguid medium; and
the drag forcs due to flow of the higuid medinm {(which can be approximated as the
pressure difference across the screen holder, divided by the number of screens). This force
balance will determine whether the screens sit on the lower edge of the groove, or are
pushed upward and pinned against the upper edge of the groove, or Hloat somewhat
unstably i between those other two positions. At least one of these quantities, i.e., the
pressure drop, can vary during the course of culturing, as the screens become more

crowded with cells.

{00941 At the same time, if is desired that most of the flow of liguid mediwm go through

the openings in the screen 300,

[0095] In the described stack of screens 300 and within the described screen holder 200,
there are various possible local flowpaths of the bguid mediun. In moch of the screen 300,
there 15 open space between fibers 400 through which the lignid medium can flow. Prior to
the seading of cells onto the screen 300, the dimensions of the minimum flow area for a
particular opening between fibers 400 can be approximated as the wter-fiber spacing

distance by the inter-fiber spacing distance.  Also, prior to the seeding of cells, when the

i

screen Is mownted into the screen holder 200, there 15 a possible How path at the edges of
the screen 300. Such flowpath is llustrated in Figure 6A. Flow i such flowpath may be
mifluenced by local dimensions such as the inter-fiber spacing distance, and the gap in a
horizonal direction between the screen 308 and the screen holder 200, and the gap in a
vertical direction between the screen 300 and the screen holder 200, However, for
simplicity of discussion, it can be assumed that the area for leakage How, for one space
between fibers 400, is the inter-fiber spacing distance by the inter-fiber spacing distance.

(00961 It may be of mterest to compare the desired Howrate © the leakage flowrate, in the
form of a ratio of those two quantities. If the screen external dimensions are assemed for
simplicity to be square with a side length of L, the number of cells along the perimeter

would be 4*Lidelta, where delta 1s the inter-fiber spacing distance. The total flow area of
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all such leakage paths then would be (4%L/deltay®delta™2, or 4¥ L% delta. In the same
situation, for desired flow, the total flow area through the screen is L 2%delta™2. The ratio
of desired flow area o leakage flow area 13 L°2%delta”2/(4%L.%delta), or LA4¥delta), or
0.25%(L/delta). For the desirable goal of having most of the flow go through the openings
in the screens 300 rather than through leakage paths, this incentivizes having a screen 300
having many cells within the length of a side of the assumed square shape. For example,
the system may be designed so that a leakage path comprising a gap between an individual
one of said screens and said screen holder, has a cross-sectional flow area that is less than
10%, or less than 2%, of a total Bow area through all passageways through said individual

one of said screens.

{0097] A further level of detail 13 to assume that the open spaces in the main part of the
screen 300 become smaller as time goes on and the cell population increases. ftcan be
assumed that they come to a value that may be called deltacrowded. It is then necessary to
make an asswumption about the open spaces at the edge of the screen 300. It may be
assumed that the open spaces at the edge do not change their dimension, and thew
ditnension remains at what may be called deltaedge. Then, the above ratio of flow areas
becomes L' 2¥deltacrowded 2/(4* L3 deltaedge), or 0.25%L *deltacrowded"2/dehacdge.
This is of course subject to assumptions especially concerning the open dimension at the
edge, i.e., deltaedge, but in general as deltacrowded becomes smaller, the ratio of flow area
for destred perfusion flow, divided by flow area for leakage flow can become smaller than

it was for the empty screen 300,

[0098] Another consideration affecting the design of a bloreactor may be the stiffhess of
the screens 300 against bending. When screens 300 are in the bioreactor and are supported
by screen holder 200, they are subjected to gravity (either with or without buoyancy effects
depending on whether Higuid medium is or i3 not present), and they also are subjected to
flow forces if the hquid medivm is moving. Any such forces could deform the screen 300
out-of-plane. 1t is desirable that the screens 300 not deform so much that they touch each
other or come loose from screen support 200, Stiffness of a screen 300 can be
characterized by its deformation s hending 1o a simple bending geometry in which two
opposed edges are supported as simple supports and the other two edges are unsupported.
For the described screens, which had a dimension along the direction of bending of about
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100 mm, and a transverse dimension of abouwt 60 mim, a weight of 14.5 grams applied at the
center of the span caused a deflection of 3.1 mm. The screen may be designed to be at least
as sbiff in bending as the just-described bending stiffness. When the screen s supported at
four edges rather than the just-described two edges, it will deflect less than i the just

described measurement.
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Start-up procedure

{00991 in an embodiment of the invention, a start-up procedure can be as descitbed here.
At the start of use of the system, the reservoir container 00 can comtain Hquid medium ap to
a desired Heauid level. The hiquid level may be above the elevation of the bottom of lower
manifold 82, and the amount of liquid contained may be sufficient for desived operations.
Pump 140 may then be operated s0 as to withdraw luid from moat 116, Pumyp 140 may be
a positive displacement pump stch as a peristaltic pamp, capable of meving either liquid or
gas or a cornbioation thereof, Inthally, pump will remiove air from the region including
upper manifold 86, This removal of air will cause the level of liquid medium 1o rise in
tower mamifold 82, into screen holder 300, and then upper manifold 86, Eventually the
liquid level will reach the level of weir 112 and then begin to overflow weir 112 mto moat
116, Liguid will then flow mnto sump 118, Pump 140 withdraws fluid from sump 118, k
1s possible that at some point doring start-up, pamp 140 will withdraw a mixture of haquid
and gas from sump 118, but that is all right. Eventually there will be reached a steady state
n which a substantially constant voheme of gas remains in the region over upper manifold
86 and proat 116, As long as pump 140 continues to run, there will be a flowrate of Bguid
over weir {overflow wall) 112 mto moat 116 and semp 18 and towards pump 140, Itis
believed that the level of Hiquid in moat 116 will be fairly close t© the bottom of moat 116.
This 1s tHlustrated in Figure 6B, The hqud is indicated in Figure 6B by the dotted-hatched

pattern.
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Pusher accessory and slots for positioning of screens

[00100] Referring now to Figure 7, in embodiments of the invention, as described herein,
the screen holder 200 may comprise positioning slots 390 that can be used for pushing
screens 300 mto a desired position or for defining positions of screens 300, Sach
positioning slots 390 may be generally vertical with respect to overall directions of the
screen holder 200 and bioreactor 10. Positioning slots 390 may intersect other slots and

grooves that are provided in sereen holder 200

(00101} A pusher 400 may also be provided as an accessory (for use before or after actual
culturing). 1 1s possible that the pusher 400 can be used on one side of the screen holder
200 for the purpoese of pushing screens 300 into soreen holder 200 umil they contact a stop
such as the base of groove 170, It ix also possible that pusher 400 may be used onan
opposite side of screen holder 200 for the purpose of pushing screens 300 out of screen
holder 200, such as when culturing is completed or it is desired to remove sereens 300,
Positioning slots 390 on one side of screen bolder 200 nway have identical or similar
dimensions and spacing as positioning slots 390 on another side of screen holder 200,

which would enable a single pusher 400 {0 be used for pushing in both directions.

