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I I\I\/EI\FI/'I ON FlI ICI%LD OF THé | NVENTI ON Thi s present invention i ‘gpﬁ%@gd to
cell culture and, nore particularly, to a three-dinensional culture and
harvest system for anchorage-dependent cells. DESCRI PTI ON OF RELATED ART
There has recently beena resurgence of interest in stemcell research.
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DESCRIPTION OF RELATED ART

There has recently been a resurgence of interest in stem cell research. Stem
cells are multi-potent and plastic, which enables them to be induced to differentiate
into various cell types. Almeida-Porada et al., "Adult Stem Cell Plasticity and
Methods of Detection," Rev Clin Exp Hematol 5(1), 26-41 (2001). Adult stem
(AS) cells are preferable in most applications not only because the cell sources are
less controversial and more readily available than embryonic stem (ES) cells, but
also the adult stem cells are more easily induced into the final differentiated cell
types needed in applications. Clarke, D. et al., "Differentiation Potential of Adult
Stem Cells,” Curr Opin Genet Dev 11(5), 375-580 (2001). To date, AS cells are
not considered suitable substitutes for ES cells because of the differences in their
proliferation capacity in vitro. Gage, F. H., "Mammalian Neural Stem Cells,"
Science 287 (5457), 1433-1438 (2000); NIH bioethics guideline. ES cells
(especially in murine models) have essentially unlimited proliferation capacity in
vitro, which means that they can be expanded greatly for applications. On the
other hand, most AS cells can only proliferate for about 5-12 passages in vitro and
then stop proliferating, but randomly differentiate into other cell types. Pittenger,
M. F. et al., "Multilineage Potential of Adult Human Mesenchymal Stem Cells,"
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12 April 2005 Science 284 (5411), 143-147 (1999). This characteristic has
heretof ore severely |imted the usefulness of AS cells in therapeutic
applications. Mdst mammal i an cells are anchorage- dependent (except cells in
fluid, such as lynphatic and hematopoietic cells). In vitro culture of the
anchor age- dependent cells traditionally has been limted li’%etp}‘ﬂ’ﬂﬁ’dfj mary
factors. One is the limted space of the culture vessels. AT swll only
proliferate exponentially in | og phase when there is adequate roomin the
culture vessels. Once the cells establish contact wth each other, their
proliferation slows down and eventually stops or the cells even signal
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One approach has been to split cells by protease treatment to detach the cells from

the culture surface before the cell-density becomes confluent. Trypsin is
commonly used but others, such as collagenase, are also used in some
circumstances. Protease-treated cells typically are rounded up, collected, pelleted
by centrifugation, re-suspended in fresh culture media, and distributed in multiple
culture vessels. Each new vessel contains a fraction of the original cell number,
and thus has 'sufficient new surface to allow cell proliferation until confluence
again occurs. Such a splitting process can be repeated several times, until the cells
stop proliferating due to other reasons.

Another approach has béen to increase the time before successive cell
splitting by lowering the minimum number of cells to be seeded into vessels or
increasing the maximum number of cells that the culture vessel can accommodate
before confluence. Because cells naturally prefer to be in the vicinity of other cells
to support each other, the minimum number that can be seeded initially in culture

vessel is often limited by the support rendered by cell-cell interaction,



vessel is often limted by the support rendered by cell-cell ‘interaction,
-2 12 April 2005 communication and the rel ease of growh factors and the

| i ke. Therefore, enriched culture nedia have been used to support cell
grow h and proliferation, allowing |ower mninmmcell nunber to be seeded
in the vessel, and allowi ng a |onger period before the Ceh%ipﬁf‘i@(ﬁto be
split again. Another way of increasing the tinme of cul ture between each
split has been to growcells in three-dinensional matrix. A :
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scrapi ng has been_sho t dversely affect cell fupnctjons. because the
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because the current cul ture nethods cannot .
cell scraping to detach the cells from the substrate (either charged surfaces or

three-dimensional matrix). Either of these splitting techniques can have detrimental
effects on cell structure and function. For example, proteases digest away cell
surface molecules that are essential not only for cell attachment to substrates but
also for signaling molecules that are important for cell function. Cold treatment
has been shown to adversely affect various cellular processes such as cytoskeleton
* arrangement, membrane trafficking pathways, and the like. EDTA treatment and
mechanical scraping has been shown to adversely affect cell functions because the
cells round up and are prone to damage by mechanical scraping. In the case of
three-dimensional culture in matrix, protease treatment is the only way presently
known to split cells. For cell transplantation or cell seeding onto tissue-engineered
scaffolds, cells with temporarily damaged functions (due to disruptive cell splitting

techniques) are currently being used because the current culture methods cannot

offer a better alternative.



offer a better alternative. -3 12 April 2005 SUMVARY OF THE | NVENTI ON The
present invention is directed to a non-disruptive three-dinensional system
for culturing one or nore anchorage-dependent cell types. The culture
system conprises a plurality of m crocapsul es having an inner extracellular
matrix surrounding at |east one cell and an outer shell of;aygibheid C

pol ymer surrounding the extracellular matrix. The m crocapsules are
perneable to nutrients necessary to sustain normal netabolic functions of
the cells and to toxins rel eased by the cells. The outer shell has a
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applications that require immediate availability of functioning cells. The culture
system of the present invention employs mechanically fragile microcapsules that
easily break ‘during the cell splitting process. The positively charged collagen ‘
preferably is optimized to be sufficiently diluted inside microcapsules, such that
the collagen can be easily rinsed away from cells during cell splitting.

