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Parent Case Text

RELATED APPLICATIONS

This application is a continuation-in-part application of U.S. patpptications Ser. No. 07/213,558
filed Jun. 30, 1988 (MSC21294-1) now U.S. Pat. No. 5,026,650 and Ser. No. 07/218¢b30rf. 30,
1988 (MSC-21293-1), now U.S. Pat. No. 4,988,623; all of which are sgdigificcorporated as if fully
set forth herein.

Claims

We claim:

1. A method for culturing mammalian cells to produce in vitro multisze, three-dimensional
assemblies of predominately living mammalian cells with predoelinatjacent cell membranes
evidencing minimal mechanical damage, said method including the steps of:

providing a bioreactor having a culture chamber rotatable about an appraxincaizontal
longitudinal axis, means to controllably rotate said culture chamisamns to introduce an oxygen-
containing fluid throughout said culture chamber and means to remove metedstkcproducts
therefrom;

filling said culture chamber completely with a fluid nutrient mexdtiataining discrete suspension
material and mammalian cells of a single type, to initialtgldsh a culturing environment;

rotating said culture chamber about its longitudinal axis while introdue oxygen-containing fluid to
said culture chamber and removing metabolic waste products therefroairitain said culturing
environment;

controlling the rotation of said culture chamber such that the fludiummeexcept during transient
periods has the following simultaneous properties:

a. collocation of the discrete suspension material and mamngalian
b. essentially no relative motion of said fluid media with resfgettte boundaries of the chamber, and

c. freedom for three dimensional spatial orientation of assenibtimed by the culturing of the cells;
and

determining the assembly trajectory, in response to said determiemgrereasing the speed of
rotation of the culture chamber if the assembly particles Xakssively inward and downward on the
downward side of the rotation cycle and excessively outward and inentfjcupward on the upgoing
side of the rotation cycle to prevent wall impact; or decreasingp®ed of rotation of the culture
chamber in response to excessive accumulation of the assembligdsenaater wall of the culture
vessel so as not to restrict three dimensional assembly, dmel size of the assemblies increase be
the capability to fully satisfy the above three properties by fuititeease of the speed of rotation,
selecting a rotational rate to visually obtain minimal collisi@yfirency and intensit
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2. The method of claim 1 wherein the bioreactor is located in mevigr

3. The method of claim 1 wherein the bioreactor is located in unittgra

4. The method of claim 1 wherein the method of sustained said cutttireranent is by perfusion.
5. The method of claim 1 wherein the cell attachment substratesierocarrier beads.

6. The method of claim 1 wherein the vessel is rotated withiratigeerof 5 and 100 RPM.

7. A method for culturing mammalian cells to produce in vitro multistze, three-dimensional
assemblies of predominately living mammalian cells with predoelinatjacent cell membranes
evidencing minimal mechanical damage, said method including the steps of:

providing a bioreactor having a culture chamber rotatable about an appraxincaizontal
longitudinal axis, means to controllably rotate said culture chamisamns to introduce an oxygen-
containing fluid throughout said culture chamber and means to remove metedstkcproducts
therefrom;

filling said culture chamber completely with a fluid nutrient mededl, attachment substrates, and
mammalian cells of a single type, to establish a culturing envinotime

rotating said culture chamber about its longitudinal axis while introduem oxygen-containing fluid to
said culture chamber and removing metabolic waste products therefroairitain said culturing
environment;

controlling the rotation of said culture chamber such that the fludiummeexcept during transient
periods as the following simultaneous properties:

a. localization of cells and attachment substrates with sionldiffering sedimentation properties in a
similar spatial region,

b. freedom for three dimensional spatial orientation of assenfibtimed by the culturing of the cells,

c. low shear and essentially no relative motion of said culturingemagnt with respect to the
boundaries of the chamber; and

determining the trajectory of the assemblies, in response to $ardhdeng step: increasing the speed
of rotation of the culture chamber if the assemblies fall exedgsnward and downward on the
downward side of the rotation cycle and excessively outward and inentfycupward on the upgoing
side of the rotation cycle to prevent wall impact; or decreasingp®ed of rotation of the culture
chamber in response to excessive accumulation of the assemblidsenaater wall of the culture
vessel so as not to restrict three dimensional assembly, dmel size of the assemblies increase be
the capability to fully satisfy the above three properties by fuititeease of the speed of rotation,
selecting a rotational rate to visually obtain minimal collisi@yfrency and intensity.

Description
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FIELD OF THE INVENTION

The present invention relates to a 3-dimensional cell to tisglienaintenance process, more
particularly to methods of culturing cells in a culture environmetiteein space or in a gravity field,
with minimum fluid shear stress, freedom for 3-dimensional dpatentation of the suspended
particles and localization of particles with differing or simgadimentation properties in a similar
spatial region.

BACKGROUND OF THE INVENTION

Cell culture processes have been developed for the growth of singhacteltia, yeast and molds wh
are resistant to environmental stresses or are encasedtaithhecell wall. Mammalian cell culture,
however, is much more complex because such cells are more dafiddteve more complex nutrient
and other environmental requirements in order to maintain viability elhgrowth. Large scale culture
of bacterial type cells is highly developed and such culture procassessidemanding and are not as
difficult to cultivate as mammalian cells. These techniquesighly empirical and a firm theoretical
basis is not developed. Bacterial cells can be grown in large vohinigaid medium and can be
vigorously agitated without any significant damage. Mammalian celieoather hand, cannot
withstand excessive turbulent action without damage to the cells andenmovided with a complex
nutrient medium to support growth.

In addition, mammalian cells have other special requirementsttioysar most animal cells must
attach themselves to some substrate surface to remain vialite dupglicate. On a small scale,
mammalian cells have been grown in containers with small miciotegbrovide surface anchors for
the cells. However, cell culture processes for mammalids ioeduch microwell containers generally
not provide sufficient surface area to grow mammalian cells affiaisntly large scale basis for many
commercial or research applications. To provide greater sunfeas, anicrocarrier beads have been
developed for providing increased surface areas for the culturedocattach. Microcarrier beads with
attached cultured cells require agitation in a conventionaldaiotor vessel to provide suspension of
cells, distribution of fresh nutrients, and removal of metabolideya®ducts. To obtain agitation, such
bio-reactor vessels have used internal propellers or movable medtreantation devices which are
motor driven so that the moving parts within a vessel cause agitatibe fluid medium for the
suspension of the microcarrier beads and attached cells. Agitatimenamalian cells, however,
subjects them to high degrees of shear stress which can damaghstied limit ordered assembly of
these cells according to cell derived energy. These sheaestesse when the fluid media has
significant relative motion with respect to vessel walls, inepgl or other vessel components. Cells
also be damaged in breactor vessels with internal moving parts if the cells or be#@tscells attache
collide with one another or vessel components.

