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FIG. 16A

A HUMIDIFIER CAN BE ARDED BETWEEN GAS SUPPLIER AND
CELL FACTORY IF REQUESTED (E.G DURING CONTINUQUS GASSING)
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HIGHLY EFFICIENT GAS PERMEABLLE
DEVICES AND METHODS FOR CULTURING
CELLS

RELATED APPLICATION

[0001] The present application claims prionty to U.S.
application Ser. No. 17/516,773 filed on Nov. 2, 2021, which
1s a continuation of U.S. application Ser. No. 15/643,621
filed Jul. 7, 2017, 1ssued as U.S. Pat. No. 11,377,635, which
1s a continuation of U.S. application Ser. No. 14/321,933
filed Jul. 2, 2014, 1ssued as U.S. Pat. No. 9,732,317, which

1s a continuation of U.S. application Ser. No. 11/952,848
filed Dec. 7, 2007, 1ssued as U.S. Pat. No. 8,809,044, which

claims the benefit of U.S. Provisional Application No.
60/873,347 filed Dec. 7, 2006, all of which are incorporated

herein 1n their entirety by reference.

GOVERNMENT INTERESTS

[0002] This mvention was made in part with U.S. Gov-
ernment support under National Institutes of Health Small
Business Innovative Research Grant DK06598635 “Islet cul-
ture, shupping, and infusion device”. The U.S. Government
may have certain rights 1 this mvention.

TECHNICAL FIELD

[0003] This invention relates to methods and devices that
improve cell culture efliciency.

[0004] They include the use of gas permeable culture
compartments that reduce the use of space while maintain-
ing uniform culture conditions, and are more suitable for
automated liquid handling. They include the integration of
gas permeable materials into the traditional multiple shelf
format to resolve the problem of non-uniform culture con-
ditions. They include culture devices that use surfaces
comprised of gas permeable, plasma charged silicone and
can integrate traditional attachment surfaces, such as those
comprised of traditional tissue culture treated polystyrene.
They include culture devices that integrate gas permeable,
liquid permeable membranes.

DISCUSSION OF LIMITATIONS OF
CONVENTIONAL TECHNOLOGIES
DESCRIBED IN RELATED ART

[0005] The culture of cells 1s a central element of biotech-
nology. Tissue culture flasks are devices commonly used for
cell culture because they allow adherent and non-adherent
cell types to be cultured in them, are disposable, and can
function in a static mode without need for equipment to
perfuse medium. Traditional flasks have one culture com-
partment. Their design requires a gas-liquid interface to be
present within the device for gas exchange of the culture.

[0006] Culture medium must reside at a very low height so
that oxygen delivery to the cells 1s not compromised. The
height of medium that 1s recommended for tissue culture
flasks 1s between 2 mm and 3 mm. However, the body of the
flask must be large enough to hold gas and allow access to
the medium, typically by use of a pipette. Thus, tlasks have
a large device volume relative to the amount of medium they
contain. For example, the body of a typical T-175 flask has
a footprint approximately 23 c¢cm long by 11 cm wide, is
about 3.7 cm tall, and therefore occupies about 936 cm3 of
space. However, 1t typically operates with about 50 ml of
medium. Thus, the medium present 1n the flask body (50 ml),
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relative to the space occupied by the flask body (936 cm”)
demonstrates that only about 5% of the flask’s volume 1s
occupied by medium. Furthermore, dividing the volume of
space occupied by the body of the flask (936 cm?) by the
surface area for cells to reside upon (175 cm”®) shows that the
volume of space occupied by the tlask 1s over 5 times the
surface area 1t provides for cells to reside upon. Flasks are
manufactured with various amounts of surface area for cells
to reside upon, typically ranging from 25 cm? to 225 cm* in
area, and therefore only have a small culture capacity. As
more and more flasks are used during culture scale up, the
overall amount of space they occupy relative to the small
medium volume and limited culture surface area they pro-
vide creates an inherently inetfhicient use ol space that
burdens the culture process with excess cost related to
shipping, sterilization, storage, incubator space, and dis-
posal. This problem 1s compounded by the substantially
increased labor and contamination risk.

[0007] Multi-shelved flasks, such as the NUNC Cell Fac-
tory (U.S. Pat. No. 5,310,676) and CORNING® CELL-
STACK® (U.S. Pat. No. 6,569,675), attempt to address
inefhicient flask scale up by stacking shelves 1n the vertical
direction to create multiple culture compartment within one
flask. This creates more surface area within one device and
therefore allows more cells to reside in the multi-shelved
flask than the traditional flask. In this manner, one multi-
shelved flask can replace numerous traditional flasks. The
multi-shelved flask can be configured so that medium can be
accessed through a common collection point, precluding the

need for pipette access to each culture compartment. That
allows the distance between each shell of the multi-shelved
flask to be reduced relative to the height of the traditional
flask. For example, the space between shelves of the NUNC
Cell Factory 1s about 1.4 cm, as opposed to the 3.7 cm
distance between the bottom and top of a typical T-175 flask
creating some improvement in the use of storage, shipping,
sterilization, culture, and disposal space. A vent in the
multi-shelved flask allows gas exchange with the ambient
atmosphere 1n order to adjust pH, provide oxygen, and to
help maintain temperature control. However, gas at any
given location within the multi-shelved flask resides at a
different distance from the vent location. Since the distance
between gas at the farthest point and gas at the closest point
to the vent increases as the number of culture compartments
within the multi-shelved flask 1s increased during scale up,
gradients 1 CO2 and O2 concentrations can develop
throughout the gas within the multi-shelved flask. Therefore,
the multi-shelved flask design has an inherent potential for
non-uniform culture conditions to exist throughout the
device and the problem 1s compounded during scale up.

[0008] There are a number of static cell culture devices
that perform gas transfer by making the lower wall of the
device gas permeable. Gas diffuses through the gas perme-
able lower wall 1n response to concentration gradients that
develop between the culture medium and the ambient gas.
This approach eliminates the gas-liquid interface as the sole
source of gas exchange. Since the surface that cells reside
upon 1s gas permeable, more umiform culture conditions can
exist throughout the culture than the multi-shelved flask.
Bags are static gas permeable devices that integrate a single
culture compartment. To scale a culture up, the bag must
clongate 1n the horizontal direction to create more surface
area for cells to reside upon. Thus, they quickly become
unwieldy and outsize cell culture incubators during scale up.
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Bags are commercially available from OriGen Biomedical
Group (ORIGEN PERMALIFE Bags), Baxter (LIFE-

CELL® X-FOLD related to U.S. Pat. Nos. 4,829,002,
4,937,194, 5,935,847/, 6,297,046 B1), Medtronic (SI CUL-
TURE, U.S. Pat. No. 5,686,304), Biovectra (VECTRA-
CELL), and American Fluoroseal (VUELIFE Culture Bag
System, covered by U.S. Pat. Nos. 4,847,462 and 4,943,
203). Gas permeable cartridges are devices that operate 1n
the same manner as bags, except they have rigid sidewalls.

Commercially available gas permeable cartridges include
CLINICELL® Culture Cassettes provided by Laboratories

MABIO-INTERNATIONAL® and OPTICELL® gas per-
meable cartridges (U.S. Pat. Nos. 6,455,310 and 6,410,309)
provided by BioChrystal Ltd. As with bags, in order to
provide more surface area for cells to reside upon, these
devices must elongate in the horizontal direction. In U.S.
Pat. No. 6,821,772, the mnventor of OPTICELL® has pro-
posed multiple gas permeable compartments. Unfortunately,
the proposal merely increases the number of culture com-
partments 1n the horizontal direction. Thus, regardless of the
number of culture compartments, increasing the culture
capacity of these devices requires that they be made larger
in the horizontal direction. None of these gas permeable
devices are capable of scaling in the vertical direction.

[0009] In an attempt to utilize space more efliciently, U.S.
Pat. No. 6,673,595 describes the scale up of OPTICELL®
gas permeable cartridges by stacking individual, physically
distinct, cartridges 1n the vertical direction and handling
cach individual cartridge with a very complex automated
system. This scale up approach deviates markedly from the
simplicity afforded by the traditional multi-shelved flask.

[0010] U.S. Pat. No. 6,759,245 described a multilayered
gas permeable culture device that separates oxygen delivery
from medium delivery by use of a gas permeable, liquid
impermeable membrane. This invention 1s based on the
discovery that i1 the flows of liquid medium and oxygenated
fluid are separated by a gas permeable, liquid impermeable
membrane, and the cells are grown attached to the liquid
side of the membrane, the device can be used to culture cells
with the transport of oxygen through the membrane without
regard for the flow rate of liquid medium passing through the
device. The advantage being that the flow rate of liquid
medium 1s no longer dependent on the need to carry oxygen
to the cells. However, although the flow of medium 1s
substantially lowered, as it 1s only needed to carry substrates
such as glucose, it precludes the ability to culture suspension
cells since they will be washed from the device during use.
In this approach, cells must be attached to a collagen matrix.
Another disadvantage 1s the need to perfuse the gas space
and/or the liquid space. This requires pumps, fluid lines, and
a greatly elevated level of complexity relative to traditional
multiple shelf flasks. Thus, this approach has not been
commercialized.

[0011] Gas permeable devices that make more efficient use
ol space are described 1n co-pending U.S. patent application
Ser. No. 10/961,814 (Wilson et al.). Among the gas perme-
able devices described 1n Wilson et al. 814 are those that
allow culture scale up 1n the vertical direction while retain-
ing the simplicity of the traditional multi-shelved flask. For
example, Wilson et al. ’814 describe the vertical scale up of
gas permeable devices comprised of shelves stacked one
above the other for cells to reside upon. Gas transier occurs
through the walls of the device. Unlike the scale up of
traditional gas permeable devices, increasing culture size
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can be achieved by increasing the size of the device 1n the
vertical direction as opposed to the horizontal direction.
Since there 1s no need for a gas-liquid interface, this allows
optimal space efliciency during vertical scale up of a culture.
A more compact device 1s attained relative to the multi-
shelved flask. Attributes not possible 1n the traditional multi-
shelved flask are present. For example, the device can be
inverted to allow adherent cells to be cultured on the upper
and lower surfaces of the stacked shelves to further optimize
space eiliciency. The invention described herein expands
upon the gas permeable advantages described 1n co-pending
Wilson et al. 814 to create new geometry that provides a
superior alternative to the traditional multiple shelf flask.

[0012] It 1s an object of the present invention to provide
improved cell culture devices and methods that minimize the
potential for non-uniform culture conditions to exist
throughout the device, allow space eflicient culture scale up
ol adherent or suspension cells, are easy to use, can function
without need to perfuse medium or gas, and allow the user
to make eflective use of the upper, lower, or sidewall
surfaces of each culture compartment. Still further objects
and advantages will become apparent from consideration of
the ensuing description and drawings.

SUMMARY OF THE INVENTION

[0013] The present ivention overcomes many ol the
disadvantages of existing static cell culture devices by
integrating at least two gas permeable culture compartments
that, at least in part, maintain a gas space between them in
order to allow gas to contact the gas permeable area of the
culture compartments. This allows each culture compart-
ment to exchange gas directly with the gas space adjacent to
the culture compartment, minimizing the potential for non-
uniform culture conditions. Selected surfaces of the culture
compartments can be made gas permeable to provide gas
exchange on the surface opposite cells and/or adjacent to
cells. Surfaces inside the culture compartments can be
comprised of various materials to provide optimal surfaces
for cells to reside upon. Surface area inside the culture
compartments can be increased 1t desired, such as may be
the case when adherent cells or cells that thrive in a three
dimensional matrix are cultured. It 1s also possible for cells
to reside directly upon the gas permeable material of the
culture compartments. Scaling the device can be accom-
plished by adding culture compartments such that, at least in
part, a gas space exists between each culture compartment in
order to allow gas to contact the gas permeable area of the
culture compartments. Access to the culture compartments
can occur by way of a common manifold, common mani-
folds, or by discrete access to each compartment. With this
configuration, 1t 1s possible to scale cultures 1 a simple
format that 1s easy to use, makes etlicient use of space, and
minimizes the potential for non-uniform culture conditions
to occur. Various features can be included, and configura-
tions can be structured, to provide additional benefits includ-
ing the ability for the device to be operated 1n more than one
position, allow the culture of adherent cells, allow the
culture of suspension cells, allow co-culture, prevent cells
from exiting their respective culture compartments during
routine handling, minimizing feeding frequency, replicate
traditional flask protocols, allow the surface area for cells to
reside upon to be increased or decreased during culture,
allow the ratio of medium volume to the surface area for
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cells to reside upon to be increased or decreased during
culture, and/or to allow the cells to reside on or 1n proximity
ol alternative matenals.