The non-disruptive three-dimensional cell culture system allows anchorage-
dependent célls to be cultured in the microcapsules and to be harvested without the
need of subjecting the cells to harsh treatment such as proteases, cold or cell
scraping. The harvested cells cultured this way are readily used for cell
transplantation or cell seeding onto scaffold for tissue engineering applications.
Cells cultured with current systems, in contrast, are somewhat damaged by the
harvest procedure.

The three-dimensionality of the system is designed to amplify large number
of cells with reduced cell splitting frequency. The system also allows harvest of
cells for re-proliferation or for immediate use in applications without undergoing

the typical detachment procedures. The cells harvested non-disruptively from the



of cells with reduced cell splitting frequency. The system al so al |l ows
harvest of <cells for re-proliferation or for imedi ate use in applications
wi t hout undergoing the typical detachnment procedures. The cells harvested
non-di sruptively fromthe -4 12 April 2005 cell culture system of the
present invention typically exhibit inproved attachment Kkijhet hﬁﬁ?005
better-preserved cell norphol ogy and functions than conventio

cul tured cells when binding to |igand-conjugated polyner surfaces.. The cel
culture systemof the present invention is useful in cell-based analyses
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a
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harvesting procedures present invention overcones the acks of
previ ous t hr ee- dRyeEHE Gﬁ@ﬂesn*b@ﬂqmslyseBef@dEs@Phﬁetmge offfer eall yiymes thteari cal s or
tenperature char&gguIEl %,entagﬁded in the three-dinensional cell culture
system during cell sp |t Ing, the process of the <cell splitting is greatly
sinplified and the dJdéme-dmehspnarealfareds merezl;kmhe u&exdl $emti1$mfcblls odlidhsiscan be
m ni m zed. This r e rodutlon
and passage of 53&%@%‘?@ éﬂ%el‘%’gygg ‘Tehgﬁlgég I tg%sg:ff) ?15 g’ﬂf s an

i ndependent ni creoltakaifbere if sdso wak roopufor vells,to prohferate thereby increasing culture

time before cell splitting is necessary. This also results in smaller number of
seeded eells and larger number of harvested cells. Such characteristics are ideal
for large-scale cell production. Previous three-dimensional methods are hampered
by the difficult cell splitting and harvesting procedures. The present invention
overcomes the drawbacks of previous three-dimensional methods.

Because the use of enzyme, chemicals or temperature change is not needed
in the three-dimensional cell culture system during cell splitting, the process of the
cell splitting is greatly simplified and the cost and storage of enzymes used to split
cells can be minimized. This is particularly advantageous for large-scale
production and passage of anchorage-dependent cells.

Each microcapsule serves as an independent micro-chamber for cell culture,
thus allowing the microcapsules to be used in any bioreactor design. The mass
transport property of the microcapsules is good enough to allow cell culture in
even stationary culture vessels. This can be achieved, for example, with a low
concentration of the extracellular matrix. Where collagen is used as an

extracellular matrix, for example, the concentration typically ranges from about 0.2



thus allow ng the mcrocapsules to be used in any bioreactor design. The
mass transport property of the m crocapsules is good enough to all ow cell
culture in even stationary culture vessels. This can be achieved, for
exanple, with a low concentration of the extracellular matrix. Were
collagen is used as an extracellular matrix, for exanple, El)x%ril 005
concentration typically ranges fromabout 0.2 12 April 2001-1> to about 3.5
ng/m . In previous systens using collagen as matrix, higher concentrations
of collagen (4-5 ng/mmM) were used because it was necessary to have the

col l agen gel and formthe shape of the spherical droplet, and then coated
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The present invention will nqw be de cCEjib d.in nore detail .vvithdreference
to preferred efyerarapsHesmyst H’éeqﬁ’vtiﬁ Fesibed Jriqreastop i dPhisye FaproRtd WSSl e,
and il ustrat eqrah&ohTer ALK ARiieRCind zayupPy fbitetullie. Fhémictodapsidesgr aph

illustrating PC 12, Hep&X, and mssenchxrral stem (Msc) . cells being greatly
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splitting or harvesting w thout detachnent fromthe substrata: FIG 2Ais

a graph illustrating collagen gelati on nmeasured at 37C by the increase in

refractive i ”deﬁm'éb%ﬁs%ﬁubﬂcﬂq ERIPE PR AVITRES Showi ng col [ agen | abel ed with