In addition to the drawbacks of cell damage, bio-reactors and othieoasedf culturing mammalian
cells are also very limited in their ability to provide conditionschtallow cells to assemble into tiss
which simulate the spatial 3-dimensional form of actual tissuthge intact organism. Conventional
tissue culture processes limit, for similar reasons, thectggdar cultured tissues to express a highly
functionally specialized or differentiated state considered drisrianammalian cell differentiation and
secretion of specialized biologically active molecules of rebesnd pharmaceutical interest. Unlike
microorganisms, the cells of higher organisms such as mammalshfemmselves into high order
multicellular tissues. Although the exact mechanisms of thisaseembly are not known, in the cases
that have been studied thus far, development of cells into tissubsdratound to be dependent on
orientation of the cells with respect to each other (the samié@nmrent type of cell) or other anchorage
substrate and/or the presence or absence of certain substartoes)($ach as hormones, autocrines, or
paracrines. In summary, no conventional culture process is capabtautibeeously achievin
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sufficiently low shear stress, sufficient 3-dimensional sp&tadom, and sufficiently long periods for
critical cell interactions (with each other or substrateg)ltav excellent modeling of in vivo tissue
structure.

A paper entitled: "The Clinostat--A Tool For Analyzing The Influeatécceleration On Solid-Liquid
Systems" by W. Briegleb, published by the proceedings of a workshop on Spagg,iCologne
Germany, on Mar. 11, 1983, (ESASP-206, May 1983). In this paper, clipasitzples are described
and analyzed relative to gravity affects. Some clinostat expesmeatdescribed including experime
where monocellular suspended organisms (protozoans) are placed withites/livhich are rotated
about a horizontal axis.

A paper entitled, "The Large-Scale Cultivation of MammaliansCdby Joseph Feder and William R.
Tolbert, published in the Scientific American, Jan. 1983, Vol. 248 1Nops. 36-43. In this paper,
agitation of the cells is described as required to keep thesosiiended in the medium and describes a
turbine agitator, a marine propeller agitator, and a vibro mixenixing. The paper also describes a
perfusion reactor in which an agitation is provided by four slowly rotakxgple sheets of
monofilament nylon which are rotated about a vertical axis whilentdium in the main vessel is
continuously pumped to the satellite filter vessel. The filteximstthe cells which are pumped along
with the remainder medium back into the vessel for further prdiibera

A paper entitled, "Large Scale Cell Culture Technology", WillRnTolbert, Joseph Feder, Monsanto
Company, St. Louis, Mo., Annual Reports on Fermentation Processle$, Y983, discloses a flat
plate hollow fiber system of high culture surface area describalibasng culture of anchorage
dependent cells and accumulation of cell secretory products. A cudtssel with flexible spiral vanes
for suspension of microcarriers and a fluidited bed with media penfissdescribed.

A paper entitled, "Gravisensitivity of the Acellular, Slimeolsl, Physarum, Polycephalum
Demonstrated on the Fast Rotating Clinostat”, by Ingrid Block and WwjfBagley, published in the
European Journal of Cell Biology 41, pps. 44-50, 1986. This paper describeahrofadi culture vessel
about a horizontal axis for the simulation of weightlessness.

A paper entitled, "Cell and Environment Interactions in Tumor Migjiores: The Multicell Spheroid
Model", by Robert M. Sutherland, Science 240: 184, (1988) discloses the use of multicell spher
without attachment substrates, of tumor cells to study cell andoenwent interactions in tumors.
Conventional culture,,processes are utilized to produce limitecustzgiable tumor cell aggregates.

Cell cultures from various bio-reactors, including a prototype of a tlanng lateral vessel (STLV)
designed for batch culturing of cells were presented at a post@rsasthe First Canadian Workshop
on R & D Opportunities on Board the Space Station, National Rés€armcil Canada, May 6-8,
1987, Ottawa, Canada, and published in the Proceedings "Spacebound '$apasemtitied "Growth
and Maintenance of Anchorage Dependent Cells in Zero Headspace Biofastems Designed For
Microgravity", by Lewis et al.

A paper entitled, "Physical Mechanisms of Cell Damage in Marggr Cell Culture Bioreactors”,
Robert S. Cherry and Eleftherios Terry Poportsakis, Biotechnology aetid@neering, Vol. 32, Pp.
1001-1014 (1988) discloses mechanisms for damage of anchorage dependentureltsaul
microcarrier beads. Bridging of cells across beads to form beaglgages is described as a damage
mechanism due to breaking of these bridges from mechanical mechanisms.

SUMMARY OF THE INVENTION
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The process of the present invention provides methods for enhancing the auteite and living 3-
dimensional tissues by controlling the fluid mechanical environmentiewacthe desired culture
characteristics. More specifically, the process of the prasesntion allows enhanced capability to
simultaneously achieve a culture environment with reduced fluid slmess,dreedom for 3-
dimensional spatial orientation (of suspended particles), and laathf particles with differing (or
similar) sedimentation properties in a similar spatial reggofocation). This enhanced culture process
allows orderly assembly of cells and attachment substrates giterlorder tissue-like structures.
Carrying out the culture process of the present invention in reduced gesvityspace, allows an
immense expansion of these operating limitations. However even in avitlyghe process of this
invention allows a large improvement over conventional culture processgpital tissues of interest.
The minimal fluid shear stress obtainable in unit gravity is deteadnby the gravitationally induced
motion of the suspended particles through the culture medium and issam e process of the
present invention than that obtainable by culture processes heretofore used.

A 3-dimensional culture environment which initially is controlledthéwe essentially no fluid shear
stress which is part of the process of the present invention dligiwsr densities of healthy living cells
and allows the maintenance or growth of cells into higher order 3-diarext multicellular tissue-like
structures with larger size, improved viability, and finer defictucture than other culturing proces
These cultured tissues are higher fidelity models of the actualartissue and are therefore important
for research and clinical applications. In addition delicatetgeis may be cultured with improved
viability with the processes of the present invention. In the prafe¢le present invention, higher
levels of cell and tissue differentiation may be obtained by alloweeglbm for the spatial orientation
of cells with respect to each other, exchange of soluble chesigoalls, intercellular mechanical
signals, cellular to insoluble substrate interactions, and exprexddioa tissue differentiation state
resulting from these inductive mechanisms.