[0014] In one aspect of the present invention, each culture
compartment includes a first wall and an opposing second
wall, the first wall and/or the second wall being comprised
of gas permeable material, and a gas space 1s present
between at least a portion of each culture compartment.
[0015] In another aspect of the present invention, each
culture compartment includes several walls, including but
not limited to a first wall and an opposing second wall, a
third wall and an opposing fourth wall, and a fifth wall, the
first wall and/or second wall and/or third wall and/or fourth
wall and/or fifth wall being comprised of gas permeable
maternal, and a gas space 1s adjacent to at least the gas
permeable portion of each culture compartment.

In another aspect of the present invention, the culture
compartments are connected in parallel by one manifold.
The manifold can be configured to prevent gas from dis-
placing medium held within the culture compartments,
and/or can be configured to retain cells in the culture
compartments during handling, and/or can be configured to
retain medium and gas in the culture compartments.
[0016] In another aspect of the present invention, the
culture compartments are connected in parallel by more than
one manifold.

[0017] In another aspect of the present invention, the
height of the culture compartments can change.

[0018] In another aspect of the present invention, a culture
compartment support resides between culture compartments
to maintain the culture compartments 1n a substantially
horizontal position and/or allow gas to contact the gas
permeable surfaces of the culture compartments.

In another aspect of the present invention, walls of the
culture compartments include projections that make contact
with at least one of its neighboring culture compartments in
order to maintain the culture compartments in a substantially
horizontal position and allow gas to contact the gas perme-
able surfaces of the culture compartments.

In another aspect of the present invention, structure 1is
provided to prevent walls of the culture compartments from
making contact with neighboring walls of the culture com-
partment.

In another aspect of the present invention, the culture
compartments are connected in series.

[0019] In another aspect of the present invention, direct
access to each of the culture compartments 1s possible.
[0020] In another aspect of the present mnvention, contact
between ambient gas and the gas space of the gas permeable
multi-shelf device can be selectively terminated, restricted,
or unrestricted. In another aspect of the present mnvention, a
method of expanding cells from one culture compartment to
multiple culture compartments 1s possible.

[0021] Inanother aspect of the present invention, when the
gas permeable multi-shell culture device i1s oriented such
that cells are residing on the lower most culture surfaces of
the culture compartments, at least a portion of one culture
compartment does not have a culture compartment directly
above 1t 1n order to facilitate microscopic evaluation.
[0022] Inanother aspect of the present invention, when the
gas permeable multi-shell culture device i1s oriented such
that cells are residing on the lower most culture surfaces of
the culture compartments, the gas space between the lowest
culture compartment and the culture compartment residing
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above 1t allows light to be present above the lowest culture
compartment to facilitate inverted microscopic evaluation of
the lowest culture compartment.

[0023] In another aspect of the present invention, a
method of co-culturing cells 1s possible by seeding cells to
a culture surface and repositioning the device to allow
another 1noculum of cells to gravitate to a different culture
surface.

[0024] In another aspect of the present invention, a
method of culturing cells on a particular surface, at a
particular oxygen tension, and a particular medium height,
and/or at a particular medium volume to surface area ratio 1s
available by merely rotating the device to reposition the cells
from surface to surface. It 1s also possible to culture at least
five different cell lines, each residing on a different wall of
the culture compartment.

[0025] In another aspect of the present invention, culture
compartments are fabricated as an integral unit to minimize
the number of seals.

In another aspect of the present invention, the gas permeable
multi-shelf device can be configured to retain the features of
commercially available, traditional multiple shelf flasks
while resolving the problems of non-uniform culture con-
ditions.

[0026] In another aspect of the present invention, the use
of gas permeable, liquid permeable materials are disclosed
for use 1n a gas permeable cell culture device that includes
a culture compartment support and a sterility barrier
between the gas space and the ambient gas.

In another aspect of the present invention, structuring gas
permeable devices with plasma charged silicone for the
purpose of minimizing migration to other surfaces 1s dis-
closed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] FIG. 1A and FIG. 1B 1llustrate an embodiment of
a gas permeable multi-shelf device that 1s configured for gas
exchange to occur directly through the walls of the culture
compartments. The culture compartments are connected 1n
parallel with a manifold to form an integral unit, including
the presence of a gas space between the culture compart-
ments. An access port allows fluid to move into and out of
the gas permeable multi-shelf device.

[0028] FIG. 2 shows a cross-sectional view of one
embodiment of a gas permeable multi-shelf device that 1s
configured to allow gas transier through a first wall of the
culture compartments in order to allow gas exchange via the
surtace of the medium that resides the furthest distance from
cells.

[0029] FIG. 3 shows a cross-sectional view of one
embodiment of a gas permeable multi-shelf device that i1s
configured to allow gas transier through a second wall of the
culture compartments in order to allow gas exchange 1n
proximity of the cells.

[0030] FIG. 4 shows a cross-sectional view of one
embodiment of a gas permeable multi-shelf device that i1s
configured to allow gas transfer through a first wall and
through a second wall of the culture compartments in order
to 1mcrease the surface area available for gas exchange.
[0031] FIG. 5A, FIG. 3B, and FIG. 53C show a perspective
view ol a gas permeable multi-shelf device that 1s configured
with a first wall and an opposing second wall, a third wall
and an opposing fourth wall, and a fifth wall. By selectively
fabricating each wall with a predetermined length, width,
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surface area, and material composition, and each culture
surface of a predetermined material and surface area, the
user can select from a variety of culture protocols. Thus, by
merely altering the orientation of the gas permeable multi-
shelf device, the user can expose cells, various types of
culture surfaces, culture surface areas, oxygen tension, and
medium volume to surface area ratios. For example, when
the gas permeable multi-shelf device 1s oriented as shown in
FIG. 5B, medium can reside at a greater height than when
the gas permeable multi-shelf device 1s oriented as shown 1n
FIG. 5A When the gas permeable multi-shelf device is
oriented as shown 1n FIG. 5C, medium can reside at a height
that exceeds what 1s possible when the device 1s oriented as

shown 1n FIG. 5A or FIG. 5B.

[0032] FIG. 6 shows a cross-sectional view of a gas
permeable multi-shelf device that 1s configured with a gas
trap to prevent gas from displacing medium from within the
culture compartments.

[0033] FIG. 7A and FIG. 7B show a cross-sectional view
of one embodiment of a gas permeable multi-shelf device
that 1s configured to prevent cells from exiting the culture
compartments during routine handling. FI1G. 7C, FIG. 7D,
and FIG. 7E show a cross-sectional view of one embodiment
of a gas permeable multi-shell device that 1s configured to
allow medium and gas to reside in the culture compartments
at predetermined volumes.

[0034] FIG. 8A, FIG. 8B, FIG. 8C and FIG. 8C-1 show a

cross-sectional view of one embodiment of a gas permeable
multi-shelf device that 1s configured with two manifolds.
Culture compartments are connected in parallel between
manifolds, forming an mtegral umit that includes a gas space
adjacent to each culture compartment. FIG. 8D and FIG. 8E
show how the volume of medium and/or the gas permeable
surface area to culture compartment volume ratio can be

altered betfore or during the culture process.

[0035] FIG. 9A and FIG. 9B 1llustrate the use of a culture
compartment support for the purpose of allowing gas to
contact the gas permeable material of the culture compart-
ments and/or for the purpose of maintaimng the culture
compartments in a substantially horizontal position in order
to allow cells to distribute uniformly within the culture
compartments.

[0036] FIG. 101llustrates the use of a culture compartment
support 1n the form of external projections emanating from
the walls of the culture compartments for the purpose of
allowing gas to contact the gas permeable material of the
culture compartments and/or for the purpose of maintaining
the culture compartments 1n a substantially horizontal posi-
tion 1n order to allow cells to distribute uniformly within the
culture compartments.

[0037] FIG. 11 illustrates the use of an internal spacer
situated within the culture compartments for the purpose of
preventing walls, and/or culture surfaces from contacting
cach other.

[0038] FIG. 12 shows a cross-sectional view ol one
embodiment of a gas permeable multi-shelf device wherein
culture compartments are connected in series with 1nlet and
outlet ports. The culture compartments form an 1ntegral unit
and include a gas space adjacent to each culture compart-
ment.

[0039] FIG. 13 shows a cross-sectional view ol one
embodiment of a gas permeable multi-shelf device that 1s
configured with individual culture compartment and with a
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gas space residing adjacent to each culture compartment. It
also shows how ambient gas access to the gas space can be
selectively controlled.

[0040] FIG. 14 shows another embodiment of a gas per-
meable multi-shelt device that 1s configured to control
ambient gas access to the gas space.

[0041] FIG. 15 shows another embodiment of a gas per-
meable multi-shelf device that 1s configured to control
ambient gas access to the gas space.

[0042] FIG. 16A and FIG. 16B show a method of using a
gas permeable multi-shelf device to expand cells from one
culture compartment to multiple culture compartments.
[0043] FIG. 17A shows a view of an integral culture
compartment molded of silicone that minimizes the number
of joints for leakage. FIG. 17B shows an integral group of
culture compartments fabricated as a single piece. FIG. 17C
shows an exploded view of a gas permeable multi-shelf
device that includes integral culture compartment, over
molded flanges, and two manifolds, and culture compart-
ment supports.

[0044] FIG. 18A shows a traditional multiple shelf flask
manufacturer’s recommended approach to solving the prob-
lem of non-uniform culture conditions. FIG. 18B shows a
magnified view of that approach. FIG. 18C, FIG. 18D, and
FIG. 18FE show embodiments of gas permeable multi-shelf
devices configured to resolve the problem of non-uniform
culture conditions while integrating the features of commer-
cially available, traditional multiple shelf flasks. In one
embodiment, gas transfer occurs directly through the walls
of the device, allowing direct gas exchange between the gas
above each culture compartment and that of the ambient
environment. In another embodiment, a gas space resides
within the device, allowing gas exchange of the gas within
the device through the walls of the gas space. The upper wall
of the gas space can be adapted to allow gas transfer
independent of a gas-liquid interface and/or the lower wall
of the gas space can be adapted to allow gas transier to the
culture by way of a gas-liquid interface. In another embodi-
ment, the gas space 1s in communication with ambient gas
by way of a gas permeable device wall, and a gas permeable
upper wall of the gas space acts as the lower wall of the
culture compartment, allowing gas transier to occur to the
culture independent of the gas-liquid interface.

[0045] FIG. 19 shows a histogram of data collected from
islet culture, a very challenging type of culture due to the
high oxygen demand of 1slets. The superior results demon-
strate the unique capacity of the gas permeable multi-shelf
device to save space and provide uniform culture conditions
when 1ncluding beneficial geometry into 1ts culture com-
partment supports.

[0046] FIG. 20 shows a cross-sectional view of a test
fixture used to demonstrate the usefulness of plasma charg-
ing materials comprised of silicone prior to exposing the gas
permeable multi-shelf device to typical sterilization pro-
cesses such as gamma irradiation 1 order to minimize the
migration of silicone to other surfaces.