(00102} in order 1o facilttate the described pushing, pusher 400 may have certain
dimensional relationships with appropriate features of screen holder 200, Bosses 420 on
pusher 400 may be dimensioned, and may be spaced appropriately with respect to each
other, so that they can it into positioning sltots 390 of screen holder 200, The height of the
bosses 420 on pusher 400 may be sufficiently large so that the screens 300 may be pushed

to 8 desired extent,
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Features that affect engagement between sereen holder and lower manifold

[00103] it is further possible that there may be provided inter-engaging features that
constrain or guide the inter-engagement between screen holder 200 and lower mantfold 82,
Such features may be referred to as a key and a keyway. As illustrated, screen holder 200
has 8 recess 210, and fower manifold 82 has a boss 216, Of course, the opposite i1s also
possible, i.e., a boss on screen holder 200 and a recess on lower manifold 82, If screen
holder 200 has some degree of symmgtry, such gs being of a rectangular cross-sectional
shape, the key and keyway may hmit the munber of wavs in which screen holder 200 and
lower manifold 82 can be assembled together. This arrangement may serve to control the
positioning of screens 300 when screen holder 200 15 assembled with the rest of bioreactor

LR

[00104] There are some dimensional considerations n regard to insertion of screen holder
200 nto lower manifold 82, For example, the width (in a horizontal direction) of boss 216

may be less than the width of recess 210,

00105} If desired, the portions of the boss 216 or the recess 210, or both, that engage each
other initially upon msertion of the screen holder 200 into lower manifold §2, may be
provided with rounding features at one of their ends (at the top of the feature on the lower
manifold 82, or at the bottom of the feature on the screen holder 200, or both), so as to
guide the mitial engagement between screen holder 200 and lower manifold 82, s also
possible that a rounded feature may be provided at other places at the bottony of screen
holder 200, or at the top of lower manifold 82, or both, 30 as to guide the initial

engagement between screen holder 200 and lower manifold 82.
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Incubateyr

[00106] Referring now to Figure 9, the bioreactor 10 may comprise an incubator 950, The
mcubator 930 may maintain within itself conditions that are conducive to cell growth. The
mcubator 9530 may maintain a tempersture that is a desired value that is close to
phystological temperature. The incobator 950 may alse manstain an atmosphere having a
desired composition. The composttion may have an oxygen concentration of
approximately 20% and 3 carbon dioxide concentration of approximasely 3%, The
mcubator 9530 may also nwintain a desired relative humidity of the atmosphere instde the
mncubator 950, The incubator 9530 may have a front door providing access to the interior of
the incubator 950 for installation or removal of major components. The incubator 950 also
may have penetrations or pass-through through various of tts walls. Such pass-through and
penetrations are described heve for a particular design, although it can be understood that

other such arrangements are also possible.

[00107] At a location outside the incubator there may be a pump 140 for circulating or
controiling the flow of liquid media. Pump 140 may be a positive displacement pump
such as a peristaliic pamp. There may be appropriate pass-throughs or penetrations for
passage of such hquids Into and out of the incubator 930 to and from the pump 140,
Locating the pump 140 ouiside of the incubator may serve some specific purposes. One
such purpose is that the electronics in the pump 140 may have a limit on the hamidity o
which they can be exposed, which may be lower than the relatively hunud conditions that
are usually maintained nside the incubator 930, Locating the pump 140 cutside the
incubator 930 eliminates this concern. Additionally, if the pump 140 was located inside
the incubator 939, it could generate beat when it was running, and that heat could affect
the control of temperature inside the incubator 930, Appropriate controls and, if destred,

awtomation, may be provided for the pump and related systems.

{00108] The just-described parts may be suitable to be placed inside a controlled-enviromment
chamber that may be referred 10 a5 an incubator 950, Incubator 950 may have contrels to maintain
within i3 interior a desired temperature, a desired asmospheric composition, & desired oxyuen
concentration, a desired carbon dioxide concentration, a desired humidity, desired values of any

other environmental property, or any combination of these. The incubator 950 may have a door



[00109]

(00110}
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o pernut the passage therethrough of these components, and the door may be closeable and
sealable. The incubator 950 may further have passthroughs, through the incubator wall or
boundary, which may be separate from the door. Such passthroughs may permit the passage of
hquid mto and out of the interior of mcubator 950 The incubator 950 may further have
connections through which oxygen or carbon dioxide may be supplied to the interior of incobator
9530, Pump 140 for circulating hquid medinm may be located external to the incubator 950,
Passthroughs may provide for the passage of liguid medium into and out of the incubator 930, The
imcubator may be swiable to mamiain sterility or at least cleanliness at and near the described

components such as the assembly of manifolds 82, 86 and the reservoir container 60.

Connected to overflow meat 116 may be an exit fitting. The exit fitting may exit
the moat such that at a portion of the interior open space of the fitting is at or below the
level of the base of the moat 116, From exit fisting, there may be tubing or sinular fluid-
carrying means going to the intake of the pump 140, Tubing may be capable of conducting
fiuid {either Hiquid or gas) from the moat 116 to the pump. Pump 140 is shown as being

lacated ouiside the incubator 1950, This pump location is optional, although advantages of

it are discussed elsewhere herem.

Downstream of the pump 140, flow may proceed back inso the moubator 930 and ©
a showerhead 186, The showerhead 186 mav be located inside incubator 950 at the top of
the reserveir container 60. The showerhead 186 may distribute the liquid medium in the
form of drops that fall back into the reservoir coutamer 60, The atmosphere inside the
meubator 950 may have a desired concentration oxygen, and a desired concentration of
carbon dioxide, and may also be temperature controlled. During the passage of drops of
lquid medium from the showerhead 186 through the atmosphere inside the reservoir
container 60, the liquid drops may exchange gas with the atmosphere inside the reservorr
containgr 60, such as ahsorbing carbon dioxide from the atmosphere inside the reservoir
container 60. The drops mav also thermally equilibrate with the atmosphere inside the
reservoir container 60 i needed. The drops may then collect in Haquad region of reservon

container 60,

(00111} Flow of fluid through the entire described flow path may then be repeated.
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{00112 Reference is now made o Figure 10, which Hlustrates various connections through
the boundary of the incubator 950 and the reservoir container 60. The bioreactor 10 may
comprise connections for pump 140 to withdraw hguad mediun and to ve-introduce liquid
medium. This provides dynamic circulation or perfasion of the lquid medium. {fthe
pump 140 is located outside the incubator 950, the liquid medium can exit from the
bioreactor 1, pass through the boundary of the mcnbator 958, pass through the pump 140,
pass again through the boundary of the incubator 950, and re-enter bioreactor 10, More
specifically, the hapod medium can exit from the sump 118 that 15 connected to moat 116,
amd can re-enter the reservelr container 60 through showerhead 186, The atmosphere
mnside the incubator 930 and the reservoir container 60 may be managed in several ways.
CO2 may be supplied from a source outside the incubator 950 and, as illustrated, passes
through a passthrough that is a permanent part of the incubator 950, shown as being on the
rear of incubator 950, Air can pass from outside the incubator 950 into the interior of
tncubator 950 through a passthrough that 1s shown on the left side of incubator 950, This
entering air may pass through a filter 960, which may be located outside the incubator 950.
Thus, the atmosphere inside the moubator 950 may be a mixture of air and CO2. The gas
space of reservolr container 60 may have an alr extraction conpection by which gas from
the gas space of reserveir container 60 is pulled out of reservoir container 60, through a
passthrough through the boundary of incubator 930, and out to an aurflow pump 150,
Airflow pump 150 may be a peristaltic pump, which may be located cutside incubator 950,
(ias from the atinosphere inside moubator 930 enters the reservoir container 60 through a
filter (not Hustrated) on port 940, inside reservoir container 60, the showerhead 186
entrains some of that gas. The showerhead 186 causes acration and exposes the lignid
medium to CO2 and to oxygen. Cells obtain both CO2 and oxygen from the liguid
medium for their metabolism and for the ATP ¢yele for energy transfer. The showerhead
186 as illustrated has nonuniform hole size distnibution in order to form a spray with the
desired characteristics and distribution. The liquid enters from above the showerhead 186
near the center of the arvay of holes. Holes that ave more owtwardly Jocated are larger in

dimension than heles near where the liguid enters.