The minimal shear stress level obtainable in unit gravity is médavhen the fluid medium, vessel w
and internal vessel components are caused to rotate at the sanae atgsl The absolute angular
rotation rate is chosen to produce the desired orbital path oftssises, and substrates through the
fluid medium. This path is primarily determined by the sedimentatiopepties of these suspended
particles (through the culture medium), the external gravitatiogldl $trength (and direction), angular
rotational rates, and vessel dimensions. These parameteetased by the appended fluid dynamic
calculations which may be utilized to choose optimal rotation raigsessel dimensions for specific
cultured tissues and culture fluid mediums of various viscositiesspecific process, the fluid culture
medium is caused to rotate about a horizontal (or nearly horizoxiglyvih respect to the external
gravity vector at an angular rate which optimizes the orbital pathlisf tissues, and attachment
substrates suspended within this culture medium so as to optimallglamilision frequencies,
collision intensities, and localization of these particles Wwigntselves and with the limiting boundaries
of the culture vessel. The vessel walls are set in motiotivesta the fluid medium and internal vessel
components so as to introduce initially essentially no fluid shedr hielvever, when appropriate to
produce the desired multicellular assemblies or for the speedfgarch purpose, such as studying the
effects of shear on the 3-dimensional tissue, a shear fieldenayroduced and controlled.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 schematically illustrates one apparatus which may beedtiin the present invention;
FIG. 2 schematically illustrates the apparatus in FIG. 1 ificeticross section;

FIG. 3 is a view in cross section along line 33 of FIG. 2; and
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FIG. 4 is a view in vertical cross section similar to FXwut illustrating more detail.
FIG. 5 is the orbital path of a typical assembled tissue paitiche non-rotating reference frame.
FIG. 6 is a graph of the magnitude of deviation of an assembled pigeiae per revolution.

FIG. 7 is a representative particle path as observed in thengoteterence frame of the rotating fluid
media.

DETAILED DESCRIPTION OF THE INVENTION

The process of the present invention optimizes a group of culture envirahe@mmditions, even as the
culturing progresses, in a manner which greatly enhances the capgaliitsn and maintain 3-
dimensional living tissues. The 3-dimensional living tissuesaredd and maintained from cells,
which is used herein to include cells in any form, for example, ihdalicells or tissue or dissociated
source cells or cells pre-attached to substrates or irgsgétresections. The process simultaneously
minimizes the fluid shear stress, provides 3-dimensional freéolocell and substrate spatial
orientation, and increases localization of cells, tissues, anttaigissn a similar spatial region for
significant periods during the cell culture. The process of the presemittion provides these three
criteria which are hereinafter referred to as "the thriéerier above". Transient disruptions of the
stabilized environment are permitted and are tolerated for laigticposes during initial system
priming, sample acquisition, system maintenance, and culture téioninghe cultured 3-dimensional
tissues (and substrates) increase in size as the culture pesgnesessitating appropriate adjustment of
rotational rates. The extent or amount of adjustment, depending ondiessesions, external
gravitational strength, and absolute sedimentation rate of patticteggh the media is made in order to
optimize these particle paths. Increased external gravity trgdgth and increased tissue (and
substrate) sedimentation rate induce restrictions on the chgiegarheters, particularly rotational rate,
which ultimately limits the useful operating range of the procdasssd same factors place a lower limit
on the shear stress obtainable, even within the process operatingdantegravitationally induced
drift of the particles through the culture media. Calculations aasorements place this minimum
shear stress very nearly to that resulting from the particiesni@ sedimentation velocity (through the
culture media) for the external gravity field strength. Centrifagal coriolus induced motion along
with secondary effects due to particle and fluid interactionodatrther degrade the shear stress level
as the growing tissue increases in size. The process of thatpresation thus provides an
optimization for culturing cells, and 3-dimensionality for spatigmation of cells, substrates, and
tissues. The process further provides for selecting vessel donerad rotational rates which minirr
collisions of the cultured particles with vessel walls or inlecoenponents. Again, increased gravity
and particle sedimentation rate (which is proportional to size agasés in our experience) cause
restrictions to the process operating range in terms of maintairdimgesional freedom.

The particular paths which result from rotation of cells, tissaled substrates about an axis nearly
perpendicular to gravity results in these particles, which magrdifeatly in sedimentation rates, to
remain spatially localized in similar regions for extended periotisnef Those time periods may vary
from seconds (when sedimentation characteristics are large) ®(ndwen sedimentation differences
are small). In the process of the present invention this tierdesnded as compared to conventional
techniques. This allows these particles sufficient time todntexs necessary to form multi-cellular
structures and to associate with each other. The ability to tetaispatial approximation of particles,
which may differ in sedimentation properties, is degraded by inagegsavity and by increasing
particle sedimentation rate. In all of the "three critabave"; minimizing fluid shear stress, maintair
3-dimensional freedom for spatial orientation, and maximizing saif@oximation of particles with
differing sedimentation properties, a degradation of performance is/elisgith increasing extern
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gravitational field strength and with increasing particle sedimentaate. The process of the present
invention provides these three criteria above in a manner heretof@ibtainted and optimizes the
culture environment. It is therefore clear that further enhanceohémis process is obtained in a
reduced gravity environment.

This process provides the necessary means for support of respiraterclyasge, supply of nutrients,
and removal of metabolic waste products. This is accomplished kitiparfusion of media through an
external media perfusion loop, direct injection to the culture medexchange of these molecules
across a diffusion membrane. The atmospheric environment outside $beoresrculation loop is
controlled with respect to temperature, humidity, and gas mixthie.i§ accomplished by placing the
culture and apparatus within a tissue culture incubator.