DETAILED DESCRIPTION OF TH.
INVENTION

[0047] FIG. 1A and FIG. 1B are useful for illustrating
some of the basic attributes of the invention. In these
illustrations, gas permeable multi-shelved device I integrates
two gas permeable culture compartments 20 separated in
part by gas space 50. Although two culture compartments

L1
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are shown to allow a description of some of the basic gas
permeable multi-shell device attributes, any additional num-
ber can be provided. FIG. 1A shows a perspective view with
a sidewall removed to expose the mside of culture compart-
ments 20. FIG. 1B shows a cross-sectional view of gas
permeable multi-shelf device 1. Culture compartments 20
are comprised of a first wall 110 and an opposing second
wall 120. First wall 110, second wall 120, or both first wall
110 and second wall 120 can be comprised of gas permeable
material. First wall 110 and second wall 120 can be secured
together without need of a sidewall, such as 1s the case with
traditional cell culture bags. However, a sidewall 1s pretferred
to allow a uniform distance between the first and second
walls of the culture compartments to exist throughout the
culture compartments. Furthermore, when selected walls
and sidewalls are comprised of gas permeable material, the
gas permeable multi-shelf culture device can be oriented
such that 1t functions 1n a variety of positions including first
wall down, second wall down, or any of the sidewalls down.
This allows cells to reside on, 1 proximity of, any of the
walls. When the length, height, and width of the culture
compartments differ in dimension, the gas permeable multi-
shelf culture device can provide a unique medium height
above cells and/or a unique medium to surface area ratio by
altering 1ts position during 1inoculation and/or culture.
Depending on orientation during inoculation, cells can
gravitate to any surfaces within the culture compartments.
For example, 1n the position of FIG. 1B, cells gravitate
toward second wall 120. The surface that cells contact can
simply be the inner surface of the culture compartment wall.
However, the desired material composition and the geom-
etry of material that cells reside upon may not be that
presented by the inner surface of the culture compartment
walls. In this event, any component, insert, matrix, or the
like that provides the desired material and geometry can be
structured into the gas permeable multi-shelf device. Thus,
culture surface 130 can simply be the inner surface of a
given culture compartment wall, or can be any component,
insert, matrix, and the like that resides within the culture
compartment. Although not limiting the scope of the inven-
tion, but merely for convenience, throughout this application
culture surface 130 1s depicted on the mner surface of the
device walls.

[0048] As shown m FIG. 1B, manifold 60 creates a fluid
pathway between culture compartments 20. Access port 70
allows fluid and cells to be added and removed. In this
illustration, access port 70 includes a neck and cap 30 covers
access port 70 1n the manner of a traditional tlask. However,
the access port(s) can be any configuration(s), and can be
located 1n any location(s), that meet the objective of moving
fluid 1into and out of the gas permeable multi-shelved device.
Those skilled 1n the art of cell culture device design will
recognize that there are many ways to achieve that objective,
including many closed system configurations which may
include the use of septums, quick disconnect {fittings, or
tubing configured for sterile splicing.

[0049] Gas space 50 need not be an enclosed aspect of the
device. It need not have forced gas tlow, or be adapted for
forced gas tlow, in order for the device to function. In the
simplest and preterred form, 1t 1s just ambient gas in contact
with any or all of the gas permeable portions of the device.
However, one or more walls can surround 1it.

[0050] In a simple method of operation, medium and cells
are delivered into the gas permeable multi-shelf device, and
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gas permeable multi-shelf device 1s placed into a standard
cell culture incubator, oriented such that cells gravitate to the
desired surface. In a more complex mode of operation,
additional inoculations can be undertaken to allow cells to
gravitate to additional surfaces. For example, by periodically
repositioning the device during inoculation, cells can reside
on all culture surfaces.

[0051] FEach culture surface 130 can be any suitable mate-
rial, and any shape, that 1s usetul for culturing cells and may
be or may not be integral to the walls of the culture
compartments. For example, the culture surface could sim-
ply be the 1nner surface of the wall that comprises the culture
compartment, and may be tissue culture treated or not. It
could be material that 1s laminated to the wall of the culture
compartment such as described i U.S. Pat. No. 5,935,847.
It could be a material that 1s physically separate from the
wall of the culture compartment, such as a separate part
tabricated of polystyrene that resides upon the wall, and may
or may not be aflixed to the wall, such as a fibronectin or a
collagen matrix insert. There 1s no restriction on the use of
any culture surface that 1s known to those skilled 1n the art
of cell and tissue culture.

[0052] FIG. 2 illustrates how uniform culture conditions
can be established with gas exchange across gas permeable
first wall 110 of culture compartments 20. Oxygen flux
arrows 100 show how, as a result of an oxygen concentration
gradient between medium 80 and gas space 50, oxygen 1s
delivered across gas permeable first walls 110 to cells 90
residing on culture surface 130 by way of medium 80.
Depending on how much of first wall 110 1s gas permeable,
up to virtually the entire upper surface of the medium can be
simultaneously exposed to the ambient gas surrounding the
device, unlike the traditional multiple shelf tlask 1n which
ambient gas enters the device at a single gas permeable
location(s) that resides at a different distance from every
medium location within the device. As described herein, 1in
some embodiments, the gas permeable multi-shelf device 1s
structured with the ability for gas and medium to reside 1n
the culture compartments. Thus, gas can reside on both sides
of the gas permeable first wall 110 during operation. In
general, gas moves nto and out of the culture compartments
due to the partial pressure diflerential between the gas space
and the fluid within the culture compartment.

[0053] FIG. 3 illustrates gas exchange across gas perme-
able second walls 120 of the culture compartments. Oxygen
flux arrows 100 show how, as a result of a concentration
gradient between medium 80 and gas space 50, oxygen 1s
delivered through gas permeable second walls 120 to cells
90 residing 1n culture compartments 20. In this manner, cells
in each cell compartment are closer to the ambient gas than
1s possible 1n the traditional multi-shelved flask. Care should
be taken to ensure that the materials that comprise culture
surface 130 do not impede gas transier beyond what 1s
needed to oxygenate desired number of cells and maintain
proper pH. For example, if gas permeable second walls 120
are constructed of a material with high gas transmaission,
such as dimethyl silicone, and a less gas permeable culture
surface such as polystyrene resides upon the silicone, gas
transier to the cells will be impeded. In general, the material
most resistant to gas transmission that resides between the
cells and the ambient gas source will be rate limiting. Thus,
to optimize the function of the gas permeable multi-shelf
device, the design should contemplate the gas transmission
of the materials used to construct gas permeable walls, the
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gas transmission of any additional culture surfaces that are
used, and the oxygen demand of the culture. The gas
permeable multi-shelf device allows many options for pro-
viding acceptable gas exchange and acceptable materials for
cells to reside upon. However, 1f a material 1s desired for the
culture surface that will restrict gas exchange of the culture,
it 1s possible to enhance gas exchange by way of the
opposing wall, and/or the sidewalls of the culture compart-
ment.

[0054] FIG. 4 illustrates gas exchange across gas perme-
able second walls 120 and across gas permeable first walls
110 of the culture compartments. Oxygen flux arrows 100
show how, as a result of a concentration gradient between
medium 80 and gas space 50, oxygen 1s delivered to culture
compartments 20 by way of gas permeable second walls 120
and gas permeable first walls 110. In this manner, a high
level of gas transfer 1s available to each culture compart-
ment.

[0055] Although FIG. 2, FIG. 3, and FIG. 4 show gas

transier through specific walls, any wall of the gas perme-
able multi-shell device can be gas permeable. A variety of
advantages become available because oxygen can be deliv-
cred to cells directly through the surface they reside upon,
and/or through the sidewalls of the culture compartments,
and/or through the manifold wall(s). Wilson et al. 814
describe the advantages that can be obtained by increasing
the height of medium that can reside 1n a gas permeable
culture compartment. Medium height 1n the gas permeable
multi-shelf device can increase far beyond the 2 mm to 3
mm limits of traditional flasks, thereby minimizing the
frequency of medium exchange, reducing labor, and reduc-
ing contamination risk. Thus, when gas transfer occurs
across a gas permeable wall of a culture compartment, 1t
may be beneficial to structure the culture compartment so
that the distance between the gas permeable wall and the
opposing wall allows medium height to increase. The opti-
mum distance will depend upon the metabolic demand of the
culture and the desired frequency of medium exchange.

FIG. SA, FIG. 5B, and FIG. 5C 1llustrate an example of how

a gas permeable multi-shelf device can be positioned to
allow many culture options. For example, when first wall
110, and/or second wall 120, and/or third wall 122, and/or
tourth wall 124, and/or fifth wall 126 are comprised of
material of differing gas permeability, cells can come to
reside upon at a different oxygen tension by orienting gas
permeable multi-shell device 2 to a given position. How-
ever, the gas permeable material need not differ to allow
robust operating protocols. The culture surface, integral or
non-integral, in proximity of first wall 110, and/or second
wall 120, and/or third wall 122, and/or fourth wall 124,
and/or fifth wall 126 can difler 1n material and/or surface
area. When the dimensions of first wall 110, third wall 122,
and fitth wall 126 differ, orienting gas permeable multi-shelf
device 2 1n any position also allows the maximum height of
medium to change at any point before or during culture.
Altering the shape of the cell compartments can create even
more options. For example, an octagonal shape allows
additional surfaces for cells to reside upon, as the device 1s
reoriented.

[0056] To advance the objective of establishing uniform
culture conditions in the gas permeable multi-shelf device,
the design should include the objective of placing an
approximately equal number of cells within each culture
compartment, and facilitating an approximately uniform
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distribution of those cells throughout each culture compart-
ment. Making the geometry of each culture compartment
virtually 1dentical, structuring the opposing walls of each
culture compartment to be approximately parallel, and
allowing the culture compartments to reside in a horizontal
position so that cells can gravitate uniformly upon the
culture surface can help achieve that objective. Then, when
cells are 1 a uniform suspension during inoculation, and the
culture surface 1s of unmiform geometry, the mmoculum will
reside at a uniform volume above the culture surface of each
culture compartment and cells will settle 1n a uniform
distribution upon the culture surface of each culture com-
partment. In the case where culture surfaces are not flat, such
as when corrugated surfaces are present, configuring the
culture compartments to have an equal volume of space
above each unit of culture surface area can assist uniform
cell distribution during inoculation. For example, if the
culture surface was corrugated and the opposing wall was
also corrugated, the volume of space between the corrugated
opposing wall and the culture surface would remain constant
along the length of the culture compartment. Regardless of
culture surface geometry, configuring the culture compart-
ments so that an approximately equal volume of inoculum 1s
present at any given section within the culture compartment
can help achieve umiform cell distribution.

[0057] Preferably, when a manifold 1s used to deliver
medium to the culture compartments, the manifold should
be structured to allow inoculum to distribute evenly into
cach culture compartment and to minimize the number of
cells that settle within the manifold. Making the volume of
manifold no larger than needed to allow medium to quickly
and easily fill the culture compartments 1s beneficial, since
cells residing 1n the volume of medium retained 1n manifold
will settle to the bottom of manifold and not be at the
identical culture conditions as cells residing 1n the culture
compartments. Although manifold volume should be mini-
mized during inoculation to prevent cells from gravitating to
undesired areas, 1t can be usetul to allow excess volume of
medium to reside 1n the manifold to reduce device height,
since that medium can contribute to the ratio of medium
volume to surface area within each culture compartment.
Stated differently, medium volume in the manifold can make
substrates available to cells residing 1n the cell compart-
ments.

[0058] FIG. 6 shows a cross-sectional view of gas perme-
able multi-shelf culture device 3 configured to locate gas
that may become present within the device into an area
where 1t does not disrupt the establishment of uniform
culture conditions. Manifold 60 includes gas trap 61. At least
a portion of gas trap 61 1s elevated higher than the uppermost
culture compartment 20. In this illustration, access port 70 1s
covered by septum 72. Excess gas 1n the device rises to gas
trap 61, thereby avoiding displacement of medium from any
of the culture compartments.

[0059] In some applications, 1t may be desirable to alter
the shape or volume of the manifold during use. Structuring
the manifold to change shape or volume should be done in
a manner that does not allow contamination, such as may be
achieved by flexible walls or the use of gaskets or o-rings.
For example, 1t may be desirable to deliver cells to culture
compartments by way of a common manifold and prevent
cells from moving from one culture compartment to another,
or from a culture compartment into the manifold. When the
device 1s to be handled 1n a manner that may orient the
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culture compartments in a position that would nadvertently
allow cells to exit the culture compartment. Blocking the
opening, or openings, of the culture compartments can
prevent that. As another example, it may be helpiul to alter
the volume of medium residing in the mamifold at some
point during use, as may be the case when cells have
attached within the culture compartments and more medium
volume 1s useful for minimizing the feeding frequency. In
this case, the manifold can be structured to increase in
volume. In other applications, not filling the culture com-
partment entirely with medium may be advantageous, as
may be the case when the desired culture surface area to
medium volume ratio dictates that medium should reside at
a height that 1s lower than the height of the culture com-
partment. FIG. 7A and FIG. 7B show an illustration of how
these objectives may be accomplished. In FIG, 7A, manifold
wall 62 of gas permeable multi-shelf device 4 1s 1 a first
position that allows cells and medium to be introduced 1nto
culture compartments 20 by way of manifold 60 via access
ports 70. FIG. 7B shows manifold wall 1n a second position
in which manifold 60 has collapsed to block the opening of
culture compartments 20, preventing cells or medium from
exiting culture compartments 20. Culture compartments 20
can be partially filled with medium so that medium and gas
reside in the culture compartments 20, and manifold wall 62
can be moved into the position of FIG. 7B to prevent loss of
medium 1nto manifold 60. However, this embodiment also
allows gas permeable multi-shell device 4 to be entirely

filled with medium without need of moving manifold wall
62.