(00113 As illustrated, two of the passthroughs through the left wall of the mcubator 950 are

for hquid medivm to go into and ont of the tncabator. There 1s also a passihrough through

2
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the wall of the incubator by which an arrflow pump, which may be a peristaltic puanp, pulls
atmosphere out from the gas space of the reservoir container 60. There salso a
passthrough through which air from outside the incubator 930 enters the incubator interior,

passing through a filter 960,
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Embodiment comprising a votor and two different orientations of flow

{001 14] In general, there are at least two possible geometries of planar scaffolds and flow
bioreactors. The previously described embodiment involved How through a screen
generally perpendicudar to the plane of the screen. Another possible geometry involves
flow of liquid in a direction that is generally parallel to a screen. Each orientation has
respective advantages and disadvantages.

[001135] In this next embodinient of the invention, a bioreactor 1010 may have overall
components and an arrangement as tHustrated i Figare 11

(00116} The described components may be attached to a base or frame that defines their
locations and allows the apparatus to be carried as a unit. External to the apparatus there
may also be provided a sowce of carbon dioxide, such as a pressurized tank. Similarly, a

source of oxygen may be provided if desired.
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Flow path

[00117] Referring now to Figure 12, for an embodiment of the invention, there is shown a
fhuid flow arrangement for the bioreactor 1010, As illustrated, the direction of Higuid flow
past the cell calture scaffold may be i a generally vpward direction with respect to gravity.
The flow can flow in a recirculating flow path. In an embodiment of the invention the
Higuid medium is able to flow i a recirculation path from a reservoir, upward through the

scaftold, through a pump, through a shewerhead, and back 1o the reserveir.

[001 18] The pump 1140 may be capable of self-prinsing by pumping gas through the pump
mitiatty 30 as to pull ligoid up from the lower reservolr into the cell cultare region.
Thereafter, the pump 1140 may be able to move liquid when it is desired and at whatever
rate it is desired to circulate bquid through the colfure region. The punp 1140 mav be a

positive displacement pump such as a peristaltic punp.

[00119] The apparatus may comprise a reservoir contaimer 1060, which may be located
generally at an elevation that is lower than the elevation of various other components of the
apparatus. The botiom of the reservoir contamner 1060 may be formed, at least in part, by a
reservolr base 1400 that is generally Hat and horizontal having a reservoir base upper
surface 1410, The reservoir 1060 may further be defined by reservoir sidewalls and a
reservoir lid. Furthermore, reservoir base 1400 may have some features that are recessed

below reservoir base upper surface 1410,

[00120] The reservoir 1060 may have therewithin a stirrer such as a magnetic stirver bar (not
iHustrated) that can be cansed to rotate by an externally applied magnetic field that rotates.

The stirrer bar may be more dense than the density of the liquid so that the stirver bar may
sink due to gravity and rest upon a surface of the reservou base, more particularly a bottom
surface of stirrer recess 1420, Alternative stirrer arrangements are also possible, such as a
rotating rod and paddie.

[00121] The stirrer bar could be rotated at an appropriate rotational speed to maintain cells
in suspension in the liguid so that the liquid drawn into the scaffold contains appropriate

cells,
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Reservoir base

(001227 ‘The reservoir 1060 may be defined i part by reservoir base 1400, Referring ow to
Figure 13, reservoir base 400 may be generally flat and horizontal but may have a pattern

of recesses recessed mio it

[00123] Corresponding to the stirrer bar, there may be 8 stivrer recess 1420, recessed mto
reservolr base 1400, Stirrer recess 1420 may be, in its horizontal dimensions, larger than
the path that is swept out by the stirrer bar. At least some of the stirrer recess 1420 may be
approximately eyvlindrical and may have a bottom that is flat and horizontal. The depth of

the stirver recess 14280 can be less than the vertical dimension of the stisver bar, if desired.

(00124 There may further be provided a canal recess 1430 that may be generally straight in
a lengthwise direction. There may further be provided a reservoir sump recess 1440, The
canal recess 1430 may intersect with the stirver recess 1420, and may intersect with the

reservolr sump recess 14440,

[00125] The floor sorfaces of all of these recesses (stirrer recess 1420, canal recess 1430,
reservoir sunp recess 1440) may be planar and may be coplanar with each other and may
be generally horizontal. Places where the various recesses {(stirrer recess 1420, canal recess
1430, reservolr sump recess 1440} intersect each other may be provided with rownded
corners to improve the smoothness of flaid flow. At various places associated with the

recesses, there may also be provided internal corners that are rounded.

00126} There may also be provided a drain recess 1450 that may be in fluid communication
with the canal recess 1430 and mav extend to a lower elevation than does the canal recess
1430, Fluid can be removed from the reservoir 1068 by putting a tube into the dvam recess

1450 from above and suctioning fluid out.
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{00271 Referring now to Figures 14-16C, there may also be provided a riser conduit 500
that may define a flow path leaving the reservoir 1060 i an upward direction. The riser
conduit 1300 s lastrated as being of rectangular cross-section, but it can be appreciated
that other cross-sectional shapes are also possible. The riser conduit 1500 may have a riser
conduit lower edge 1510 that is flat and horizomtal. First of all, the riser conduit 1500 may
be positioned such that the riser conduit lower edge 1510 is at a lower elevation than the
elevation of the liquid level in the reservoir 1060, More particularly, the riser conduit 1500
may be positroned so that the riser condwit fower edge 1510 1s located at an elevation that 13
higher than the floor of the reservoir sump recess 1440, but is lower than the upper surface
1410 of reservour base 1400. It may also be provided that reservoir sump recess 144 has a
boundary that is larger than and outside the outer perimeter of riser conduit 1500, This
combination of dimensional relationships may provide an inflow pattern, for flow from the
reservolr 1060 into riser conduit, that is distributed generally around the entire perimeter of
riser condutt 1500, Such a flow pattern preserves daccess to a very large fraction of the
liguid i the reservoir 1060, while not creating “pinch points™ that have excessively high

local fhad velocities or local shear rates in the fluid flow.

[00128] Continuing upward along the general direction of riser conduit 1500, there may be
rotor chamber 1600 and rotor 1700 that is contained generally within rotor chamber 1600,

More detail about rotor 1700 is provided elsewhere herein.

{00129] Rotor chamber 1600 may have therethrough a vertical passageway defined by the
lower pass-through opening 1610 and the upper pass-through openmg 1620, Lower pass-
through opening 1610 and upper pass-through opening 1620 may have substantially
identical internal cross-sectional area and dimensions. The mternal cross-sectional area
and dimensions of lower pass-through opening 1610 and upper pass-through opening 1620
may at least approximately maich those of the interior of riser conduit 1500 and those of

the passageway (desciibed elsewhere herein) through the rotor 1700,

100130} Rotor chamber 1600 may rest upon or mayv be mounted upon the cover plate of

reservolr 1060,

[00131] Near the top of rotor chamber 1600 the rotor chamber wall that ouches the hiquid

may end at g top edge 1630 that is Hat and horizontal. The top edge 1030 may act as a weir
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for higuid to flow over i, Ouiside of the wall may be an overflow moat 1648, The design
of the overflow moat 1640 and nearby features may be such that the fluid m the rotor
chamber 1640 has to flow upward, then over the top edge 1630 of the rotor chamber wall,
then downward into the moat 1640. The moat 1640 may extend around the entire
perimeter of the rotor chamber 1600, During operation of the system, a gas pocket may be

present above the top edge 1630

(00133} Rotor chamber 1600 may be topped off by rotor chamber hid 1660, which may be
removable. There may be @ gap between the top edge 1630 and the rotor chamber Hid 060,
The gap may be suitable for flow to flow through the gap and thereupon the flow may enter
and be collected by overflow moat 1640, 1t is believed, although it 15 not wished to be
linsited to this explanation, that the use of overflow moat 1640 may help to mmprove the
uniformity of flow through the cell culture region and tissue scatfold. There may be an
overflow moat 1640, and a corresponding sump, and showerhead as m another embodiment

herain.
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Rotor and cell culture seaffold

[00133] Within rotor chamber 1600 there may be provided rotor 1700, Rotor 1700 may be
able to rotate, with respect to rotor chamber 1600, around an axis of rotation. The axis of
rotation may be horizontal, and ruay be geverally perpendicular to the divection of the riser
conduit 1500, Rotor 1700 may be close-fitting within rotor chamber 600, while still being

free to roiate.