This cell and tissue culture process provides a stabilized envirommemthich cells or tissues may be
introduced, suspended, assembled, grown, and maintained with improvedmnetédelicate 3-
dimensional structural integrity. The fluid culture media igafiit stabilized into near solid body
horizontal rotation within the confines of a similarly rotating vess#l. The slowest RPM is chosen
which will be sufficient to produce acceptable particle orbitsh(waspect to the three criteria above)
upon addition of the initial priming load of cells, tissue, and sulestrdhe initial culture may be
primed with metabolically living matter which for example may égasated cells and substrates, cells
already attached to substrates, or resections of tissue from domoes The addition or priming of
particles, cells or substrates, may be simultaneously or sedlyanti@mduced. In most cases the initial
particles with which the culture is primed sediment at a skdevunder 0.1 centimeter per second. It is
therefore possible, at this early culture stage, to selectdrbroad range of rotational rates (typically 5
to 120 RPM) and vessel diameters (typically 0.5 to 36 inches). Theslowtational rate is
advantageous because it minimizes equipment wear and other logisticeted with handling of the
culture. A vessel diameter is chosen which has the appropriateesédurtine intended quantity of
cultured material and which will allow a sufficient seeding dgnditcells, tissues, and substrates foi
availability of these components. The outward particle drift duertritugal force is exaggerated at
higher vessel radii and for rapidly sedimenting particles. Thigdithe maximum radius of the
rotational culture as a function of the sedimentation propertidedissues anticipated in the final
culture stages (when large tissues with high rates of sedinoentatve formed). Selected levels of
shear stress may be introduced to the culture environment by differetataon of vessel components.
This is useful to control the rate and size of tissue formationder to maintain the particle sizes (and
associated sedimentation rate) within a range for which the grizcable to satisfy the three criteria
above.

The presence of particles within the stabilized fluid media sasseondary effects to this fluid. These
particles move through the fluid media under the influence of gravityifogat, and coriolus forces.
This motion induces secondary motions to the fluid media. The "stabiliad media” referred to in
this process is that fluid condition, particularly the fluid velocigdyents, prior to introduction of the
particles, but which will support a nearly uniform suspension of thesielps upon their introduction.
Therefore, the significant motion of the fluid media with respeeessel walls, significant fluid shear
stress, and other fluid motions are the result of the preseticesef particles within the fluid media.
One exception is the case where a fluid velocity gradient and ngsflltid shear stress is intentionally
placed on the stabilized fluid for the purpose of limiting the ratdtonate size of tissue assembly, or
for shear stress research purposes.

The path of the particles has been analytically calculated irs tefrthe physical variables important to
this tissue culture process. These variables are the vesseisitims, fluid rotational rate, external
gravitational field strength, and particle sedimentation rateafh#/sis incorporates the particle mo
resulting from gravity, centrifugation, and coriolus effects. A compaitaulation of these governir
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equations allows the operator to model the process and select gaisamceeptable (or optimal) for the
particular planned tissue culture. FIG. 5 shows the typical shahe particle orbit as observed from
the external (non-rotating) reference frame. FIG. 5 is a grafffeahdial deviation of a particle from
the ideal circular streamline plotted as a function of RPMdfiypical particle sedimenting at 0.5 cm
per second terminal velocity). This graph (FIG. 6) shows the damgea®plitude of the sinusoidally
varying radial particle deviation as induced by gravitational sedimentdlG. 6 also shows increasi
radial particle deviation (per revolution) due to centrifugation as RFNtreased. These opposing
constraints necessitate carefully choosing the optimal RPM to mjparticle impacts with, or
accumulation at the vessel walls. A family of curves is geeénahich is increasingly restrictive, in
terms of workable RPM selections, as the external gravity stedohgth is increased or the particle
sedimentation rate is increased. This family of curves, ornatgfethe computer model which solves
these governing orbit equations, is utilized to select the optinidl &té vessel dimensions for culture
of particles of a given sedimentation rate in a given external grieeld strength. As a typical culture
progresses the tissues increase in size and sedimentatidrerafere necessitating frequent re-
selection of the optimal rotation rate.

A gross determination of corrective rotational rate adjustmemesponse to visual observations ma
made. If the particles are observed to excessively distortdsvear the downward side and outward:
the upwards side then RPM must be increased. If the partielebserved to centrifugate excessively
to the outer walls then the RPM must be reduced. As the operatitgjdre reached in terms of high
particle sedimentation rates or high gravity strengths the opesatoable to satisfy both of these
conditions and is forced to accept a degradation in performance aseteagainst the three criteria
above. If the particle orbit, FIG. 5, is observed from the rotagfeyence frame of the fluid media it is
seen to move in nearly circular path under the influence of the nowngogaaivity vector (FIG. 7). The
two pseudo forces, coriolus and centrifugal, result from the rotatoaglerated) reference frame and
cause distortion of the otherwise nearly circular path. Higher griaviels and higher particle
sedimentation rates produce larger radius circular paths whiclsgonet to larger trajectory deviations
from the ideal circular orbit as seen in the non rotating referame. In the rotating reference fram
is now apparent that particles of differing sedimentation ratésemain spatially localized near each
other for long periods of time with greatly reduced net cumulative sgpathan if the gravity vector
were not rotated. The particles are sedimenting. But theyednmenting in a small circle (as observed
in the rotating reference frame).This allows particles oédiify sedimentation properties sufficient
time to interact mechanically and through soluble chemical signagéssddimentation rates of cells,
tissues, and substrates for which this process produces signifivantages is from essentially zero up
to 10 cm per second. As the external gravity field is reducegdassible to obtain much denser and
larger 3-dimensional structures. In order to obtain the minimalr fteess level it is important that the
vessel walls and internal components be rotated at as nearlysdsdgtite same rate as the culture
media. This minimizes the fluid velocity gradient induced upon the izadbifluid media. Fresh or
recycled culture media may be moved within the vessel at auffitaent to support metabolic gas
exchange, nutrient delivery, and metabolic waste product removal.IStiwid slightly degrade the
otherwise quiescent culture environment. In the typical cases(eetishich sediments at 0.5 cm per
second) in which 5 ml per minute is perfused through a 500 ml culturel @@saverage flow speed of
0.001 cm per second results. This is quite acceptable and isvier shan either gravitationally or
centrifugally induced particle motion. This perfusion rate may beasad as the tissues' metabolic
demand increases and a large margin is available before significdrghear stress results from this
fluid perfusion motion. It is necessary to introduce a mechanisrhdaupport of respiratory gas
exchange, nutrient delivery, factor delivery, and metabolic waste pragiaotw/al in order to provide a
long term stable culture environment able to support significant metdbatis for periods of hours to
months.

In addition to the qualitatively unique tissues which are produced by thesproicthe present inventi
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an increased efficiency with respect to utilization of the tegakel volume for cell and tissue culture is
obtained due to the nearly uniform homogeneous suspension achieved. Thisralloeveased numb:
of cells or total tissue mass in the same volume reactodesghhuman resources. Many cell types may
be utilized in this process including mammalian, reptile, fishsty@md bacteria. The advantage over
conventional methods is dependent upon the degree to which 3-dimensionafregaloen for
metabolically active cell interactions, assembly, growth, andter@ance is desired to occur in a low
controlled) shear rate fluid field. The greatest anticipated aagans for mammalian cells which are
highly shear sensitive and depend greatly on multi-cellular architeantdrattachment substrates for
their differentiation and function. Fundamental cell and tissue biol@gareh as well as clinical
applications requiring accurate in vitro models of in vivo cell behaveapplications for which this
process provides an enhancement.