[0060] FIG. 7C, FIG. 7D, and FIG. 7E show an example
of how to partially fill the culture compartments with
medium. FIG. 7C shows how gas permeable multi-shelf
device 4 can be positioned with manifold 60 oriented below
culture compartments 20 and residing 1n a first open position
with a predetermined volume of medium 80 residing 1n 1t.
The predetermined volume of medium 1s less than the
combined volume of the culture compartments. FIG. 7D
shows manifold 60 compressed to drive medium 80 from
manifold 60 and into culture compartments 20. FIG. 7E
shows gas permeable multi-shelf device 4 oriented horizon-
tally, such that medium 80 and gas reside in each culture
compartment. When the manifold 1s closed, the internal 30
volume of the gas permeable multi-shelf device 1s reduced,
increasing pressure. The pressure increase 1s related to the
ratio of gas to liquid i1n the culture compartments, the
compliance of the culture compartment walls, and the vol-
ume of the manifold to the volume of the device. The
pressure can eventually be reduced depending on which
surfaces of the culture compartments are gas permeable.
However, sterile venting of the manifold as it 1s reduced 1n
volume will relieve pressure more quickly. Those skilled 1n
the art will recognize that there are many ways to structure
the manifold to meet these objectives including the use of
flexible walls, rigid walls structured with an o-ring 1 a

radial seal arrangement, and other approaches including
methods described 1n Wilson U.S. Pat. No. 7,229,820.

[0061] Movement of manifold wall 62 can also be useful
when medium 1s reduced in temperature during use. For
example, the culture of islets 1s often 1mtiated at 37C and
then reduced to 22C. When the gas permeable multi-shelf
device 1s a closed body and filled with medium, medium will
contract as temperature drops. Many gas permeable mate-
rials are highly flexible. Thus, the walls of the device can
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move to maintain contact with the medium when medium
contracts. When the walls move, and cells are uniformly
distributed on the walls, cells can be displaced from a
uniform position to uncontrolled density and thus the viabil-
ity of the culture can be compromised. Therefore, the ability
to alter the volume of the mamiold to accommodate a
reduction 1n medium volume can prevent the displacement
of the cells from their umiform position.

[0062] If desired, feet 135 can elevate the gas permeable
multi-shelf device. Feet 135 allow gas to access the under-
side of the device and/or prevent scratches to the second wall
120. Feet 135 can be present in any embodiment and the
upper wall of the device can be adapted to allow one device
to reside above the other 1n an interlocking manner.

[0063] Connecting the culture compartments in parallel
with more than one manifold can allow gas to be more easily
displaced by liquid entering the device. For example, when
one manifold 1s used, gas i1s displaced 1n the opposite
direction of medium entering the manifold. As the height of
culture compartments 1s reduced in a gas permeable multi-
shelved device with one manifold, tilting the gas permeable
multi-shelved device can become necessary to expedite the
displacement of gas. Creating an additional manifold can
allow the gas to displace in a direction other than that at
which medium 1s entering the device and can reduce or
climinate the need for tilting, thereby simplifying automated
fluid handling. In test fixture evaluations intended to deter-
mine 11 culture compartments can be primed without need of
tilting the device, priming without tilting was achieved when
the volume of medium in the manifolds was about 7.0% of
the total volume 1n the test fixture. FIG. 8A, FIG. 8B, and
FIG. 8C show one embodiment that utilizes two mamfolds

FIG. 8A shows gas permeable multi-shellf device 5 with a
wall removed to expose culture compartments 20. Gas space
50 resides between culture compartments 20. In this 1llus-
tration, gas space 50 1s an opening through the entire body
of gas permeable multi-shelf device 5. FIG. 8B shows gas
permeable multi-shell device 5 with a section removed to
expose culture compartments 20, first wall 110, and mani-
fold 60. FIG. 8C and FIG. 8C-1 show cross-sectional view
8C-8C of FIG. 8A, exposing culture compartments 20, gas
space 30, and manifold 60. In this embodiment, as liquid
enters access port 70 and primes manifold 60 and culture
compartments 20, gas 1s displaced via another manifold 60,
on the distal end of culture compartments 20, and a second-
ary access port 70.

[0064] The height of the culture compartments can vary to
allow a wider variety of protocols. For example, it may be
beneficial 1t the volume of tryp sin used 1s minimized, or
medium height 1s increased. FIG. 8D and FIG. 8E 1llustrate
one configuration for how that can be accomplished by
simply making the device of flexible material that 1s pleated
so that the culture compartment(s) 20 can rise or collapse 1n
height. For example the housing and/or material bounding
gas spaces can be flexible. In this manner, the gas permeable
multi-shelf device can be expanded to accommodate more,
or less, volume 1n each culture compartment, which may be
desired to allow a reduction 1n feeding frequency, reduced
use of trypsin and/or PBS, and/or a change in the gas
permeable surface area to culture compartment volume. In
this depiction, manifold walls 62 are pleated, but the device
can be adapted to allow a change 1n culture compartment
height by a variety other means, including those described in
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U.S. Pat. No. 7,229,820. Skilled artisans will recognize a
variety of ways to allow this attribute.

[0065] A factor in optimal performance of the gas perme-
able multi-shelf device 1s the orientation of the culture
compartments during use. During use, the gas permeable
multi-shelt device should preferably be 1n a substantially
horizontal position for uniform cell distribution onto the cell
culture surface. The culture compartment support may be as
simple as culture compartment support 40, shown 1n FIG.
5A In this case, culture compartment support 40 merely
provides simple structural support to prevent culture com-
partments from collapsing upon each other. However,
depending on the stiflness of the materials that comprise the
walls of the culture compartments, 1t may be advantageous
to form a more elaborate culture compartment support. For
example, some 1mportant cell culture applications are best
conducted 1n very controlled geometry that 1s directed at the
deposit of cells 1n very uniform distribution, such as the
culture of islets, hepatocytes, and multipotent adult progeni-
tor cells. For example, 1slets will aggregate when 1n contact
at high surface density, and multipotent adult progenitor
cells can differentiate 1f they are too close to one another.
Hepatocytes and 1slets also have a need for a high rate of gas
transmission to retain health. Thus, the most robust culture
compartment support will allow a uniform distribution by
maintaining the wall that cells are gravitating to 1 a sub-
stantially horizontal position, and not overly restrict gas
transmission. To obtain these benefits, the culture compart-
ment support will make contact with the culture compart-
ment walls. The number of contact points, distance between
contact points, and amount of surface area of the gas
permeable material 1 direct contact with the culture com-
partment support are among the design factors to consider.
Example 1 and Example 2 provide additional guidance.

[0066] Although it can be permanently atlixed to the gas
permeable multi-shelf device, the culture compartment sup-
port does not need to be. This may be desirable when a user
has a need to convert the device for a more controlled
application, or to reduce manufacturing cost. FIG. 9A and
FIG. 9B show an embodiment 1n which the culture com-
partment support 1s reusable, and the body of the gas
permeable multi-shelved device 1s disposable. In FIG. 9A,
culture compartment support 42 1s shown detached from gas
permeable multi-shelf device 6. In FIG. 9B, culture com-
partment support 42 has been placed 1n contact with gas
permeable multi-shelf device 6. Projections 131 emanate
from culture compartment support 42. The height and dis-
tance between projections 131 should be designed with the
objective of making enough contact with the culture com-
partments of the gas permeable multi-shelved device to hold
the cell culture compartments 1n a substantially horizontal
state such that a uniform cell deposit can be achieved during
inoculation. However, contact with the gas permeable sur-
taces diminishes gas transfer capacity. Therefore, a balance
between the desire for a horizontal state and the degree of
desired gas transfer must be considered. Depending on the
type of cells being cultured, there can be more than one
optimum design. Gas access openings 132 can be present
when more access to ambient conditions 1s desired. In the
absence of gas access openings 132, gas will move between
the surface that projections 131 emanate from, such as
surface(s) 133, and the culture compartment resistance to
gas exchange 1s a function of the number of projections, the
height of the projections, and the width of the device. In this
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illustration, to demonstrate the versatile range of design
options, the first wall of the uppermost culture compartment
has not been held in position by culture compartment
support 42. That 1s possible 1f the culture compartment
comes to a horizontal state i1t filled with a fluid, or a
pressurized fluid, or 1f 1t 1s comprised of a stifl matenal.
Also, second wall 120 of the culture compartment need not
make contact with the culture compartment support 11 1t 1s
comprised of a stifl enough material to retain its shape when
medium resides within 1it.

[0067] The culture compartments themselves can be struc-
tured to perform the role of allowing ambient gas to com-
municate with the neighboring culture compartment while
maintaining desired geometry. Wilson et al. U.S. Pat. No.
5,693,537 describe how a wall with projections can be used
to provide support for an adjacent wall of the culture
compartment. FIG. 10 shows a cross-sectional view that
provides one example of how the desired shape can be
maintained. In this example, first wall 110 of gas permeable
multi-shelf device 7 1s formed of a rigid material and the gas
permeable second wall 120 1s comprised of a flexible
material such as dimethyl silicone. Wall projections 150
emanate from the surface of second wall 120 1n order to
maintain gas space 50. Wilson et al. U.S. Pat. No. 5,714,384
show how the projections can be used to increase the surface
area for gas transier. It will be understood by skilled artisans
that the projections could emanate from the surface of the
second wall to make contact with the first wall of the
neighboring culture compartment, or from the upper and
second walls. Alternatively, projections emanating from the
outside surfaces of the walls of the culture compartments
could interlock with each other, or with the culture com-
partments supports. As another approach, all walls can be
flexible, and they can take the desired shape when medium
fills the culture compartments.

[0068] The upper and lower walls, and/or upper and lower
culture surface, of a given culture compartment should not
make contact with each other. For example, when one
culture surface 1s tissue culture treated and contact with the
opposing wall can potentially aflect the tissue culture treated
surface, an internal spacer can be placed within the culture
compartments to ensure contact 1s prevented. The internal
spacer can be any biocompatible material and should be
configured to allow medium and fluid to easily move into
and out of the culture compartment.

[0069] The internal spacer need not be a separate part, as
maintaining the desired space between any walls and/or
culture surfaces, can be achieved by projections emanating
from the upper and/or lower walls, and/or upper and/or
lower culture surfaces. FIG. 11 shows an illustrative
example 1 which internal spacer 160 of gas permeable
multi-shelf device 8 1s a boss that emanates from culture
surface 130 or wall 110. Those skilled 1n the art waill
recognize that the internal spacer can be constructed in a
wide variety of ways, provided that those ways do not
prevent medium from entering or exiting the culture com-
partments.

[0070] The ability to microscopically observe cells 1n
culture can be impeded when the culture compartments are
stacked vertically, as the light 1s diminished. Thus, oflsetting
a culture compartment from the stack, as described 1n
co-pending Wilson et al. ’814 can be useful 1n allowing the
use of an inverted microscope. Another option 1s to make the
gas space capable of receiving light so that inverted micro-
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scopic observation 1s possible. To do so, the distance
between the culture compartments should be great enough to
allow a light source to illuminate the contents of the lowest
culture compartment. The intensity of the light will depend
upon the materials of the culture compartment and the height
of the medium. Optically clear matenials are preferred.

[0071] FIG. 12 1illustrates an embodiment that connects
culture compartments 20 in series. Liquid delivered mto gas
permeable multi-shelved device 9 by way of access port 70
displaces gas by way of another access port 70 and comes to
reside 1 any desired number of culture compartments 20. A
gas space 30, in communication with ambient gas, 1s present
between culture compartments 20 and adjacent to gas per-
meable materials. In this 1llustration, gas space 50 1s present
in openings through the entire body of gas permeable
multi-shelf device 9.