[00134] One end of the rotor 1700 may have or may have attached thereto & shal o direct
the angular position of the rotor 1700, The shaft may in tn be operated by a mator. The
motor may be located mside the incabator 1950, of may be located owtside the incubator

1950 with a penetration for the shaft to pass through the wall of the Incubator 1950, The

motor may be controlled by a computer or automation system.

{(1135] The rotor 1700 may be able to rotate through various rotation positions. One
position of the rotor may corvespond 1o a full-open flow path for flow through the rotor
interior and the tissue scaffold. Another position of the rotor 1700 may be such that the
flow path 1s blocked by the generally solid portion of the roter 1700

[00136]
some associated parts. The rotor 1700 may be generally cvlindrical except for the absence
of material as described heretn, The rotor may have two opposed rotor openings 1710,
1712 defiming a passageway through the rotor 1700, and the rotor may have two remaining
opposed sides 1714, 1716 that are mostly-solid. Proceeding around the perimeter of the
rotor 1700, there may be open space; 8 generally sobid portion that may be cylindrical on s
exterior; open space; and another generally solid portion that may be cylindrical on s
exterior. Oun the exierior, the generally cvhodnical shape may correspond to the internal
cviindrical space within rotor chamber 1600, The dimensions of the mostly-solid sides
nray be such as to completely block the riser conduit 1500 (except for holes 1790) when the
rotor 1700 15 at an appropriate angular position. Rotor ends may have mternally facing
grooves 1720, The grooves 1720 in the rotor 1700 may be dimensioned appropriately

receive and support the edges of scaffolds or screens.

100137} One of the rotor openings 1710 may have a bridge 1740 that spans the rotor

opening. The other of the rotor openings 1712 may have a removable clip 1760 that spans
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the rotor opening. The bridge 1740 and the clip 1760 may be dimensioned so that they
occupy only a small portion of the overall length of the rotor 1700 so as not to create a
substantial distarbance in the flow of hiquad. The bridge 1740 and the clip 1760 may have
internal grooves that correspond to the internal grooves 1720 at the ends of the rotor 1700.
in combination, the grooves at one end of the rotor 1700, the grooves at the other end of the
rator 1700, the grooves in the bridge 1740 and the grooves in the clip 1760 may all alizn

with each other and may cooperate with each other to support the screens.

00138} Within the open space m rotor 1700 there may be provided cell growth scatfold
such as screens 1300 as is described elsewhere herein, and flow may flow past or through

the cell growth scatfold such as screens 1300

{00139} In the solid part of rotor 1700 that has the generally cylindrical exterior, there may
be provided a hole 1790 or a phurality of holes 1790 therethrough on each of two opposed
sides. The holes 1790 may align with each other. The holes 1790 may allow mass transfer
between the hiquid in the scaffold region interior of the rotor 1700 and the Hauid in the
reservoir during the time when the scaffolds are in a horizontal orientation. Even though
when the scaffolds (screens) are horizontal there might be no bulk flow of Hauid, holes
1790 would still sllow some muass transfer even if it is only by diffusion or some form of

natural convection.

{00140} The open space through the rotor 1700 may roughly correspond, in dimensions and
cross~-sectional area, to the mternal dimensions and cross-sectional area of the riser conduit
1300, For example, the dimension from the inside of one of the generally solid portions of
the rotor 1700 to the other of the generally solid portions of the rotor 1700 may be the same
or approximately the same as the mside dimension, in the same direction, of the riser
conduit 1500, The end-to-end dimension of the empty space of the rotor may be the same
or approximately the same as the inside dimension in the same direction, of the riser

conduit 1500.

(00141} The open space through the rotor 1700 may be the space intended to be occupied by
an array of cell culture scaffolds 1300, Ends of the rotor 1706 that face mternally to the
open space may comprise grooves 1720 or similar interfaces 1o hold a plurality of cell

culture scaffolds. As illustrated, the ends of the rotor 1700 each have grooves 1720 for 10
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individoal screens 13000 An alternative design could have grooves tor some other nuraber
of screens 1300 as might be desired. The grooves 1720 can support or guide or position the
ends of the screens 1300 at the edges of the screens 1300, The grooves 1720 may be
dimensionad appropriately for the thickness of each scaffold or screen 1300, and for the
intended spacing between the scaffolds or screens 1300, At an additional location such as
midway between the two ends of the rotor 1700, there may be provided small auxiliary
supports that also contain grooves 1720 to support or guide or position the screens or
scatfolds 1300 at thew edges. For example, there may be provided bridge 1740, which may
be connected to the rotor 1700, which may contain grooves 1720, There may be provided a
removable chip 1760 that is attachable to and detachable from rotor 1700, and which also

may comtaimn grooves 1720,

[00142] Design of scaffolds and screens could be as discussed elsewhere heremn in

connection with another embodiment.

{00143} As illustrated, the rotor 1700 contains grooves 1720 appropriate to hold the
scatfolds 1300 for flow in a direction that s parallel to the surfaces of the scaffolds 1300,
Alternatively, # would be possible to provide a rotor 1700 that bolds the scatfolds 13001
a posttion for flow through the scaffolds {(perpendicular 1o the face of the scaffelds). The
apparatus could be designed fo be able to accept various different rotors 1708, with
different rotors 1700 having differemt designs as far as placement or orientation of the
scaffolds 1300, It i3 possible that with different interchangeable rotors, one rotor could
provide flow generally parallel to the surface of the scaffolds while another different rotor

could provide flow through the scaffolds, 1.e., generally perpendicular to the scaffolds.
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Considerations related (o volume and efficient use of cells and media

[00144] Referring now to Figure 17, various considerations may be built into the design and
operation of the apparatus to contribute to the efficient use of the medium, which can be an
expensive material, and to the efficient use of cells, which tend to sink under the influence
of gravity. The lower edge 1510 of riser conduit 1500 may exiend submerged beneath the
surface of the liquid in the reservoir 1060, or specitically mav extend submerged beneath
the surface of liquid in reservolr sump recess 1440, both prior to operation and alse at all
times during operation, This may contribute to the ability 1o suction Buid upward, In order
to be able to suction liquid upward mto the riser conduit 1500, it 15 preferable to avoid

having any air travel under the lower edge 1510 of the niser conduit 1500

{00145} The available vohune of the reservoir 1060 may be defined as the volume of liquid
present in the reservoir 1060, consistent with the requirement that the liguid level is lower
than the showerhead and lower than the stopper in the £ill port, and with the liquid level in
the riser conduit being the same as the Bauid level in the reservolr 1060 outside the niser
condwt 1500 when the apparatus is equilibrated and not operating. The available volume
of the reservoir 1060 may be sufficient so that when the reservoir 1060 contains an
approprigte amount of hquid that is less than the available geometric volume of reservoir
1060, even when the rotor chamber 1600, the moat 1640, and various tubing are full of
Hquid, the reservorr 1060 is still not empty or at least reservorr sump recess 1440 is noy
empty. More specifically, at these conditions, the liquid level m the reservon 1060 or
reservolr sump recess 1440 i3 still at a bigher elevation than the lower edge 1516 of riser

conduit 1500

[00146] The volume of the reservoir 1060 may be sufficient to fill all of these just-described
spaces with liquid in the absence of screens being present i the rotor 1700, Alternatively,
the volumes of various components may be calculated, and may be corrected for the
amount of space occupied by the screens of the cell culture scaffold, and the volume of the
reservoir may be sufficient to fill all of these jusi-described spaces when scatfolds are
present. The volume of hiquid that is actually loaded mito reservoir 1060 may be measured
out sufficiently accurately so that when the empty spaces such as riser conduit 1500, rotor

chamber 1600, moat 1640 and various tubing are full of ligaid, sufficient to reach the top of