In order to form or to maintain 3-dimensional living tissues frors @gltissue obtained from natural
sources this process provides a stabilized quiescent minimallilegd stress environment into which
cell attachment substrates, structural substrates, and lidiagpcéssues may be introduced, susper
assembled, grown, and maintained with retention of delicate 3-don@hstructural integrity.
Controlling these particle orbits, particle spatial localizatiams! baseline fluid shear rates, by rotation
of the culture environment about an axis nearly perpendicular to theygragtor, produces a process
which optimally counteracts the detrimental sedimentation effeatsed by gravity. These effects li
the ability of conventional techniques to simultaneously provide a low $hear stress environment,
provide 3dimensional freedom for tissue assembly and maintenance, anditaimaispatial proximi
of particles with differing sedimentation properties.

The process of the present method may be carried out in a numbecit€ sgpparatus. Two specific
apparatus have been used and are described in detail in the U.Sappglieations Ser. Nos. 7/213,558
(now U.S. Pat. No. 5,026,650) and 7/213/559 (now U.S. Pat. No. 4,988,628)deéeherein. One
application is directed to a bio-reactor referred to as a slovng lateral (STLV) and the other is a
rotating wall perfused vessel (RWPV). The detailed descriptitimeofatter is included herein for
clarity. The paragraphs which follow are the descriptions of iM®R bio-reactor.

Referring now to FIG. 1, in the overall system illustrated, anrhaid flow loop 10 for growing
mammalian cells includes a rotating cell culture reactorevdds and oxygenator 13, a main pump 15
and a supply manifold 17 for the selective input of nutrients, acidss,b@deuffers, such as, sodium
hydroxide or fresh medium. The main pump 15 provides fresh fluid medium ¢aygenator 13 whet
the fluid medium is oxygenated and passed through the cell culture resgdel 11. The return spent
fluid medium from the cell culture reactor is returned to the folmhi7 where it receives a fresh cha
of nutrients, sodium hydroxide or liquid medium, as necessary, befordimgdyg the pump 15 throug
the oxygenator 13 and to the cell culture vessel 11. Thus, a continuous lt@wp sygrovided for the
cell growth in the cell culture reactor vessel.

In the system 10, the culture fluid medium is circulated throughwimg Icell culture in the vessel 11
and around an external life support loop, as shown in the FIG. 1. lexteial loop, adjustments are
made in response to chemical sensors (not shown) which maintain caostditions within the cell
culture vessel 11. PH is corrected by controlling carbon dioxide pressudestroducing acids or
bases. Oxygen, nitrogen, and carbon dioxide are dissolved in a gas exchaggsytsshown) in

order to support cell respiration. The closed loop adds oxygen and remdyvas d@xide from a
circulating gas capacitance. In this way the minimum amount ofdsg@ges may be taken into space if
the device is utilized on a space station or other space vehicles.

FIGS. 2 and 3 schematically illustrate the general detadsroffatable bio-reactor or cell culture reactor
vessel 11 illustrating the present invention. In FIGS. 2 and 3, antabtédar housing 20 is rotatak
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supported for rotation about a horizontal central axis 21 and about an infy@3shad an output shaft
25 which are aligned with the central axis. The outer tubular housings20dyindrically shaped
interior wall 27 and transverse end walls 28, 29 which generally detigendrically shaped, elongat
cell culture chamber 30. A spur gear 32 is attached to one end of thieg®disnd is driven by a mo
33 to rotate the housing about its central horizontal axis 21.

Coaxially disposed about the central axis 21 is tubular inner fikenady or member 35 which is
rotatably mounted on the input shaft 23 and is coupled (as shown by the dasl3&] to the output
shaft 25. The output shaft 25, in turn, is rotatably supported, in angtatihousing 40 and the output
shaft has an externally located spur gear 41 which is connected e anéans 42 for rotating the
output shaft 25 and the inner filter assembly 35 independently of the outerh@0sThe annular
space 30 between the inner filter assembly 35 and the interio2 Wvaflthe outer housing member 20
define the annular cell culture chamber 30 located about the horizristaila Intermediate of the oul
wall 43 of inner filter assembly 35 and the inner wall 27 of the ontnber 20 is a blade member
system 50 which includes two lengthwise extending blade members 50a and &flanghi
equiangularly spaced from one another about the central axis 21. Eaclblaidinenembers 50a and
50b at one longitudinal end have a radial arm 52 which is rotatably suppottesl @rtput shaft 25 and
at an opposite longitudinal end 54 have a radial arm 55 which is coupledripuhshaft 23 (shown by
dashed line 56). The input shaft 23, in turn, is rotatably mounted itiaatg housing 60 and the inf
shaft has a spur gear 61 which is driven by an independent drive mecharasmoé&ion of the blade
members 50 independent of the rotation of the outer member 20.

As shown in FIG. 3, the angular rotation of the three sub-asserfib|i@® and 50, i.e., the inner filter
member 35 the outer housing member 20 and the intermediate blade rB@ndzer be at the same
angular rate and in the same direction about a horizontal rotatioearakin the same direction abo
horizontal axis so that there is no relative movement between #eeghibassemblies. This condition
operation obtains a clinostat suspension of microcarrier beadsuid anédium within the cell culture
chamber without turbulence.

The rotation of the filter can be started and stopped which wileddwesturbulence on the surface of
filter and keep the surface clean. The blade members or vanesdbb@laassist cell culture as they
grow to maintain spatial positions in the rotating fluid medium. Ehgarticularly helpful for higher
density culture particles such as bone cells. By rotating theahddhe outer wall, the velocity gradit
at the wall boundary layer is nearly eliminated.