[0072] In some cases there may be a desire to access each
culture compartment idividually, even though they are
integral to a common device, such as when each culture
compartment contains different cell types, or a different
medium composition for a common cell type. Doing so can
be accomplished by a variety of configurations. Preferably,
the access to each culture compartment 1s structured so that
it can be accomplished by standard liquid handling
approaches such as pipetting or pouring, or aseptic or closed
system approaches like septums or sterile tubing connec-
tions. One option 1s shown 1n FIG. 13. Culture compart-
ments 20 of gas permeable multi-shelf device 10 can be
individually accessed by way of access ports 70, in this
illustration shown 1n a septum format. One or more access
ports 70 can be connected to each culture compartment 20.
In this illustration, gas space 30 1s structured so that a user
can allow 1t to be 1n communication with ambient gas, or
prevent its communication with ambient gas. Gas space 50
1s enclosed by gas space housing 51. Gas space access
openings 55 in gas space housing 51 allow gas space 50 to
communicate with the ambient environment. Gas space
access openings 33 can be structured to be open and closed
as desired. The ability to selectively terminate, restrict, or
open gas movement between gas space 30 and ambient gas
can be usetful. This feature can be present in any embodi-
ment. For example, when the gas permeable multi-shelf
device 1s temporarily removed from a CO2 environment,
closing or restricting gas space access openings 33 can
prevent or delay a shift in pH. As another example, cells of
a given cell line can be placed 1n each compartment, the gas
space 1 communication with a given compartment can be
primed with a predetermined oxygen concentration, the gas
space can be closed, and the effect of each oxygen concen-
trations on cell growth and/or function can be studied. Those
skilled 1n the art will recogmize that a wide variety of
methods for opening and closing gas space access openings
55 are available, including luer openings and plugs, ports
and caps, and the like.

[0073] FIG. 14 shows another embodiment of the gas
permeable multi-shelf device configured to limit the rate of
pH change when the device 1s removed from a standard
tissue culture incubator for liquid handling in a flow hood.
(Gas space housing 51 encloses gas space 50 of gas perme-
able multi-shelf device 11. Gas space 50 can be 1solated
from the ambient gas by closing gas access cover 53 of
opening 55 prior to removal from the incubator, thereby
trapping the desired level of CO2 in gas space 50. Prefer-
ably, the volume of gas 1n gas space 50 1s enough to support
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the oxygen demand of the culture during the time period that
gas access cover 35 1s closed. Theretfore, the number of cells
or tissue present in the device, 1n addition to the oxygen
demand, 1s a consideration for optimal volume determina-
tion.

[0074] FIG. 15 shows another embodiment of the gas
permeable multi-shell device configured to limait the rate of
pH change when the device 1s removed from a standard
tissue culture incubator for liquid handling in a flow hood.
In this case, gas space 50 1s open to ambient gas along one
side of the gas permeable multi-shelf device. Gas exchange
control nm 57 extends from that side of gas permeable
multi-shelf device 12, in this 1llustration as a feature of gas
space housing 51. When gas permeable multi-shelf device
12 1s oriented such that gas exchange control rim 37 1s flush
to a tlat surface, such as the floor of a laminar flow hood, gas
exchange between gas space 50 and ambient gas 1s termi-
nated or substantially restricted, thereby reducing the rate of
pH shift. Another simple method of minimizing the rate of
pH shift when the gas permeable multi-shelf device does not
have features to control the shift of pH and 1t 1s removed
from the 1ncubator 1s to place it 1n an enclosure such as a box
with a lid. The Iid need not be gas tight to provide an
advantage. So long as the cross-sectional opening of gas
access between the lid and the box is less than the cross-
sectional opening between the gas space and the ambient
gas, a restriction 1n the rate of gas exchange, and a delay 1n
pH shift will occur. The gas volume 1n the box when the gas
permeable multi-shelf device resides within 1t should be
minimized. Furthermore, the box can be preconditioned to
contain the gas composition of the incubator prior to placing
the gas permeable multi-shelf device within 1t.

[0075] The novel gas permeable multi-shelf device allows
protocols not possible in traditional multiple shelf flasks. For
example, cells can be expanded from one shelf to others. A
cycle of 1noculating, expanding, and harvesting an adherent
cell population that 1s not adversely affected by residual
trypsin provides one example of how the closed system
process can function. FIG. 16 A shows a cross-sectional view
of gas permeable multi-shelf device 13 with medium 80 and
cells residing 1n the lower culture compartment 20. To
expand the adherent cells to the number of culture compart-
ments shown in FIG. 16B, a straightforward sequence of
events can take place. First, medium 80 1s removed. PBS 1s
then mtroduced into the lower culture compartment to tlush
residual medium. Subsequently PBS 1s removed. Trypsin, or
any other detachment material, 1s then introduced mto the
lower culture compartment to release cells from the attach-
ment surface. Cells can then be redistributed to upper culture
compartments by the addition of medium 80, which dilutes
trypsin to a level that does not aflect cell attachment. If cells
are allected by any residual trypsin, the cells can be removed
and 1t can be centrifuged out using conventional means.
Then the cells can be reintroduced 1n an appropriate volume
of medium such that they come to reside in the desired
number of culture compartments. With suspension cells, the
expansion to additional culture compartments can be as easy
as stmply adding an appropriate volume of medium. In this
manner, the use of ancillary devices to create moculum 1s
minimized relative to traditional multiple shelf flasks,
greatly simplifying the culture process.

Since the gas permeable multi-shelf device can be config-
ured for closed system access, the probability of contami-
nation 1s also reduced.
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[0076] The ability for cells to reside on sidewall surfaces
also creates advantages that include the ability to expand
cells from a surface area of one size to surfaces of increased
size. For example, when by orienting the gas permeable
multi-shelf device 1n the position shown i FIG. SC, the
culture can be 1nitiated using a small quantity of inoculum,
which will reside 1n proximity of walls 126. Then, when the
population of the culture has expanded, more surface area
can be made available by reorienting the device to the
position of FIG. SB. If needed, cells can be trypsinized from
walls 126 prior to reorienting for increased surface area. IT
more expansion 1s needed, the device can then be reoriented
again to the position of FIG. SA Subsequently, further
expansion 1s possible by the methods described in the
previous paragraph.

[0077] Any material normally associated with cell culture
devices or medical devices can be used throughout the gas
permeable multi-shelf device. Preferably, material that 1s
selected meets the USP VI and/or ISO 10993 standard for
compatibility. Also, optical transparency 1s desirable as 1t
allows visual detection of contamination and pH. When
creating surfaces that are to be observed via inverted micro-
scope, a SPE 2 surface or better 1s preferred.

[0078] The gas permeable material used to allow gas
transier into and out of the gas permeable multi-shelved
device can be comprised of any membrane, film, matenal, or
combination of materials used, or previously described for
use, 1 gas permeable cell culture devices, such as silicone,
flouroethylenepolypropylene, polyolefin, polystyrene film,
and ethylene vinyl acetate copolymer. Many sources for
learning about gas permeable materials and their use i cell
culture are available for guidance, including but not limited
to U.S. Pat. Nos. 5,693,537, 6,455,310, 6,297,046, Interna-
tional Publication Number WO 01/92462, and co-pending
U.S. patent application Ser. No. 10/961,814. An additional
source ol mformation can be found in the Plastic Design
Library, Willlam Andrew Publishing, “Permeability and
Other Film Properties of Plastics and Elastomers™, 1995.
The use of the word silicone throughout this specification
includes the formulations described in U.S. Pat. No. 6,045,
877.

[0079] As described 1n Wilson et al. U.S. Pat. No. 5,693,
5377, the gas permeable material may be a liquud permeable
material. Those materials include membranes that are hydro-
philic throughout the cross-section, such as those comprised
of cellulose, cellulose acetate, and regenerated cellulose.
However, 1n experiments that evaluated the use of such
material, 1t was discovered that measures for the prevention
of contamination, not anticipated 1n Wilson et al. 537 are
preferred. Care should be taken to ensure that the material
selected has a low enough liquid permeability to retain a
desired volume of medium within the culture compartments.
Moreover, liquid loss can increase osmolarity to a detrimen-
tal level. Preferably, a matenial that 1s selected will have the
ability to retain over about 90% of the medium volume 1n the
culture compartment for the interval between feeding, at the
given static pressure of the medium. During feeding, osmo-
larity can be restored. In the case of two-day feeding
intervals, liquid loss due to static pressure should therefore
preferably be limited to a ratio less than about 5% per day
of medium volume within the culture device. For example,
it has been discovered that 10,000 molecular weight cutofl,
S80M CUPRAPHAN® membrane 1s an acceptable material

at medium volumes of at least 10.16 ml of medium per cm?2
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of membrane. The material 1s also thin, and capable of
providing adequate gas transier. In an experiment conducted
in CELLine CL1000 product fabricated by Wilson Woll
Manufacturing with the lower gas permeable material com-
posed of 80M CUPRAPHAN®, the ability to culture at least
400x106 murine hybridoma cells upon was demonstrated.
Other than using 80M CUPRAPHAN® as the lower gas
permeable membrane, all other aspects of the device were
the same as the commercially available product, which
integrates a non-liquid permeable, gas permeable mem-
brane. In this experiment, the surface density was at least
4x106 cells’cm2 of gas permeable membrane. However,
although no contamination was detected within the culture
compartment, the outside of the membrane became contami-
nated. Thus, constructing the gas permeable multi-shelf
device with gas permeable, liquid permeable material should
preferably restrict access to the gas space by the use of gas
space access openings to the gas space that are covered with
a sterile filter. Any gas permeable filtration material typically
used to prevent contamination such as microporous mem-
branes can be used. To best prevent contamination, pore size
can range from 0.45 um down, and 1s preferably at 0.2 um.
However, the use of gas permeable liquid impermeable
material 1s not limited to just the gas permeable multi-shelf
device embodiments. Other gas permeable configurations,
including those as simple, for example as the OPTICELL
product (partially described in U.S. Pat. No. 6,821,772)
could integrate at least one gas permeable, liquid permeable
membrane such as CUPRAPHAN®. As another example,
the Slide-A-Lyzer Dhalysis Cassettes (U.S. Pat. No. 5,503,
741), normally not associated with cell culture, could be
used as a culture device with a preferred configuration that
included a gas space 1n contact with either, or both, of the
dialysis membranes, and by the use of gas space access
openings to the gas space that are covered with a sterile filter.

[0080] When configuring the gas permeable multi-shelf
device such that 1t can be oriented 1n a first position in which
suspension cells are cultured, or oriented in an alternative
position i which adherent cells are cultured, a preferred
configuration of construction of the gas permeable multi-
shelf device should be such that one culture surface of the
cell compartments 1s hydrophobic and a different surface 1s
hydrophilic. An example can be illustrated by any of the
cross-sectional drawing. For instance, referring to FIG. 4,
first wall 110 could be gas permeable and 1ts inner surface
could be tissue culture treated to create one culture surface,
while the mnner surface of second wall 120 could be hydro-
phobic to create another culture surface. Thus, to culture
adherent cells, the gas permeable multi-shelf device would
be operated with first wall 110 residing below second wall
120. Thus, to culture suspension cells, the gas permeable
multi-shelf device would be operated with second wall 120
residing below first wall 110. Co-culture could be conducted
when adherent cells attached to first wall 110, and then the
device 1s reoriented to allow suspension cells to reside upon
second wall 120. A useful material to culture suspension
cells upon 1s silicone, and a typical material to culture
adherent cells upon tissue treated polystyrene. Therefore, 1n
this example, a preferred embodiment would be where
second wall 120 1s comprised of silicone, and the culture
surface of first wall 110 1s comprised of tissue culture treated
polystyrene. However, it was discovered that if silicone 1s
used, 1t can migrate during gamma irradiation ore-beam
sterilization and coat tissue treated surface within the culture
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compartments. This renders the tissue treated surfaces sub-
optimal for adherent cells. Thus, popular methods of steril-
1zation are not practical when the most useful materials are
present. Other methods of sterilization are problematic. For
example, ETO will be retained 1n the silicone, and without
a very extensive flush of the toxins, an unhealthy environ-
ment for cells will exist. Chemical means of sterilization are
also require a flush. Attempts to correct the problem through
the addition of colorant to the silicone, and/or variations in
cure temperature and time, and/or pre-exposing the silicone
to gamma 1rradiation at high doses, and/or changing the
distance from the silicone to the polystyrene did not elimi-
nate the problem. However, 1t was discovered that plasma
charging the silicone prior to submitting the device to
gamma irradiation showed the ability to minimize or elimi-
nate the migration of silicone onto the polystyrene surfaces.
Therefore, a preferred process of using silicone in the
presence of tissue culture treated surtaces, preferably poly-
styrene, 1s to ensure that the silicone 1s plasma charged prior
to gamma irradiation. This approach to the formation of a
cell culture device 1s not limited to the gas permeable
multi-shelf device. This approach allows any gas permeable
culture device to integrate plasma charged silicone in the
presence ol tissue treated surfaces, with the benefit of
preventing migration of silicone during traditional steriliza-
tion methods such as gamma 1wrradiation or e-beam. For
example, the devices described by Wilson et al. 814 or 1n
U.S. Pat. No. 6,821,772 would benefit by the use of plasma
charged silicone in the presence of treated surfaces. For
example, the commercially available OPTICELL™ product
could integrate one gas permeable tissue culture treated
polystyrene surface and an opposing gas permeable surface
comprised of plasma charged silicone. In this manner, when
sterilized by standard methods, suspension cells could be
cultured upon the surface comprised of silicone and/or
adherent cells could be cultured upon the surface comprised
of polystyrene. The product could integrate traditional dis-
tances between membranes, as currently 1s the case, or
increased distances as described 1n Wilson et al. *814.