L
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wall 1630 or at least to cover the scaffolds with ligoid, the liguid level in reservoir 1060
may be in the reservoir sunp recess 1440 bat higher than the lower end of 1510 of niser

conduit 15040,

100147} It has been tHustrated that the upper surface 1410 of reservoir base 1400 1s flat and
horizontal, Alternatively, it is possible that some slight slope or funnel shape could be

provided to help dram hquid ov to help bquid reach the reservoir sump recess 1440,

[00148] It can be noted that the pump 1140, such as a peristaltic pump, is downstream of the
cell culture chamber, Le., rotor chamber 1600, This means that during seeding of the
scaffold, cells can reach the scaffold directly from reservoir 1060 without having to pass
through the pump. Passage of cells through the pump could conceivably damage the cells
undesivably, However, it is anticipated that during seeding, most of the cells that occupy
the region of the cell scaffold will deposit themselves on the scaffold. It is anticipated that
only a small fraction of the cells will fil to seed and will exit the rotor chamber 1000 and
pass through the pump 140, I, upon passage through the pump 1140, there 1s damage to
those cells that failed to attach to the scatfold, those cells should be few in mumber anvway,
so possible damage to those unattached cells should not have much overall significance in

terms of the etficrency of using cells.

(001497 It 15 possible that the divection of rotation of the stirrer bar can be such that it urges
flow of liquid that is fn canal recess 1430 toward riser conduit 1500, As such, it would
thereby provide some amount of usehul pump-like action, especially when the Hguid level

n reservoir 1060 1s low, m addition to stirring action.
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Filler structure mside viser

[00150] Referring now to Figure 18, in an embodiment of the nvention, there may be

provided a filler structure 1100 tnside the riser conduit 1500

{00151} The filler structure 1100 may usefully occupy some portion of the volame inside
riser conduit 1500 so that that portion of the volume does not have to be occupied by media
hquid. Because media hquid 1s expensive, and liguid media that is in the niser is does not
contribute to cell seeding or culture, the filler structure 1100 may reduce such amount of

media that does not serve a useful purpose.

100132} The filler structure 1100 may have a streamlined shape 80 as to receive flow of
maedia that enters at the bottom of the riser at the riser sump, and direct and distribute that
How upward toward the cell colture region. Accordingly, the upper end of the filler
structare 1100 may be pointed, pointing vertically upward. The lower end of the filler
structure 1100 mayv be such as to receive flow that has 8 horizontal component of velocity
coming from the reservolr sump recess 1440, and redivect that flow upwardly.

L5
R

{001 It is also possible to use a filler structure resembling filler structure 1100 in other

7
s

embodinments of the invention. Even if this is not done for the purpose of conserving the
amount of ligaid medium, it could be beneficial for improving the flow patterns, such as

mmproving the uniformuty of velocity distribution, of flow entering the array of screens.

[00134] At a location outside the incubator 1950 may be a plurality of fluid containers,
Such thud containers may include a waste Haguid bottle; a retrieval bottle; a media storage
bottle; a PBS {phosphate buffered saline) boutle; and a tryp-LE E boutle. There may be
appropriate pass-throughs or penetrations for passage of such hiquids into and out of the
mcubator 950, Appropriate valves mav also be provided for controlling the flow of such
Hauids. At this location, or generally at whatever location s desired, there may also be
provided a motor capable of rotating a cell culture component such as a rotor, as 18

described elsewhere herein.
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Impactor

[00155] In embodiments of the invention, there may also be provided an actuator or
nnpactor (not itlustrated) that may be suitable to direct motion at or deliver an tmpact to the
apparatas inside the incubator 1930, such as the exterior of the rotor chamber. The
vibration caused by the tmpactor striking a component near the cell culture screens nway
distodge cells and may help in harvesting the cells after expansion. In the Husirated
embodiment, the impactor could be located at the rear of the incubator 1950, There may be
an appropriate pass-through or penetration for the impactor. This impacting may be done

in conjunction with a chemical treatment such as exposing the cell population to trypsin.

[00156] The apparatus may also comprise antomatic controls appropriate 1¢ operate the

described components.
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Methods of operation

[00157] In embodiments of the invention, seeding and growth of the cells onto the scaffold

may be performed by various protocols.

[00158] During seeding, the liguid in the reservowr 1060 could contain cells to be seeded.
During cell expansion, the higuid in the reservoir 1060 does not need to contain cells, but it

could contain nutrients that are conducive to the growth and muultiplication of cells.

{(101359] i is contemplated that during the seeding stage, the cells/media mixture will
essentially not go through the pump 1140, At the start of the automatic seeding process, the
cells and media are in the reservoir 1060, The media volume at this time could be enoogh
to fill the riser and the cell culture region, but not much more than that. When the pump
1140 starts, this cells/media mixture will be suctioned up into the cell coliure region. Tt is
only necessary fo suction up enough media to cover the cell culture scaffold (screens) with
houd, It is onnecessary o Gl the moeat 1640 with Liquid, and it s unnecessary to suction
fiquad far enough for liquid to enter into the tabes that go from the moat 1640 to the pump
1140. This operation can be performed such that when the rotor chamber 1600 15 filled
with cells/media mixture, the pamp 1140 will stop. For example, with a peristaltic pump, if
the rotor of the pexistaltic pump stops rotating, there will be no fusther flow and there will
be no backflow. So, the pump 1140 can simply be shut off and the ligquid can be allowed to
remain where it is at that time, inclnding the Baud level in the culture region. It is possible
that the volumes of hiquad may have been calonlsted and measured sufficiently accurately
so that at that point the reservoir 1060 is nearly empty. In fact, it is possible that the liquid
level in the reservoir 1060 may have dropped to somewhere in the reservoir sump recess
1440. If the hquod level 1s 1o the reservoir swanp vecess 1440, lower than the upper surface
40 of reservoir base 1400 but higher than the bottom end of riser conduit 1500, the Hguid
inside the riser conduitl 500 and the cell culture region will be maintained in a stable
position because there will be no passage of air bubbles into the lignid column to allow
Lpeid o fall. The cell/medis will be mamntained inside the riser cohunn 1508 and the cell
culture region by the reduced gas pressure (which may be shightly sub-atmospheric) above

the cell culture region, even though the puwmp 1140 is stopped at that time. A pump such as
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a peristalbic pump, or genevally a positive-displacement pump, may matatain sach a

situation. Valving could also be used.

100160} In the process of seeding, media contatning cells may be raised by suction into the
region of the rotor 1700 and the cell culture scaffolds. For initial inflow of liquid, the
position of the screens 1300 may be generally vertical. The seeding process can then start
by rotating the rotor 1700 so that the screens 1300 occupy a borizontal position. This
allows cells that are suspended in the hiquid between the screens 1300 to settle downward
by gravity onto the adjacent screens 1300, The scaffold {screen) 1300 may be maintgined
in a stationary condition for a period of time as this happens. It is also possible that at
desired times, the rotor 1700 can again be rotated. For example, the rotor 1700 might be
rotated 180 degrees so that cells that might be merely resting nnattached on top of one
screen 1300 might float away and settle on and attach to a nearby screen 1300 due to the
change of the gravitational direction. The rotor 1700 can be rotated periodically to produce
a uniform cell distribution on the screens or scaffold. This process may continue for as long

as'one to two days {to be determmed by experument).