Referring again to FIG. 2, fluid medium containing fresh nutrientgyasds is input, as shown by an
arrow 65, to a passageway 66 in the stationary housing 60 and connects ttudittalgiassageway 67
in the input shaft 23 by virtue of a sealed rotative coupling 70. The passage in the input shaft 23
couples to a radial supply passageway 72 in an end cap of the outer 28rbgerirtue of a sealed
rotative coupling 75. The radial supply passageway 72, in turn, connectsé¢cagaat radically direct
input passages 78, 79 in the outer housing 20 member where the input passégese/Bcated at
opposite ends of the cell culture chamber 30. As shown by the arrowsflwdas input at both ends
of the cell culture chamber 30, the fluid moves radially outward whivesr inner wall 27 of the outer
housing member and then moves longitudinally in a horizontal direction towaidpaint plane
generally indicated by a vertically dashed line 80 and then moves yandwadrdly toward the outer
wall 43 of inner filter assembly 35. Thus the fluid in the chamber 8@ggenerally toroidal type of
motion in radial planes on either side of the mid-point transvease [@0 of the outer member 20. The
inner filter assembly 35 has openings 82 along its length for exit pasistigd and, while not
illustrated in FIG. 2, there is a lengthwise extending filtethclocated across the openings 82 which
prevents microcarrier bead members in the chamber 30 from exitoggh the openings 82. Spent
fluid in the cell culture chamber 30 thus is passed to the interiof 8% inner filter assembly 35 a
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exits via a passageway 86 in the output shaft 25 to a rotative coupling 88tputhe stationary
housing 40 and to a passageway 89 to the return of the loop passageway fgmgcha

Referring now to FIG. 4, a detailed drawing of the bio-reactor gptbégent invention in a preferred
form is illustrated. The outer housing 20 includes left and right hanadeially shaped transverse end
cap members 90, 91 which have facing end surfaces 28, 29 arrangedv®aadaner cylindrical
tubular glass member 93 and an outer tubular glass member 94. Sugsble@iseals are provided.
Between the inner and outer tubular members 93, 94 is an annular atee $& which is utilized for
obtaining the proper incubation temperatures for cell growth. Thenléftight hand end cap members
90, 91 have inner curved surfaces adjoining the end surfaces 28, 29 for prasnuotger flow of the
fluid within the chamber 30. The end cap members 90, 91 have centdtdlusfer journal members
94, 95 which are rotatably received respectively on an input shaft andpamn shaft. Each housing
journal member 94, 95 has a flange to seat in a recessed count@rdoend cap member anc
attached by a lock washer and ring 97, 98 against longitudinal motion rétativeéhaft. Each journal
member 94, 95 has a intermediate annular recess which is conelctegituidinally extending,
circumferentially arranged passages. Each annular recess imal joousing is coupled by a radially
disposed passage in an end cap member 90 or 91 to an input coupling 103, 104 aHladial passa¢
78 or 79 flows through an annular recess and the longitudinal passagearima&iinember 94 or 95 to
permit access fluid through a journal member to each end of the jouresd the access is
circumferential about a shatft.

Attached to the end cap members 90 and 91 are tubular bearing housings 105,ai06gdvai|
bearings which relatively support the housing member 20 on the input and out28haid 25. The
left hand bearing housing 105 has an attached sprocket gear 110 for providatiyea doive for the
housing member 20 in a rotative direction about the input and output shaftsa2®l @& central axis
21. The housing 105, 106 also has provisions for electrical take out ofdiee Wwae 96 and any other
sensor.

The inner filter assembly 35 includes inner and outer tubular member$lBLBaving perforations or
openings along their lengths and end cap members 117, 118. The inner tubuar m&sns
constructed in two pieces with an interlocking centrally located coupdiogon and each piece attac
to an end cap 117 or 118. The outer tubular member 116 is mounted betweenctyeseli’ and 118.

The end cap members 117, 118 are respectively rotatably supported on tisbafip28 and the output
shaft 25. The inner member 115 is rotatively attached to the outpu2SHafta pin and an interfitting
groove 120. A polyester cloth 121 with a ten micron weave is disposed owerténesurface of the
outer member 116 and attached to O-rings at either end. Becauseghmember 115 is attached by a
coupling pin to a slot in the output drive shaft 25, the output drive shafini2®tede the inner member
115. The inner member 115 is coupled by the end caps 117 and 118 which support thember
116. The output drive shaft 25 is extended through bearings in a left haodastatiousing 40 and is
coupled to a sprocket gear 41.

As illustrated, the output shaft 25 has a tubular bore 120a which extermda port or passageway 89
in the stationary housing 40 located between seals to the inner memiserthaba flow of fluid can
exited from the inner member 115 through the stationary housing 40.

Between the end caps 117 and 118 for the inner member 35 and the jourB&ls\Ge outer member
20, are hubs 125, 126 for the blade members 50a and 50b. The hub 126 on the inpBiskafipled
to the input shaft 23 by a pin 130 so that the hub 126 rotates with the ingi@3Haéch hub 125, 126
has axially extending passageways for the transmittal of fluid mettitough a hub.
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The input shaft 23 extends through bearings in the right hand stationary bearing fouotatable
support of the input shaft 23. A longitudinal passageway 67 extends through thehep @B to a
location intermediate of retaining washers and rings which are déspoae annular recess 132
between the face plate and the housing. A radial passageway 72ma ttegpemember 91 permits fluid
in the recess to exit from the end cap member 91. While not showrgghageway 72 connects thro
piping and a Y joint to each of the passages 78 and 79. It will be agprkthat there is a substantial
symmetry of construction with respect to the vertical plane debgdihe 3--3 of FIG. 3.

A sample port is shown in FIG. 4, where a first bore 132 extending albrgj axis intersects a corner
133 of the chamber 30 and forms a restricted opening 134. The bore 132 hasdooiand a
threaded ring at one end to threadedly receive a cylindrical valve mégthelhe valve member 136
has a complimentarily formed tip to engage the opening 134 and protrude shghthye interior of the
chamber 30. An @ing 140 on the valve member 136 provides a seal. A second bore 141 along
axis intersects the bore 132 at a location between the O-ring 140 agkthieg 134. A elastomer or
plastic stopper 143 closes the bore 141 and can be entered with a hypsgengefor removing a
sample. To remove a sample, the valve member 136 is backed afegs dlee opening 134 and the
bore 141. A syringe can then be used to extract a sample and the openiag bh84eclosed. No
outside contamination reaches the interior of the vessel.

In operation, fluid is input to the passageway 66 to the shaft passagéway thence to the end
member passageways 78 and 79 via the passageway 72. When the fluithemeasnber 30 via the
longitudinal passages in the journals 95, 94 the fluid impinges on an encexfrthe blade journals
125, 126 and is dispersed radially as well as axially through the passagevthe journals 125, 126.
Fluid passing through the journals 125, 126 impinges on the end caps 117, 118 andsisddisgeally.
The flow of entry fluid is thus radially outward away from the céraxés 21 and flows in a toroidal
fashion from each end to exit through the filter 121 and openings in 8kembly 35 to exit via the
passageways 120 and 89. By controlling the rotational speed and directicatiohrof the assemblies
20, 30 and 35 any desired type of fluid action can be obtained. Of majotamgmrhowever, is the f:
that a clinostat operation can be obtained together with a continuous sufspghahedium and
oxygen.