[0081] FIG. 17A shows a view of a culture compartment
molded of silicone that minimizes the number of joints for
leakage. The use of dimethyl silicone 1s advantageous, as 1t
can be molded 1 complex geometric patterns and 1t 1s
beneficial n many suspension cell culture applications.
Culture compartment 20' imncludes flange 21. In this con-
figuration, 1t 1s possible to eliminate joints at the intersection
of the walls. Thus, 1t 1s an 1ntegral culture compartment that
allows modular device design. Flange 21 can be glued to
another silicone surface, or secured to any surface, such that
a series of culture compartments are ready for attachment to
manifold walls. Alternatively, a series of culture compart-
ments can be prepared for assembly to a manifold wall by
placing a rigid plate in front of the flanges, a rigid plate
behind the flanges, attaching the rigid plates together, and
then mating the subassembly to the manifold wall. Any
alternative culture surfaces can be placed into the culture
compartments prior to assembly. The integral culture com-
partment need not be limited to just one culture compart-
ment. More than one culture compartment can be molded as
an integral piece to form integral culture compartments that
can also allow modular assembly. Although thickness 1n the
areas where gas transmission 1s desired 1s preferably less
than or equal to about 0.022 inches, and more preferably
0.010 inches, and most preferably less than about 0.008
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inches for highly demanding cultures, greater thickness can
also be useful when cells do not exhibit high oxygen
demand. Thicker cross-sections of silicone can be helpiul 1n
fabrication. In general, the thicker the silicone, the easier 1t
1s to fabricate. However, the ability to fabricate an integral
culture compartment of dimethyl silicone, with upper and
lower walls at about 0.007 inches thick, was established. The
ability to fabricate an integral culture compartment of dim-
cthyl silicone, with sidewalls at about 0.004 inches thick was
also established. Although depicted with more than one
flange, the integral culture compartments need not have
more than one flange. Thus, the can be dead-ended when
only one manifold 1s desired.

[0082] In a preferred approach, all culture compartments
are molded as an integral piece with a common flange that
can be secured to a manifold wall. FIG. 17B shows integral
culture compartments 20", which are a series ol molded gas
permeable material compartments, preferably dimethyl sili-
cone, including a flange 152. A rigid piece of plastic acting
as a flange support, such as polycarbonate, can be molded
directly (1.e. over-molded) onto the flange to act as a backing
for subsequent further assembly. In this depiction, a flange
support 153 1s over-molded onto each flange 152. As shown
in the exploded assembly view of FIG. 17C, flange support
153 mates to manifold wall 62 1n a liquid tight manner to
form a manifold on each end of the culture compartments.
When evaluating the capacity to bond dimethly silicone to a
rigid plastic, a liquid tight bond was obtained between
dimethyl silicone and biocompatible polycarbonate. The
polycarbonate material was placed in a mold and silicone
was mated directly to the polycarbonate 1n a liquid imjection
molding process. Culture compartment supports can be
added, such as any the range of configurations described
herein and/or shown in FIG. 10 and FIG. 11. If created as
described 1n FIG. 11, the projections can be ribs extended
across the entire culture compartment. In the illustration of
FIG. 17C, a series of culture compartment supports 42' are
present. Even without need of further modification by ntro-
duction of a culture surface, this 1s a usetul configuration for
a wide variety of suspension cells. However, the addition of
culture surfaces remains optional. When the intended appli-
cation may include the use of adherent cells, 1t 1s preferred
that the mner surface of the silicone by covered with a
typical adherent surface appropriate for the type of cells
being cultured. For a wide variety of adherent cells, inserting
a layer of tissue treated polystyrene as a culture surface can
be useful. That allows a wider variety of culture protocols.
For example, to culture both adherent and suspension cells,
the device would be orniented to allow adherent cells to
gravitate to the tissue treated culture surface, and post
attachment, rotated one-hundred-eighty degrees to allow
suspension cells to reside upon the opposing silicone wall.

[0083] Ifthe configurations of FIG. 17 are created with the

intent of including a tissue treated culture surtace other than
silicone, plasma charging the silicone to prevent migration
during e-beam or gamma sterilization can be avoided by
covering all the inner silicone surfaces with a different
culture surface. For example, thin tissue treated polystyrene
can be iserted 1n a manner that covers all of the silicone.
When manifold wall 1s not a material that migrates, the
treated polystyrene surfaces will remain suitable for adher-
ent culture. Although the culture surface, in this example
polystyrene, provides a surface for cells to attach to, 1t
impedes gas transier to the cell culture compartment
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relative to what 1t would be 11 1t were just silicone. Thus, the
culture surface (or surfaces) that cells are intended to reside
upon should be thin so that gas transter can still be adequate.
Preferably, the thickness in the area of the polystyrene that
cells reside upon 1s about 0.003 1nches or less. This approach
reduces the number of joints and the potential for leakage,
while providing culture surfaces that are suitable for any
grven application.

[0084] FIG. 18C FIG. 18D, and FIG. 18E illustrate the
advantages of another embodiment that allows culture com-
partments to be partially filled with medium, and/or mini-
mizes the volume of trypsin, PBS, or any other liquid that 1s
involved 1n removing cells from the cell compartments. In
this embodiment, the advantages of the present invention are

integrated directly mto the format of the traditional multiple
shell culture flasks such as the NUNC Cell Factory, NUNC

Triple Flask, and CORNING® CELLSTACK®. FIG. 18A1s
a drawing provided on the website of NUNC, depicting the
operation of their Cell Factory for Active Gassing, which 1s
intended to overcome the problems of non-uniform gas
composition. The gassing system complicates the process,
requiring tubing connections, sterile filters, a separate gas
supply, and an option for humidification since a continuous
flow of dry gas mix can quickly evaporate medium and
increase osmolarity to levels that affect cell growth and
function. FIG. 18B i1s a magnified view of the NUNC
approach of FIG. 18A, with arrows indicating forced gas
flow and walls 224 and 222 identified for reference. The gas
permeable multi-shelf flask can address the problem of
non-uniform gas composition without the need for the
ancillary equipment or forced gas flow required for tradi-
tional multiple shelf flasks. An advantage of the embodi-
ments described 1in FIG. 18C, FIG. 18D, and FIG. 18E 1s that
they can integrate the features present 1n traditional multiple
shelf flasks, such as those commercially available and such
as those described in U.S. Pat. Nos. 5,310,676, 6,569,673,
and UK Patent Specification GB 1539263 A, including any
or all features that allow medium to be distributed equally to
cach shelf FIG. 18C shows an embodiment of gas permeable
multi-shelf flask 200 in which uniform culture conditions are
attained without need of ancillary equipment or forced gas
flow required for traditional multiple shelf flasks. At least a
portion of wall 224 and/or wall 222 1s gas permeable,
allowing gas communication between gas space 230 and
ambient gas. Traditional culture compartments can reside 1n
the device, preferably with shelf 220 structured of polysty-
rene. Culture compartment walls 220 are structured at a
traditional height to retain medium and cells such that cells
90 recerve oxygen as a result of gas transfer at the interface
between medium 80 and gas space 250. Manifold 260 can be
structured as 1n that of the traditional tlask. Dimethyl sili-
cone 1s a good choice for gas permeable material because 1s
can be liquid injection molded as a housing, or it can be
over-molded onto rigid walls such as polycarbonate. How-
ever, as described previously, the silicone should be plasma
charged 1n the event that gamma 1rradiation 1s anticipated.
Preferably, the gas permeable area of the walls 1s distributed
in an equal geometric relationship to each culture compart-
ment, thereby allowing each culture compartment equivalent
access 1o gas transier. Stated differently, each culture com-
partment should reside an equal distance from gas perme-
able material. In the area of gas permeable material, pro-
tection from damage and structural support can be provided
so long as the component providing those attributes allows
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gas access to the gas space. Thus, optional sidewall support
240 performs that function. It 1s comprised ol gas access
openings 242 and/or projections 241. Preferably, sidewall
support 1s a rigid, clear material.

[0085] FIG. 18D shows another approach that eliminates
the need for forced gassing as an approach to providing
uniform culture conditions in traditional multiple shelved
devices. This configuration integrates gas permeable mate-
rials within the body of the device. Gas space 2351 1s an
opening through at least a portion of the body of gas
permeable multi-shelf device 201. Thus, gas space 251 1s
bounded by upper gas space wall 210 and lower gas space
wall 215. It can be an opening throughout the entire body,
similar to the illustration shown 1n FIG. 8A and FIG. 8B. It
need not pass entirely through the device, and can terminate
within the device. Any of 1ts walls can be gas permeable.
However, upper gas space wall 210 need not be gas perme-
able to overcome the non-uniform culture conditions in the
traditional multi-shelf flask. That can be achieved when any
of the other walls of gas space 251 are comprised of gas
permeable material. For example, upper gas space wall 210
can be polystyrene, and of a thickness that does not provide
adequate gas transier so long as at least another wall(s) of
gas space 251 1s comprised of material that does provide
adequate gas transfer. Gas transier at uniform locations
within the body of the device aflords traditional cell culture
using a gas-liquid interface for gas exchange with a more
umiform gas environment than that of traditional multiple
shelf flasks. The gas permeable multi-shelf device need not
only be operated in a manner of the traditional multiple shelf
flask. Gas transfer can take place independent of a gas-liquid
interface 11 upper gas space wall 210 1s comprised of gas
permeable material. Upper gas space wall 210 can mate with
sidewall 225 to form a cell culture compartment. Then, for
example, if there 1s a desire to increase medium height to
minimize feeding frequency or delay a shift in osmolarity
due to evaporation, medium can be added to any height
desired so long as the height of culture compartment side-
walls 225 1s increased accordingly as described 1n Wilson et
al. >314.

FIG. 18E shows an illustration of an adaptation of a tradi-
tional multiple shelf flask to create a gas permeable multi-
shelf flask that 1s configured with gas permeable wall for
cells to reside upon when gas transfer through the sidewall
of the device occurs. This provides more options for culture
methods and addresses the 1ssue of non-uniform culture
conditions when compared to the traditional multiple shelf
flask. Gas permeable multi-shelf flask 202 1s configured with
at least a portion of its walls, such as sidewall 224 and 222,
comprised of gas permeable material. If needed, areas that
are gas permeable should be supported as described in FIG.
18C. Referning again to FIG. 18E, culture compartment
bottom 245 1s comprised of gas permeable material and
preferably 1s supported by culture compartment support 243,
which may include projections 241 and/or gas access open-
ings 242. Culture compartment walls 223 can be at whatever
height 1s needed to allow medium 80 to reside at the desired
height. Manifold 260 can be structured as that of the
traditional flask.

EXAMPLES

[0086] Example 1 and Example 2 assessed alternate geom-
etry of the culture compartment support 1n order to demon-
strate quantitatively how the gas permeable multi-shelf flask
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has the capacity to resolve the traditional flasks excessive
use ol shipping, sterilization, storage, incubator, and dis-
posal space while simultaneously minimizing the potential
for non-uniform culture conditions to exist.