{00161} When seeding is completed, it is expected that all {or most} of the cells will be
attached to the scaffolds (screens) 1300, The follow-up steps may involve a more
continuous flow of cultvre medivm and can be termed dynamic culturing. Additional
media can be added to the reservoir 1060, This additional medium does not need to contain
cells. The pump 1140 may be turned on to allow dynamic cultore by means of media
circulation. The flow can flow continuously around the flow system through the scaffold,
if desired. The Hlowrate can be adjusted to be low enough to keep the shear rate at the cell
locations to a desirably small magnitode. At this point, there may be some cells that bave
not attached to the scaffolds and that flow through the pump tubing. 1t is hoped to achieve

al least 80% seeding efficiency in the seeding process.
{0162} The procedure as far as operation of the motor and positionmg of the seaffold
sereens could be as follows:
s Fill the reservoir 1060 with liquid that containg cells to be cultured and expanded.

¢ For inital filling of the calture region with liquid, position the screens vertically.
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*  After the inttial filling of the culture region with Liquid, position the screens
{scaffold) 1300 horizontally so that cells that are in suspension between the screens
can settle out of suspension onto the screens.

+  Atimtervals, rotate the screens 180 degrees so that upward-facing screen surfaces
become downward-facing screen swrfaces and vice versa. The intervals might, for
example, be one hour.

s Continue doing this for a sufficient tme for a large fraction of the cells to have
attached to the screens 13000 1t is anticipated that this step might take sbout one to
two days.

s After the cells are well seaded, rotate the screens (scaffold} 1300 to the vertical
position or 1o the horizontal position as destred for dynansic culturing,

s During dvnamic culturing, leave the screens (scaffold) 1300 in either the vertical
position or the honizontal position as desired. Place nutrients in the media, and
slowly flow the media past the screens {scaffold} 1300 for the duration of dynamic
cultiring. The flow will be upward and generally paraltlel to or through
{perpendicuiar to) the flat surfaces of the screens 1300 as desired.

o After a sufficient time, harvest the cells.

[ 163] In general, i s possible to execate any desired combination of positions of the rotor
and scatfolds at particular stages of the seeding and cell culturing process. During dynamie
culturing, the screens could be in erther vertical or hortzontal posibion duting culturing,
whichever is desired, and the flow could be esther parallel to or through {perpendicular to)

the screcns.

Harvesting of cells

100164} In embodiments of the invention, there may be practiced certain technigues for
harvesting cells from a scaffold 1300 afier the cells bave grown. Itis known that irvp-LE E
is useful for harvesting cells from a scaffold. In embodiments of the invention, for

harvesting, of cells, the scaffolds will be washed with PBS three times and followed with
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addition of appropriate amount of iryp-LE E for about 30 minutes. Harvesting of cells may
further be aided by the action of an impactor that npacts the cytoskeleton of the cells that
1s structurally connected to the screens {or scaffold). This impacting can distodge cells

through the mechanical force of the impact.
Computational Fluid Dynamics

[00165] Referring now to Figures 19A-20, there are shown resulis of Computational Fhad
Dynamics modeling of flow geometries of an embodiment of the invention. Figure 19A
shows local velocity distributions at a flowrate of 30 milliliters/minute (with a cross-
sectional area in the incoming channel of approximately 6200 mm”2). Figwre 198 shows a
veloeity distribution for g Howrate of 40 milliliters/mingte. Figure 19C shows a velocity
distribution for a flowrate of 60 mythiliters/minute. Figuwre 20 shows pressure distribution

and streamiines of flow between screens that are constructed as described herein.
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Further comments

[00166] In general, any combination of disclosed features, components and methods
described herein s possible. Steps of & method can be performed in any order that is
physically possible.

{00167} All cited references are meorporated by reference herein.

[00168] Although embodiments have been disclosed, it 1s not desired to be limited thereby,

Rather, the scope should be determined only by the appended clatms.

{169 We claim:
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Claims

1. A bioreactor, comprising:

a reservolr contatner for holding a Hguid mediumy

a duct providing a flowpath in a generally vertical direction upward from said reservoir
containgr from a lower end of said duct to an upper end of said ducy;

a culture structure Jocated within said duct, a top of said duct being at a higher elevation
than a top of sawd culture strogture; and

a circulation system for causing said liguid mediun to flow upwardly throngh said ducet
past or through said culture structure,

wherein said upper end of said duct comprises an overflow wall surroonded on its outside
by a moat, a bottom of said moat being at a lower elevation than said top of sad
overflow wall, said upper end of said duct and said moat being in contact with a
pocket region, said pocket region being bounded by a structuwre that is connected
to said duct, said pocket region being isolated from fluid communication with an
exterior of said pocket region,

wherein when said ciroulation system is operating, said Hauid medium flows over said
overflow wall within sawd pocket region and sard hgud medium is 1n contact with
gas that is contained in said pocket region, and said liguid medium overflows into

said moat and is removed from said moat by said circulation system.

2. The bioreactor of claim 1, further comprising a sump that is in thad communication with said
moat, said sump being at a lower elevation than said bottom of said moat, said circulation
system being i Hoid communmcation with said sump so as to withdraw hquid medium

from said sump.

o}

3. The bioreactor of claim 1, wherein a lower flow length exasts from said lower end of said duct
to a lower boundary of said calture structore, and an upper flow length exists from said
upper boundary of said culture structure to sad upper end of said duct, and wherem said

upper How length is shorter than said lower flow length,

4. The bioreactor of claim 1, wherein said duct has two pairs of parallel walls and said reservoir

container has two pairs of parallel walls, and a pair of paraliel walls of said duct is
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parallel to a pair of paraliel walls of said reservoir container, and said duct is located
midway between one of satd pairs of parallel walls of said reserveir container,

S. The bioreactor of claim 1, further comprising an incubator enclosing said reservolr container
and satd doct, and further comprising a pomp that removes gas from a gas space region of

satd reservoir container and gjects said gas ontside said incubator.

=N
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6. A bioreactor, comprising;

a reservolr container for holding a liguid mediumy

a manifold assembly, sard manifold assembly comprising an opper manmifold and a lower
manifold, said lower manifold having a lower end extending into said veservoir
container;

a screen holder, said screen holder holding a plurality of screens that are suitable as
scaffolds for cells; and

a circulation system for causing said Hgoid medium to flow through said manifold
assembly and through said screen holder,

wheren said mantfold assembly and said screen holder provide a flowpath through said
fower manifold and said screen holder and satd upper manifold,

wherein said screen holder is contatned within said manifold assembly, and

wherein said screens are contained within said screen holder but have at least some

ability to move with respect to said screen holder in at least one direction,

7. The bioreactor of claim 6, wherein when said screen holder 15 1n place within said manifold
assemibly, said screen holder has at least one degree of freedom of motion with respect to

said lower mantfold.

3. The bioreactor of claim o, wherain said upper manifold and said lower manifold and said
screen holder have respective internal cross-sectional flow areas that are substantially

identical to each other or ave within 10% of each other.

9. The bioreactor of clamm 6, wherein a leakage path comprising a pap between an individual
one of said serecns and said sereen holder, hag a cross-sectional How area that 15 less than
10% of a total flow area through all passageways through said individual one of said

SCreens.