PROTOCOL

The methods of the current invention process may be generalized asfdlloappropriate volume
rotating wall vessel, such as a 500 ml rotating wall perfused ewassel with an internal vane, is
chosen. The vessel is first connected to the external mediaiperéasduits including the gas
exchange membranes, pump, and media sample ports and is thendteréferably with ethylene
oxide gas, and washed with sterile phosphate buffered saline (PBSYatexred and aerated. The ve

is completely filled with the appropriate media for the cell8ssue to be cultured. The controlled
environment incubator which completely surrounds the rotating wall vessah avhich it operates is
set for 5% CO.sub.2, 21% oxygen, and 37 degrees celsius. The mediaopddogiis set at a rate
adequate to allow timely equilibration of the liquid media dissolvedsgaghk the external controlled
incubator environment. Cell attachment substrates are introducedsamldtaneously or sequentially
with cells into the culture vessel to give an appropriate densitly,a816 mg of beads per of ml of
media, of attachment substrate for the anchorage dependent celtsiflibe media is then rotated
about a horizontal axis. The rotation may begin at about 10 revolutionsmee nthe slowest rate
which produces a microcarrier bead orbital trajectory in whiclhéfagls do not accumulate appreciably
at the vessel walls either by gravitational induced settling ootayionally induced centrifugation. The
vessel wall, mixing vane, and centerline spin filter are alsatsae same rotation (10 RPM) in order to
provide essentially no relative motion of the culture media with ot$pehe vessel internal surfaces
and therefore producing the minimal fluid velocity gradients and fluid sttessses in the culture flu
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dynamic environment.

It is recognized that in gravity the relative motion of the rotatimg fvithout any particles may be
reduced to a level which can not be easily preserved; however lteatparticles are placed into the
rotating fluid that a measurable or visual change occurs and statieerenotion occurs. However, the
shear stress field which results is the minimum which has loeea fin a bio-reactor for culturing cells
or tissue and therefore, permits the creation of 3-dimensiesaktwhich has not heretofore been
possible. This mixture of freely suspended attachment substral@s thig rotating fluid media and
rotating vessel components is allowed to equilibrate for a shoodpefrtime, a time sufficient for
transient flows to dampen out. The media perfusion rate is setdalaring the cell loading and initial
attachment (cells attaching to the microcarrier substratesg@eas to retain the small cells within the
vessel proper and not to draw them through the spin filter and exterdial peefusion loop where
severe cell damage would occur. This initial loading and attachphest may take 2 to 4 hours. The
absence of perfusion induced mixing, nutrient delivery, waste product rerandalespiratory gas
exchange during this period is well tolerated due to the small tatalrat of initial cellular metabolism
and the brevity of this condition. The desired cells are gently @ganto the rotating culture media
over a short period of time, (2 minutes) so as to minimize celhda while passing through the syrii
and injection port. After injection of the cells is complete ,wbssel outer wall is quickly (within 1
minute) returned to initial rotation (10 RPM) to match the angulatiostal rate of the rest of the
system and thereby returning the fluid shear stress field to theatil@vel obtainable for these freely
suspended cells and attachment substrates.

All free gas bubbles are then purged via a venting port to assure fnilismegotion to the rotating
fluid/substrate/cell mixture which would result from buoyant gasfetieg with the near solid body
rotating mixture. The cells and beads remain in nearly the saalgdgion due to the similarity of the
orbits and do not achieve a large net separation from each other.rétapwaed to interact with 3-
dimensional freedom for spatial orientation within the rotating fund are not exposed to disruptive
shear stresses which would cause cell damage and limit tmetdgsé delicate 3-dimensional
structures.

After the initial loading and attachment phase (2 to 4 hours) the arfosp is set at a low flow spe
(4.5 ml. per minute) which does not interfere with the initialr@eatisional assembly process. As the
culture progresses the size and sedimentation rate of the ag$¢issle increases, the system
rotational rates must be increased (increasing in incremeatsat 1 to 2 RPM from about 10 to about
20 RPM or more) in order to reduce the gravitationally induced orbitaktiis) (from the ideal circule
streamlines) of the now increased (2 millimeter) diamedsué pieces. The rotational rate may be
increased until centrifugation is observed to cause accumulation tefghe pieces at the outer vessel
walls which becomes detrimental to further 3-dimensional gromtlelafate structure. The rapid cell
growth and increasing total metabolic demand necessitates addiit@nalittent injections of nutrient
This injection is increased as necessary to maintain glucose amndathent levels. The culture may
allowed to progress beyond the point at which it is possible to sxleellent particle orbits. At this
point gravity has introduced constraints which somewhat degrades perfermaaons of fully 3-
dimensional low shear tissue culture.

Every 15 minutes during the total culture period the spin filter is stbppeé started at 15 second
intervals for 1 minute in order to clear particles from the gfiagr Surface. This prevents accumulation
of substrates, cells, and debris on the filter. Samples of thargy tissue may be withdrawn as desired
from a syringe attached to the sample port. The vessel outenasalbe temporarily stopped to allow
practical handling of this syringe connected to the vessel.

EXAMPLE |
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Preparation

A 3-dimensional rat bone cell culture was produced in the followinghera The bio-reactor, slow
turning lateral vessel (STLV) was prepared by washing with deteageingermicidal disinfectant
solution (Roccal Il) at the recommended concentration for disinfeatidrcleaning followed by
copious rinsing and soaking with high quality deionized water. The bioreaasosterilized by
autoclaving then rinsed once with culture medium.

Inoculation

The 100 ml. volume STLV was filled with cell culture medium camggsof minimum essential

medium (MEM) with Earle's salts, growth supplements, antibietncs10% fetal bovine serum. After
equilibration for one hour in the CO.sub.2 incubator, the substrate cogp®ttollagen coated dextian
polymer, Cytodex 3 microcarrier beads (Pharmacia Fine Chenlifglsala, Sweden) were suspended
in a small volume of culture medium and loaded into the device. An eypiyge attached to one of
the sampling ports functioned as a compliant volume reservoir during inonulatreceive the
displaced media. The final bead concentration was 5 mg./ml. ofl vedsee.

A volume of culture medium was injected to completely fill the devAll air bubbles were removed
using a syringe attached to a sample port on the vessel. The devaiaingrduspended beads was
placed in a 5% CO.sub.2 environment at 37.degree. C. to equilibratediar 30 minutes.