[0087] Example 3 describes how plasma charging silicone
prior to gamma irradiation can limit or prevent 1ts migration
onto tissue culture treated polystyrene suriaces, thereby
allowing silicone and tissue culture treated plastics to co-
exist 1 the same culture compartment without need to
deviate from standard sterilization processes.

Example 1

Culture Compartment Support Structures for
Cultures with Very High Oxygen Demand

[0088] The physical structure of a culture compartment
support that would allow an improvement 1n islet culture,
known to be one of the highest types of cultures for oxygen
demand, was demonstrated by constructing a test fixture that
had its lower wall comprised of a molded dimethyl silicone
sheet with an average thickness measured at about 0.0072
inches thick and a surface area of 98 cm2. Gas transmission
of the dimethyl silicone rubber was determined by MOCON
(Minneapolis, Minn.) using their Oxtran 2/21 Instrument 1n
accordance with ASTM-1927 to be about 14,300 ml 02/100
in 2/24 hours at 37° C. The culture compartment that
supported the dimethyl silicone consisted of a 0.048 cm
thick, 46% open, mesh 1n direct contact with the silicone.
The open mesh was comprised of a series of polypropylene
strands, each with a diameter of between 0.018-0.020 inches
thick, arranged vertically and hornizontally such that 16
strands were present per inch of horizontal distance and per
inch of vertical distance. The mesh was held 1n place by a
molded polycarbonate plastic sheet of a thickness of 0.19
cm, with uniformly distributed projections that elevated the
mesh above the sheet so that a gas space resided below the
membrane. Fach projection was a uniformly shaped “Y”,
while each leg of the “Y” oriented 120 degrees apart. The
length of each leg was 0.45 cm and the width was 0.127 cm.
Thus, the surface area of each projection available to support
the mesh was about 0.175 cm”. About 1.1 projections
resided per cm”. Thus, the cumulative surface area of the
projections available to support the mesh was about 18.87
cm”. The height of each projection was 0.127 cm from the
plastic sheet. A gas space resided between the bottom of the
silicone and the top of the plastic sheet. The cumulative
volume of gas displaced by the projections was 2.4 cm”. The
cumulative volume of gas displaced by the mesh was 2.54
cm’. Therefore, the gas residing underneath the silicone
membrane and above the plastic sheet was about 17.2 ml.
The ratio of the gas residing underneath the silicone mem-
brane and above the plastic sheet to gas permeable mem-
brane surface area was 17.6%. The plastic sheet 1included
through holes, acting as gas access openings, the cross-
section of each being oriented perpendicular to the plane of
the plastic sheet, for the purpose of allowing ambient gas to
communicate with the gas space by passive diffusion. Five
uniformly spaced through holes resided below the 98 c¢m?
surface area of the dimethyl silicone, each hole having a
cross-sectional area of 0.29 cm® and a length of 0.075 in,
created a cumulative cross-sectional area of 1.45 cm?. Thus,
the ratio of the cross-sectional area of the through holes to
the cross-sectional area of the silicone membrane was about
1.45 cm?/98 cm?, or about 1.48%. The ratio of the cross-
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sectional area of the through holes to the volume of gas
residing between the silicone membrane and the upper
surface of the plastic sheet was thus 1.45 cm®/17.2 ml, or
about 8.4%. Feet elevated the bottom of the plastic sheet
0.51 cm. Thus, the total height of the culture compartment
support residing below the silicone membrane was 0.87 cm.
[0089] The following definitions and abbreviations are
usetul for understanding 1slet assessment:

Flask Control . . . A device that relied on a gas-liquid
interface for oxygenation, seeded at a maximum of 200
IE/cm2 with an IE to medium ratio of 1000 IE/ml to yield
a maximum medium depth o1 0.2 cm. This control 1s used to
compare the GP Device to standard 1slet culture methods 1n
flasks.

GP device . . . Test device configured with a bottom of
gas-permeable dimethyl silicone comprising a surface area
of 98 c¢cm2 and supported by the structure described 1in
Example 1 or Example 2.

IE (Islet Equivalent) . . . A measure of 1slet volume, equal to
the volume of a 150 um diameter 1slet. As the vasculature of
a freshly 1solated 1slet collapses, its volume decreases and 1ts
density increases. So an IE has the same volume but not the
same mass on day O as on day 2.

IE by DNA or DNAIE . . . An indirect measure of 1slet mass,
equal to 11.4 ng DNA

IE by Manual Counts . . . IE numbers are traditionally
measured by manual counts which 1gnore how flat or dense
the 1slets are. Day O IE by DNA were 63+12% of IE by
manual counts 1n 18 porcine 1slet 1solations (range 49-93%).
Numbers usually converge as 1slet volume drops in culture
but this 1s not always the case as manual counts are prone to
errors. Unless otherwise noted, IE refers to an IE measured
traditionally by manual counts.

Islet Fractional Viability . . . The fraction of 1slet mass that
1s viable.

Islet Surface Density . . . The volume of islets cultured upon
a given surface area, expressed as IE/cm”. A confluent
square array of 150 um diameter islets has 4444 IE/cm?.

Medium Dilution The ratio of medium volume to number of

[

islets residing in a device, expressed as ul/IE.

Non-GP device . . . A control device configured with
identical geometry as the GP Device, but without a gas-
permeable membrane (used as an experimental control with
identical culture conditions as the GP Device to quantily the
benellt of the gas permeable membrane feature).

Porcine Isolation . . . The process of obtaining islets from the
pancreas of pigs using the Ricardi Method.

OCR . . . Oxygen Consumption Rate, expressed as nmol/
min. A measure of viable 1slet mass.

OCR/DNA . . . OCR per DNA content, expressed as nmol/
min-mg DNA.

p Value . . . Reported p values are for the two-tailed paired
Student’s t-Test.

Recovery . . . The fraction of an 1slet attribute (e.g., DNA,
IE, OCR) remaining present at a later time.

[0090] An imitial assessment was conducted using porcine
islets to determine what the ratio of medium volume to IE
would be needed. Porcine 1slets were cultured at 37° C. for
2 days 1 small GP devices with a dimethyl silicone surface
area of 18 cm?2, at 200 IE/cm2 and medium dilutions at 1
uwl/IE and 4 ul/IE showed no statistical difference 1n 1slet
viability as assessed by OCR/DNA For 5 porcine 1solations,
the OCR/DNA at 4 ul/IE ranged from 97.5% to 102.4% of

that at I ul/IE, with the combined average at 10 1%. Based
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on this finding, a medium dilution ratio of I ul/IE was used
tor the bulk of the evaluations described in Example I and
Example 2.

[0091] Islets from IO porcine isolations were used 1n a
series ol experiments, with the primary objective of deter-
mimng if surface density beyond conventional methods,
ranging from about 1000 IE/cm2 to 2551 IE/cm2 by manual
counts (490 IE/cm2 to 2531 IE/cm2 by DNA counts) in the
GP devices could be achieved without loss in fractional
viability relative to flask controls (i.e. gas-liquid interface) at
conventional surface density less than about 200 IE/cm? by
manual counts. Non-GP devices controls were present with
the hypothesis that a compartment support structure that
only rendered the surface that cells resided upon horizontal,
and not providing gas delivery, would render poor islet
viability. In question was the ability of the culture compart-
ment support, structured as described above, to allow
adequate oxygen delivery to the islets while managing to
maintain 1slets in a uniform distribution absent the loss of
health from aggregation. The GP devices were structured
such that 1slets were uniformly distributed across the 98 cm?2
surface of dimethyl silicone. Average 1slet surface density 1n
GP devices was 1526 IE/cm2 by manual counts. Based upon
the ratio of fractional viability of GP devices to that of
representative flask controls, GP devices showed equal
viability with a standard deviation of 9.4% and a p value of
0.9987. Thus, the ability for the culture compartment sup-
port to allow passive gas transier into the culture compart-
ment at a rate that allowed at least an average 7-fold increase
in surface density relative to traditional methods without
loss of 1slet viability as determined by OCR/DNA was
demonstrated. This demonstrates that a culture compartment
support can be structured to allow ambient gas to be present
on the opposite side of a culture compartment support
relative to the gas permeable surface 1 proximity of the
culture compartment support, passively move along the
culture compartment support, then perpendicular to the
surface upon which cells reside, and then passively circulate
below the gas permeable surface upon which cells reside
while providing enough oxygen transfer to support islets at
beyond seven times that allowed in traditional culture
devices.

Example 2

[0092] A different physical structure of a culture compart-
ment support than that of Example 1 was examined in
another 1slet culture application. In this example, test fix-
tures included virtually 1dentical gas permeable material as
that of Example 1. The culture compartment that supported
the dimethyl silicone consisted of an open mesh 1n direct
contact with the silicone, and a machined polycarbonate
plastic sheet supported the mesh 1n a generally horizontal
position. Unlike the culture compartment support of
Example 1, the mesh resided directly upon the upper surface
of the plastic sheet. The mesh geometry and material com-
position was identical to that of Example 1. For each cm” of
silicone membrane surface area, the volume of gas between
the lower surface of the silicone and the upper surface of the
plastic bottom, after displacement by the mesh, was 0.022
ml. Stated differently, the ratio of gas volume between the
plastic sheet and the gas permeable membrane to the surface
area ol the gas permeable membrane was 2.2%. In order to
allow ambient gas to communicate with the gas space by
passive diffusion, through holes, acting as gas access open-
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ings, were present 1n the plastic bottom, the cross-section of
cach being oriented perpendicular to the plane of the mesh.
Each through hole had a diameter of 0.125 inches. The
through holes where uniformly spaced in a grid pattern
below the dimethyl silicone, such that the distance between
the center of each hole was 0.375 inches. Each through hole
had a length of 0.13 inches. The ratio of the cross-sectional
area ol the through holes to the cross-sectional area of the
s1licone membrane was about 16% of the membrane surface
arca. The ratio of the cross-sectional area of the through
holes to the gas volume between the plastic sheet and the gas
permeable membrane was 273%. Since the mesh had a
height of about 0.019 inches, the cumulative distance
between the dimethyl silicone and the gas residing under the
plastic bottom was about 0.15 inches. Fight uniformly
distributed feet elevated portions of the perimeter of the
plastic bottom 0.41 cm from the surface of the shelf upon
which 1t resided. The perimeter of the bottom was 23.94 cm.
The cross-sectional area between the underside of the plastic
bottom and the surface upon which 1t resided that was
thereby open to movement of ambient gas was 7.59 cm”.
Ignoring the feet as a restrictor to gas movement, the
cross-sectional area about the perimeter open to gas move-
ment to the location of the gas permeable dimethyl silicone
was 9.85 cm2. Thus, the height of the culture compartment
support was about 0.5 inches.

[0093] Islets from 5 porcine 1solations were used 1n a
series ol experiments, with the primary objective of deter-
mining 1f surface density beyond conventional, averaging an
estimated 1628 IE/cm® by manual counts (927 IE/cm” by
DNA counts) mn GP devices could be achieved without loss
in fractional viability relative to flask controls and non-GP
devices. In question was the ability of the culture compart-
ment support, structured as described above, to allow
adequate oxygen delivery to the islets while managing to
maintain 1slets 1 a uniform distribution absent the loss of
health from aggregation. If 1slets were to demonstrate simi-
lar viability relative to control as shown in Example 1, the
ability to create alternative geometry for culture compart-
ment supports would be demonstrated. A primary difference
in geometry 1s that Example 1 utilized projections, whereas
Example 2 allowed the mesh to reside directly upon a flat
plastic bottom. To compensate for the lack of projections,
the geometry of Example 2 had about an 8-fold increase in
the ratio of gas access opening cross-sectional area to gas
permeable material surface area relative to that of Example
1. Islets were deposited into the GP devices such that 1slets
were uniformly distributed across the surface of dimethyl
silicone. Based upon the ratio of fractional viability of GP
devices to that of controls representative of flasks, GP
devices showed 1dentical viability with a standard deviation
of 13.8% and a p value of 0.9681. Thus, the ability for the
alternative geometry of the culture compartment support to
allow passive gas transier into the culture compartment at a
rate that allowed at least an average 8-fold increase in
surface density relative to traditional methods without loss
of 1slet viability as determined by OCR/DNA was demon-
strated.