10, The bioreactor of claim 6, wherein said screen compriges a plurality of hibers forming a fust
fayer having fibers parallel o each other and oriented in a first direction and comprises a
second laver having a plurality of fibers parallel to each other and oniented in a second
divection that is perpendicular to said fivst direction, said fibers i said second laver baing

joined to said fibers in said first layer.
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11. The broreactor of claim 6, wherein at least some of said screens comprise a pluvality of
fibers, and within an individual one of said screens, said fibers are arranged in sequence
i at least first, secondd, third and fourth layers, said fibers within each of said layers bemg
generally parallel to each other, wherein fibers in said first laver are generally paraliel to
fibers in said third layer and fibers i said second layer are generally parallel to fibers in
said fourth laver, and wherein when viewed perpendicular fo a flat surface of said screen,
fibers of said third laver are located non~-aligned with fibers of said first layer and fibers

of said fourth layer are located non-ahigned with fibers of said second layer.

12. The bioreactor of claim 6, further comprising a compressible seal between said lower
mamifold and said upper manifold, wherein a surface of said upper manifold bears against
a surface of said lower mantfold m a vicinity of said seal.

13, The bioreactor of claim 6, further comprising an incubator enclosing said reservelr container
and said manifold assembly, wherein said incubator 18 suitable to maintain a desired
value of at least one of a temperature, a humidity, an oxygen concentration, & carbon

dioxide concentration, and g gas composition.

14, The bioreactor of claim 13, wheremn said circulating system comprises a peristaltic pomp

that is located owtside said incubator.
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153, A bioreactor, comprising:

6.

9.

21

a reservolr container for holding a liguid mediumy

a manifold assembly, sard manifold assembly comprising an opper manmifold and a lower
manifold, said lower manifold having a lower end extending into said veservoir
container;

a screen holder, said screen holder holding a plurality of screens that are suitable as
scaffolds for cells; said screen holder being able to be comtained within said
manifold assembly; and

a circulating system for causing said hquid medium to flow through said manitold
assembly and through said screen holder,

wherein said manifold assembly and said screen holder provide a flowpath through said
fower mamifold and said screen holder and satd upper mantfold,

wherein said screen holder has grooves on an internal surface thereof, and has slots
through an external surface thereof, and wherein said grooves and said slots are
configured so that said screens are able to be inserted through said slots and be

supported by at least one of said grooves and said slots.

The bioreactor of claim 13, wherem said grooves and said slots form a contimuous path

around a perimeter of satd screen holder.

. The bioreactor of claim 15, wherein said slots comprise rounded edges on an outward-facing

surface.

. The bioreactor of claim 17, wherein said grooves comprise rounded edges on an mward-

facing surface that is opposite said slots.

The bioreactor of claim 15, a groove-containing surface of said screen holder has openings
therethrough to parmit a pusher o position said screens.

The bioreactor of claim 15, wherein a slot-containing surface of said screen holder has
openings therethrough to permit a pusher to position said screens.

The broreactor of claim 15, wherein said screen holder has a cross-sectional shape on either

its inside or its outside or both that is rectangular with rounded corners,

L
w



WO 2018/044699 PCT/US2017/048523
1/25

1B, 2A, 2B, 2C

1B, 2A, 2B, 2C
6B
10
~
o8
97A 130
%
94
Q m——
\ 978B
: ——83
> ]
| [Tes
60 ~~64
82
\ | 5
Figure 1B \/N__.%I"J

SUBSTITUTE SHEET (RULE 26)



WO 2018/044699 PCT/US2017/048523
2/28

116

Figure 2A

Figure 2B Figure 2C

SUBSTITUTE SHEET (RULE 26)



\ \ \
P

SUBSTITUTE SHEET (RULE 26)



WO 2018/044699 PCT/US2017/048523

Figure 3E

170

SUBSTITUTE SHEET (RULE 26)



PCT/US2017/048523

WO 2018/044699

5/28

242A

180

242B

242B

242C

aaaaaaaaaaaa

m
T / :
T




WO 2018/044699 PCT/US2017/048523
6/25

Figure 5A

Fiber |
Diameter Spacing
)

(8P)

Fiber _l; (

Diameter
(FD) '

it

Figure 5B Figure 5C

SUBSTITUTE SHEET (RULE 26)



WO 2018/044699 PCT/US2017/048523
7/28

400

Spacing, fiber centerline to
/ fiber centerline within layer

Spacing, fiber

centerline to
fiber centerline\ /v'
within layer /Offset distance for staggering

Figure 5D Offset distance
for staggering

SUBSTITUTE SHEET (RULE 26)



WO 2018/044699 PCT/US2017/048523

8/25
Desired flow
(perfusion through
Leakage screen)
flow (around
Figure B6A edge of
screen)

Al

Liquid

Figure 6B

SUBSTITUTE SHEET (RULE 26)



WO 2018/044699 PCT/US2017/048523

9/25
! i@ 220
"

390
\

Figure 7A

400
o
e 400
i ) \
240 220 AN N
o l ‘ % :‘:‘;:\. }
ARHEAN b & AN EREN 4
AT NN NN 420
b o N R NN oy, S O N
2 * X s 2]
AN ] a‘y

Figure 7B Figure 7C

SUBSTITUTE SHEET (RULE 26)



WO 2018/044699 PCT/US2017/048523
10/25

220

Figure 7D

SUBSTITUTE SHEET (RULE 26)



WO 2018/044699 PCT/US2017/048523
11/28

98

96

94

92

Figure 8

SUBSTITUTE SHEET (RULE 26)



WO 2018/044699 PCT/US2017/048523
12/25

Incubator
)

™ 950

P Culture
Chamber

Figure 9

Water Tray Media Container

/ 950

Air in (through
filter) Filter for

gasin

- N
4
\k.__
Figure 10A
GaF out

SUBSTITUTE SHEET (RULE 26)



WO 2018/044699 PCT/US2017/048523
13/25

Fitting for inlet
gas filter

Figure 10B 186

SUBSTITUTE SHEET (RULE 26)



WO 2018/044699 PCT/US2017/048523
14/25

Pump Tubing connector between Pump and Bioreactor

Pinch valves (5)

Tryp LE Storage
Tank

PBS Storage Tank

Media Storage
Tank

Cell Collect
Bottle

\

g

Waste Liquid
Container

Base and Frame Bottom Wheel

Rotary Chamber  Motor Shaft

Incubator  Media Container

/

1010 Figure 11

SUBSTITUTE SHEET (RULE 26)



WO 2018/044699 PCT/US2017/048523
15/25

TR === GO
A =y
R

SR
] } & S

Figure 12

SUBSTITUTE SHEET (RULE 26)



WO 2018/044699 PCT/US2017/048523
16/25

1430

Figure 13

SUBSTITUTE SHEET (RULE 26)



PCT/US2017/048523

WO 2018/044699

17/28

1630

1640

1660
1700

. _,/E/:::::E:Et

1600

1500

1510

Figure 14

SUBSTITUTE SHEET (RULE 26)



WO 2018/044699 PCT/US2017/048523
18/25

Sealing O-ring

hamber Cover

Sealing O-ring

1700

Figure 15

SUBSTITUTE SHEET (RULE 26)



WO 2018/044699 PCT/US2017/048523
19/25

Figure 16A

Figure 16B
1700
1740
1712 W
Figure 16C \ | S
e T 1760

N

1710

SUBSTITUTE SHEET (RULE 26)



WO 2018/044699 PCT/US2017/048523
20/25

-y A N
Figure 17

Liquid level

i Ry !
A
1 "-.'_"‘_
o, Liquid
i oy level

SUBSTITUTE SHEET (RULE 26)



PCT/US2017/048523

WO 2018/044699

21/25

-
",
o

A N\

N

,_,_,_,

“

1100

Figure 18

SUBSTITUTE SHEET (RULE 26)



WO 2018/044699 PCT/US2017/048523
22/25

3.000000e-001 3.000000e-001
2.666667e-001 § 2.666667e-001
- 2.333333e-001 - 2.333333e-001
+ 2.000000e-001 + 2.000000e-001

1.666667e-001
1.333333e-001
1.000000e-001
6.666667e-002
3.333333e-002

¢ 6.666667e-002

> 3.333333e-002
0 = 0
Velocity (mm/s) Velocity (mm/s)

Q=30ml/min

Figure 19A

SUBSTITUTE SHEET (RULE 26)



WO 2018/044699

5.000000e-001

4.444444e-001

3.888889e-001
3.333333e-001
2.777778e-001
2.222222e-001
1.666667e-001
1.111111e-001
5.555556e-002
0
Velocity (mm/s)

3.810237e-001

mm/s
5.651235e-002 =5
mm/s i

4.398724e-002 ~"'\
mm/s §

Figure 19B

PCT/US2017/048523
23/25

5.000000e-001
4.444444¢-001
- 3.888889e-001
¢ 3.333333e-001
" 2.777778-001
t 2.222222¢-001
" 1.666667e-001
N 1.111111e-001
5.555556€-002
0

Velocity (mm/s)

.