Monodispersed primary rat osteoblast calvarium bone cells were sudperadsmall volume of cell
culture medium and inoculated into the vessel by injection through a spompl&he cell seeding
density was approximately 10 cells per bead. A second syringe wetsedtta another port and served
as a compliant volume reservoir for the vessel. The device waedpda the rotation base and
connected to the air pump. The motor was switched on and the rotagieveisaset at approximately 16
RPM.

Cell Attachment and Three Dimensional Growth

At 24 hours, microscopic observation showed that the cells werattaelhed and flattened on the
surface of the beads. The beads and cells were not associateidhetoorder structures at this point.
Very little orbital path distortion or centrifugation was observed. mbdium was changed to remove
non-viable floating cells. On day three, the medium was changed agasuiee nutrient supply to the
cells. At day four cells were in good condition. To replenish nutrigttsetain growth factors secreted
by the cells, three-fourths of the medium was removed and the sauneevof fresh medium was
added. The same procedure was repeated on day 5.

On day 5, microscopic observation of samples showed rounded assembli@dsofvhech were larger
than seen on the previous day. Also noted were cells spanning spasssnidat¢ads. The air flow into
the device was turned up to provide more oxygen to the rapidly growing cultures point the
assemblies were observed to fall radially inwards on the "down'asidi@utwards on the "upside".

On the 6th day the culture was transferred to a larger 250 ml v@uié device. On day 8, ordered
assemblies of beads were very large (1-2 mm) with 8 to 15 betusassemblies and more three
dimensional structure was noted. The medium was changed atrtigAti this point some
accumulation of the tissue assemblies was occurring at the osset vall. This centrifugation effect
was quite gentle.
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The cells were maintained in the three dimensional structufe/fdays with additional medium
changes on days 9, 10 and 12 and additions of glucose on days 11, 15 and 16. Thesyaesa®of
mechanical damage and the size of the cell/bead assemblies did@ed the ability of the device to
suspend the particles. The assemblies were of 1 to 2 mm anslzzonsisted of cells of mixed
morphology which may be the indica of beginning differentiation. The run wasggted by choice of
the investigators.

EXAMPLE 2
Formation of "artificial tissue" in free suspension
Preparation

The rotating reactor vessel system (RWPV) consisting of a 508Ihdudture vessel, a hollow fiber
oxygenator, a prototype diaphragm pump, an in-line pH sensor, sample patpenstaltic pump for
infusion of fresh medium were assembled, sterilized by ethylene (&id@) and aerated for two days.
The vessel was then loaded with phosphate buffered saline (PBSd@nd remove residual ETO.
During this step, a leak was discovered in the oxygenator and unit plasee using sterile techniques.
The system was then loaded with culture medium and placed in thelCDirscubator. After remainir
sterile for at least two days, the RWPV system was loadiédoeils and substratum as described be

Inoculation

Cytodex 3 microcarrier beads (Pharmacia Fine Chemicals,,Uppgsataen) were reconstituted
according to standard laboratory procedures, suspended in MicrocarriemM@dM), containing 20%
fetal calf serum, 100 units of penicillin/ml and 100 ug of streptomydjnbaded into a 50 ml syringe
and injected into the vessel. The bead density in the vessel wasmbahgéssel volume.

The system was then loaded with Baby Hamster Kidney (BHK21)atgtlassage level 56. To achieve
this, ampules of frozen stock BHK21 cells were thawed. Thewells suspended in 50 ml of growth
medium (MM) and put into a 20 ml syringe for injection into the culi@®sel. The final cell seeding
density was approximately 6 cells/bead. Cells were loaded into $kelhat 9:30 AM.

The system parameters were as follows. The constant volume djappuanp was timed to circulate
the medium at 4.5 ml/min. The pump rate was turned up to 20 ml/minldgsrafter addition of cells
and beads in order to increase the oxygen delivery to the reactor Véespump system delivered 0.7
ml every two seconds. The rotation rate of the vessel and the migihgshbivere set at 15 to 20 RPM
and remained there during the test. The spin filter rotation r@se2& to 30 RPM. This produced a very
low turbulence environment resulting in a cell/bead suspension upon introdudtmsefparticles.

Cell Attachment and Three Dimensional Growth

In order to assess the rate of attachment of cells to theatedstads, samples of the cell-bead
suspension were removed for cell counts and microscopic observaticghat®6 hours after loading
the vessel with cells. Many of the cells attached to the beus wvo hours and flattened on the
surface of the beads which is an essential state prelimingrgwdh of the cells. Early in this test
microscopic observation showed that some of the monodispersed celtedlimgroups of 10 to 30
cells. There did not appear to be any mechanical damage or damageellgestriking the vessel wall.
At 4 hours, these clumps of cells had attached to beads and wiereefiizon the surfaces. No orbital
distortion or centrifugation effects were visible at this pc
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At 24 hours some beads were covered with cells but there wemnalsy floating cells. At this time,
fresh medium was perfused into the vessel. Four hours later tatnoisthe cells had attached to be
and there was no evidence of cell-cell aggregates as seen dédigpoor appearance at 24 hours was
probably due to toxicity from the new oxygenator used to replace the oageavhich leaked during
set up.

At 48 hours the cell growth rate began to increase rapidly. Gluglsamine (nutrients) and sodium
hydroxide for pH control were added on day four to compensate for cell mstalaold depletion of
nutrients.

At five days, aggregates of cells and beads were noted and the nveaurhanged to a low percent
serum (2%) medium to slow cell metabolism and growth. The catisnzied to grow, however, and
reached a maximum density of 148 cells/bead at day 7. Very large aodnedfassemblies of about 1
to 2 mm formed and did not disaggregate during the remainder of th@n#sted uniform assemblies
of 8 to 10 beads formed in 3 dimensional arrays over which the cellargreavsmooth membrane-like
configuration of elongated fibroblastoid morphology. Multiple layers of thekewere apparent by
microscope examination both on the surface and in the inter-bead Sgaeeslls were placed in
ordered layers with cell membranes immediately adjacent tootlaeh The test was terminated at 10
days. The size of most of the tissue-like aggregates of cellsaois el not exceed the limits of the
rotating wall vaned vessel to freely suspend the aggregates in eeigdsdimensional environment,
unrestricted by internal boundaries. Some very large assemblee8,8m, were observed. These
rapidly sedimenting tissues were observed to exhibit grossly distortéal @diths and centrifugation to
the outer vessel walls. High energy impacts and vigorous "rollingttefieere observed. These were
considered beyond the process capacity to retain the quiescent, loyBsti@aensional culture
environment.
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