[0094] The gas permeable test device configuration was
also challenged with very high increases 1n surface density
relative to control, ranging from about 7 to 41 times beyond
the conventional 200 IE/cm” surface densities of flasks. A
total of 20 porcine 1solations were evaluated at a surface
density averaging roughly 18 times greater than the tradi-
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tional surface density of flasks. There was a greater degree
of vaniability in the data, with GP devices exhibiting an
average viability of 96.0% of that of controls representative
of tlasks, with a standard deviation of 21.9% and a p value
of 0.43.

[0095] FIG. 19 summarizes the results relative to the
non-GP devices and as a percentage of tlask control. Clearly,
a culture compartment support that merely holds the culture
compartment horizontal such that islets are uniformly dis-
tributed must include the capacity to provide adequate gas
exchange, as demonstrated by the loss of islet health with
increasing surface density in the non-GP device. Examples
1 and Example 2 describe how at least two distinct culture
compartment supports can allow unique advantages in the
cilicient use of space when integrated into the gas permeable
multi-shelf device design.

[0096] This mformation 1s useful 1n demonstrating the
space advantage of the gas permeable multi-shell device
relative to the traditional multiple shelf devices. For
example, 1n the field of islet transplants to cure type 1
diabetes, a goal 1s to culture up to 800,000 IE as determined
by manual counts. Current flask methods at 200 IE/cm”
surface densities would require 4000 cm” of culture surface
area. If using a commercially available traditional multiple
shelf flask, such as the NUNC Cell Factory, creating 4000
cm” of culture surface area would require about six of its 632
cm” shelves. A NUNC Cell Factor so structured would
occupy roughly 416 cubic inches of space and expose 1slets
to potentially non-uniform growth conditions. However,
considering the above examples, a gas permeable multi-
shell device can culture 800,000 IE 1n much less space. For
instance, its ability to culture 1slets at an average surface
density of about 1526 IE/cm” to 1628 IE/cm”, allows it to
only require a culture surface area of about 500 cm2 to
successiully culture 800,000 IE. I six shelves were used 1n
the gas permeable multi-shelf device, as required by the
NUNC Cell Factory, each shelf would only need 83 cm” of
surface area. If medium resided directly above islets, each
culture compartment would be at a height of about 1.6 cm
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the traditional flask are overcome. Note that using a con-
figuration such as that shown in FI1G. 10 could further reduce
the distance between the culture compartments as demon-
strated by the low foot distance of the culture compartments
of the above examples.

Example 3

Mimimizing the Migration of Silicone During
Gamma Irradiation

[0097] TTest fixture 162 was constructed as shown 1n the
cross-sectional view of FIG. 20. Test sample 165 was
tabricated of dimethyl silicone and placed onto the top of the
body of a commercially available polystyrene tissue treated
six-well plate, shown as 1tem 167 (COSTAR® 3316). The
polystyrene lid 168 was then placed onto six-well plate 167.
The ability to minimize migration of silicone onto inner lid
surface 169 and onto tissue culture treated surface 166 by
plasma charging test sample 165 prior to gamma 1rradiation
was evaluated. Test sample 165 resided at a distance of about
1.78 cm from tissue culture treated surface 166, and less than
2 mm from inner lid surface 169. In one evaluation, test
sample 165 was subjected to plasma charging prior to
placing 1t within test fixture 162 and the presence of the
plasma charge was confirmed by a water drop contact angle
of ninety-six degrees and a surface energy of less than thirty
dynes. In another evaluation, test sample 165 was not
subjected to plasma charging prior to placing 1t within test
fixture 162. In both evaluations, the assemblies were sub-
sequently subjected to gamma 1rradiation. Thereatter, elec-
tron spectroscopy for chemical analysis (ESCA) was under-
taken to quantily the elemental compositions of various
surfaces. Tissue culture treated surfaces 166 were assessed
for the presence of silicone, oxygen, and carbon relative to
tissue culture treated surfaces of a control 6-well plate that
was gamma 1rradiated absent silicone test sample 165. Inner
l1id surfaces 169 were assessed for the presence of silicone.
TABLE 1 summarizes the results.

TABLE 1
Test Condition % Silicone % Oxygen % Carbon
Tissue culture treated surface 166 of control 2.309 20.182 77.508
Tissue culture treated surface 166 in the presence 2.688 19.549 77.783
of plasma charged silicone test sample 165
Inner lid surface 169 1n the presence of plasma 2.324 6.902 90.049
charged silicone test sample 165
Tissue culture treated surface 166 in the presence 24.116 50.65 25.243
of non-plasma charged silicone sample 165
Inner lid surface 169 1n the presence of non- 16.307 59.511 24.183

plasma charged silicone test sample 165

(0.63 1n) 1n order to allow the same feeding frequency as the
Cell Factory (1.e. 1 ulL/IE). The height of the culture com-
partment supports (1.¢. the vertical distance between culture
compartments) need not exceed that of the examples. The
Examples above demonstrated that each culture compart-
ment support could be 0.344 1n high. Dimensionally, the gas
permeable multi-shelf device could be about 3.8 1n tall, 3.6
in wide, and 3.6 in long, occupying about 76 in” of space.
That 1s well over a 500% reduction in shipping, sterilization,
storage, incubator, and disposal space when compared to the
416 13 of space occupied by traditional multiple shelf
flasks. Furthermore, the non-uniform culture conditions of

[0098]
to silicone prior to gamma irradiation prevents unwanted

These results show that applying a plasma charge

silicone migration and surfaces treated for cell culture
remain virtually unaltered. The CORNING® six-well plate,
gamma 1rradiated in the absence of silicone (i.e. the control),
exhibited the presence of about 20% oxygen on its tissue
culture treated surface, as did the CORNING® six-well
plate that integrated plasma charged silicone. To the con-
trary, the CORNING® six-well plate that integrated un-
plasma charged silicone exhibited a greatly altered oxygen
composition, at 51%. Silicone that was not plasma charged
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migrated to all surfaces. Silicone that was plasma charged
did not, independent of the proximity of the surface to the
s1licone.

[0099] This opens the door to new configurations of cell
culture devices. In general, a simplified method of fabricat-
ing cell culture devices 1s possible, including, but not limited
to, those described in FIG. 17A and FIG. 17B. A culture
device that includes a silicone surface and a tissue treated
surface can be gamma irradiated, with the tissue treated
surface virtually unaltered post gamma 1rradiation indepen-
dent of its distance from the silicone, by plasma charging at
least the surfaces of the silicone that are 1n gas communi-
cation with the tissue treated surfaces. Surfaces of silicone
that cannot migrate to the tissue treated surfaces need not be
plasma 1rradiated, such the outside surface of culture com-
partments comprised of silicone. Note that surfaces that are
only partially comprised of silicone should be plasma
charged as described, as the silicone portion will migrate
during 1rradiation. In general, a simplified method of fabri-
cating cell culture devices 1s possible. For example, a single
compartment device such as a basic flask, or the OPTICELL
gas permeable cartridge, can be fabricated by molding a
silicone outer housing and inserting a treated polystyrene
sheet for cells to reside upon. The unique elongation capa-
bilities of silicone allow the opening through which the
culture surface 1s added to be smaller than the inserted part,
snapping back to a port shape post insertion. Septum can be
present in molded silicone, or other styles of access ports can
be present. In the case of the basic flask, the height of the
flask can be substantially reduced as the gas-liquid interface
approach to oxygenation 1s eliminated by the use of gas
permeable silicone. Referring to FIG. 17A, added versatility
1s obtained when first wall 110 1s gas permeable silicone, and
culture surface 130 i1s an adherent surface such as tissue
culture treated polystyrene. In this case, the device can be
oriented first wall 110 down to culture suspension cells,
culture surface 130 down to culture adherent cells, or to
culture adherent and suspension cells as previously
described. If co-culture of adherent cells 1s desired, an
additional culture surface such as very thin, gas permeable
polystyrene, can be inserted adjacent to first wall 110. The
height of the device can be increased to allow various
medium volumes to surface area ratios as needed to optimize
culture. Fabrication of the device with pleated sidewalls
allows volume to change as needed by the user. The gas
permeable multi-shelf flask can integrate these benefits also.

[0100] Those skilled 1n the art will appreciate that numer-
ous modifications can be made thereol without departing
from the spirit. Therefore, it 1s not intended to limit the
breadth of the mvention to the embodiments illustrated and
described. Rather, the scope of the mnvention 1s to be
determined by the appended claims and their equivalents.

1. A method for culturing cells 1n a static cell growth
apparatus, said apparatus comprising:

a liquid impermeable housing, the inside of which 1s able
to contain cells and medium and the outside of which
1s 1n contact with ambient gas; and

said housing forming a plurality of gas permeable shelves,
cach having an inside surface and an outside surface;
and

the inside surface of each shelf having an opposing
surface located a distance away and defining a culture
space; and
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the culture spaces are located one above the other when
the shelves are 1 a horizontal position; and

a manifold that connects the culture spaces; and

projections that make contact with the outside surface of
cach shelf while leaving a portion of the outside surface
in contact with ambient gas;

the method comprising:

adding cells and a volume of liquid medium to the
apparatus;

orienting the apparatus into a first position such that the
shelves are one above the other;

allowing cells to settle upon multiple shelves while the
apparatus 1s oriented in the first position;

adding enough liquid medium to prevent a unique gas-
liguid interface from forming directly above at least
one shell when the device 1s oriented in the first
position;

having at least a portion of the liquid medium in contact
with at least a portion of at least one gas permeable
material;

placing the cell culture device 1n a cell culture location
that includes ambient gas at a composition suitable for
cell culture, said ambient gas making contact with said
gas permeable material; and

not perfusing the apparatus when the apparatus 1s 1n said cell
culture location.

2. The method of claim 1 wherein said cell culture device
1s further adapted so that a portion of said liquid medium
resides 1n a portion of said cell culture device other than
directly above said scaflolds 1n the first position.

3. The method of claim 1 wherein a unique gas-liquid
interface does not form directly above more than one
scallold when the device 1s oriented in the first position.

4. The method of claim 1 wherein a unique gas-liquid
interface does not form directly above any scafiold when the
device 1s oriented in the first position.

5. The method of claim 1, whereby said housing 1s
capable of being completely filled with media for optimal
cell-nutrient exchange.

6. The apparatus of claim 1, whereby a umiformity of
conditions for cellular growth includes a determined media
volume per unit surface area.

7. A method for culturing cells in a static cell growth
apparatus, said apparatus comprising:

a liqguid impermeable housing, the inside of which 1s able
to contain cells and medium and the outside of which
1s 1n contact with ambient gas; and

said housing defining a plurality of gas permeable
shelves, each having an inside surface and an outside
surface; and

the inside surface of each shelf having an opposing
surface located a distance away and defining a culture
space; and

the culture spaces are located one above the other when
the shelves are 1n a horizontal position; and

a manifold that connects the culture spaces; and

projections that make contact with the outside surface of
cach shelf while leaving a portion of the outside surface
in contact with ambient gas;

the method comprising:

adding cells and a volume of liquid medium to the
apparatus;

orienting the apparatus into a first position such that the
shelves are one above the other;
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allowing cells to settle upon multiple shelves while the

apparatus 1s oriented 1n the first position;

adding enough liquid medium to prevent a unique gas-

liquid interface from forming directly above at least
one shell when the device 1s oriented in the first
position;

having at least a portion of the liquid medium 1n contact

with at least a portion of at least one gas permeable
material;

placing the cell culture device 1n a cell culture location

that includes ambient gas at a composition suitable for
cell culture, said ambient gas making contact with said
gas permeable material; and
not perfusing the apparatus when the apparatus 1s 1n said cell
culture location.

8. The method of claim 7 wherein said cell culture device
1s further adapted so that a portion of said liquid medium
resides 1n a portion of said cell culture device other than
directly above said scatlolds 1n the first position.

9. The method of claim 7 wherein a unique gas-liquid
interface does not form directly above more than one
scallold when the device 1s oriented 1n the first position.

10. The method of claim 7 wherein a unique gas-liquid
interface does not form directly above any scaflold when the
device 1s oriented 1n the first position.

11. The method of claim 7, whereby said housing 1is
capable of being completely filled with media for optimal
cell-nutrient exchange.

12. The apparatus of claim 7, whereby a uniformity of
conditions for cellular growth includes a determined media
volume per unit surface area.
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