Q=40ml/min

SUBSTITUTE SHEET (RULE 26)



WO 2018/044699 PCT/US2017/048523

24/25
5.000000e-001 5.000000e-001
§ 4.444444¢-001 § 4.444444e-001
. 3.8888896-001 . 3888839-001

s 3.333333e-001
J77778e-001
.222222e-001

.666667e-001

.111111e-001

= 5.555556e-002

- 3.333333e-001
t 2.777778e-001
b 2.222222e-001
¢ 1.666667e-001
¥ 1.111111e-001
5.555556e-002

...... 0 0
Velocity (mm/s) Velocity (mm/s)

1.804965

o - x\\\\\\ ot |
LA Q=60ml/min

SUBSTITUTE SHEET (RULE 26)



PCT/US2017/048523

WO 2018/044699

25/25

OO NNN~— «—

6.666667e-001
3.333333e-001

6.666667¢e-001
3.333333e-001

0
Velocity (mm/s)

Velocity (mm/s)

3 oy

& ..\V\

s A S

i 2 I § -
it Bttt s s s st i s AT 4 5 .\ ildtcescc )
73 i ..
N A e 2 Lt gy
s i 2,
. PRI AL . s s
R i

IR L s gy,

rrririreen
s,
AR
i
7S e A
Ay
]

S

A

£
[ \\

prr

A ASAAS

7
Lt \
G s N

]
e

LI
A

A ARSI,

SRt
Rt g,

I,
i

\\\\.\x \.SMM \\\

il
s AT TSI

L L ottt ) 3 2 PRI, » % o
v.\\.\\\.\\\a\\h\nwww : 0t s

e e

—
7

I A
w

) s AT

o
N
]
L
>
Ry
L

SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT International application No.

PCT/US2017/048523

Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. I:I Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
See extra sheet(s).

X

As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

0

As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. [:’ As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. I:I No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest |:] The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation,

% No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2017/048523

A.  CLASSIFICATION OF SUBJECT MATTER
IPC(8) - C12M 1/12; C12M 3/00; C12N 5/02; C12N 5/0
CPC -

C12M 23/40; C12M 25/14; C12M 29/10 (2017.

7, C12N 5/071 (2017.01)
08)

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

Minimum documentation searched (classification system followed by ¢l

See Search History document

lassification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

USPC - 435/325; 435/366; 435/289.1; 435/299.2; 435/304.1 (keyword delimited)

Electronic data base consulted during the international search (name of
See Search History document

data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y US 7,767,446 B2 (ROBBINS et al) 03 August 2010 (03.08.2010) entire document 1-6, 8-21
Y US 2008/0017558 A1 (POLLOCK et al) 24 January 2008 (24.01.2008) entire document 1-5
Y US 8,951,784 B2 (GOULD et al) 10 February 2015 (10.02.2015) entire document 5,13, 14
Y US 2015/0079584 A1 (KIYATEC INC) 19 March 2015 (19.03.2015) entire document 6, 8-14
Y US 2008/0210623 A1 (MCMAHON et al) 04 September 2008 (04.09.2008) entire document 15-21
A US 2004/0029264 A1 (ROBBINS, JR.) 12 February 2004 (12.02.2004) entire document 1-21
A US 5,342,781 A (SU) 30 August 1994 (30.08.1994) entire document 1-21
A US 5,190,878 A (WILHELM) 02 March 1993 (02.03.1993) entire document 1-21

I:] Further documents are listed in the continuation of Box C.

I:] See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“O" document referring to an oral disclosure, use, exhibition or other
means

“p”  document published prior to the international filing date but later than

the priority date claimed

“T”  later document published after the international filing date or priority
date and not in conflict with the athc_anon but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
‘considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be

considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

29 November 2017

Date of mailing of the international search report

22DEC 2017

Name and mailing address of the [SA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.0. Box 1450, Alexandria, VA 22313-1450

Facsimile No. 571-273-8300

Authorized officer
Blaine R. Copenheaver

PCT Helpdesk: §71-272-4300
PCT OSP: 571-272-7774

Form PCT/1SA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT International application No.

PCT/US2017/048523

Continued from Box No. |Il Observations where unity of invention is lacking

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees need to be paid.

Group |, claims 1-5 are drawn to a bioreactor comprising an overflow wall.
Group |l, claims 6-21 are drawn to a bioreactor comprising a screen holder.

The inventions listed in Groups I-1l do not relate to a single general inventive concept under PCT Rule 13.1, because under PCT Rule
13.2 they lack the same or corresponding special technical features for the following reasons:

The special technical features of Group |, a bioreactor comprising a duct providing a flowpath in a generally vertical direction, a culture
structure located within said duct, a top of said duct being at a higher elevation than a top of said culture structure, a liquid meduim
flowing upwardly through said duct past or through said culture structure, wherein an upper end of said duct comprises an overflow wall
surrounded on its outside by a moat, a bottom of said moat being at a lower elevation than said top of said overflow wall, said upper end
of said duct and said moat being in contact with a pocket region, said pocket region being bounded by a structure that is connected to
said duct, said pocket region being isolated from fluid communication with an exterior of said pocket region wherein when a circulation
system is operating, said liquid medium flows over said overflow wall within said pocket region and said liquid medium is in contact with
gas that is contained in said pocket region, and said liquid medium overflows into said moat and is removed from said moat by said
circulation system, are not present in Group II; and, the special technical features of Group I, a bioreactor comprising a manifold
assembly, a screen holder, said screen holder holding a plurality of screens that are suitable as scaffolds for cells, a liquid medium
flowing through said manifold assembly and through said screen holder, wherein said manifold assembly and said screen holder provide
a flowpath through said lower manifold and said screen holder and said upper manifold, are not present in Group |.

Groups | and Il share the technical features of a bioreactor comprising a reservoir container for holding a liquid medium, a flowpath from
said reservoir container from a lower end portion to an upper end portion, and a circulation system for causing said liquid medium to
flow.

However, these shared technical features do not represent a contribution over the prior art. Specifically, US 8,951,784 B2 to Gould et al.
teaches of a bioreactor (Abstract regarding a cell culture bioreactor; device 100, Fig. 1) comprising a reservoir container (reservoir 106,
Fig. 1) for holding a liquid medium (Col. 6, Lns. 28-35 regarding the growth or culture medium is distributed across and through the
support matrix in a continuous, rapidly flowing, thin fluid film...the three-dimensional porous structures present a large liquid/air surface
and minimize saturation or flooding; Col. 6, Ln. 54 - Col. 7, Ln. 3 regarding cuiture medium), a flowpath (outlet 122, Fig. 1) from said
reservoir container from a lower end portion to an upper end portion (outlet 122 has a lower and upper end, Fig. 1), and a circulation
system for causing said liquid medium to flow {fluid circulation means 124, Fig. 1).

Since none of the special technical features of the Groups |-l inventions are found in more than one of the inventions, unity is lacking.
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