FITC, FIG 3 is a scanning el ectron mcroscope (SEM inmge of a
m crocapsul e in' whihepresen dnvenidon will nowhiecdeseribod il momdstal) edthadfendnte tx posi ng
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illustrated in the accompanying drawings in which:

FIG. 1 is a graph illustrating PC 12, HepG2, and mesenchymal stem (MSc)
cells being greatly amplified in the microcapsules without splitting;

FIGS. 2A-2B illustrate "conformer scaffolds” formed around individual
cells and allow cell splitting or harvesting without detachment from the substrata:
FIG. 2A is a graph illustrating collagen gelation measured at 37°C by the increase
in refractive index; FIG. 2B is a confocal image showing collagen labeled with
FITC;

FIG. 3 is a scanning electron microscope (SEM) image of a microcapsule
m’ which a portion of a microcapsule was peeled off exposing the cells
encapsulated inside; i

FIG. 4 is.a graph illustrating cell re-proliferation of PC 12, HepG2 and

 MSec cells in the microcapsules; and

FIGS. 5A-5F illustrate comparison of ligand-specific attachment, cell
morphology, and functions of the un-distupted cells, and conventionally cultured
cells: FIG. 5A is a graph illustrating attachment of PC 12 cells onto YIGSR
conjugated to polyester cover slip; FIG. 5B is a graph illustrating attachment of rat



M5c cells in the mcrocapsul es; and FIGS. 5A-5F illustrate conparison of

| i gand-specific attachnment, cell norphol ogy, and functions of the

un-di srupted cells, and conventionally cultured cells: FIG 5A is a graph
illustrating attachnment of PC 12 cells onto YIGSR conjugated to pol yester
cover slip; FIG 5B is a graph illustrating attachnment of ﬁ%% 7P %?5 Apri |
2005 hepat ocytes on | actose-conj ugated pol yester nenbrane; & %
illustrates the norphology and function of the PC 12 cells; FIG 5Dis a
graph illustrating the detoxification function of the rat hepatocytes;
FIG SE are inmages showi ng norphol ogy and proliferation capacity
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nut ri ent/oxygen starvation as typically is observed in present

t hree-di nensi onal_cul ture confi Eur ations. In a preferred configuration of

the present i nvePTAREDREIARIP] O GFEHRAYVENBION of the outer shell is to
provide a contai nem&%:@ahah&ﬁ&m&u auﬁ@é éy%ﬁrofr{ﬁéﬁﬂeg%nt ﬂﬁzb&ﬁnt Eﬁﬁ@phe“ cal
shape to provide a_substrate for the cel this end

concentration offfagie migiogapules; mthuac¢<@ﬁpllqdoth§ee1§|§e¢11slocdl mlcg?eovmnment for
proliferation angy Jf‘@é]l %“ﬁﬁrgrgﬁfeﬁm WEFmchiR.  MRER g%sﬁes gl lgagen Is
used as an extracel | ular e concentration y ranges from
about 0.2 to abowpherss @Vﬁﬁierhlgheﬁﬁdrfm preatigpolome ta}xofandrptﬁtrablv ha@. a8 ulte- about
1.5 nm/m, in cqg%] 0. D[ t ed_to.entr cells
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present three-dimensional culture configurations. In a preferred configuration of

the present invention, essentially the only role of the outer shell is to provide a
container to hold the extra-cellular matrix inside the spherical shape to provide a
substrate for the cells. To this end, a minimal concentration of the matrix
sufficient to support cell growth, proliferation and function can be employed. For-
example, when collagen is used as an extracellular matrix, the concentration
typically ranges from about 0.2 to about 3.5 mg/ml, and more typically from about
0.5 to about 1.5 mg/ml, in contrast to the 4 to 5 mg/ml typically used to entrap cells
in present three-dimensional culture configurations.

Aﬁaong the principal advantages associated with the three-dimensional cell
culture system of the present invention are those exhibited in cell splitting and cell
barvesting. Advantageously, the matrix does not need to gel to hold the cells in
place. Therefore, when the fragile shells are broken at the time of cell splitting, the
dilute matrix can be easily removed from cells by pelleting the cells and rinsing
them with fresh culture media or buffers. The cells can be split into small

fractions, diluted with new matrix and be microencapsulated and cultured again.
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the cells. Cell digtger.can be separated fromthe dilute matrix by rinsing
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shel | usual |y hasdiguptivei thkseraBsensionhb cullidel syséh. mWedkt siscHahicah fobeyituch 490
about 20 pm-and even nore often frgmabpout 2 tqQ about_ 5. m A w de variety
of anchor age- depeiPR3HE ¢y Iaggc&o?r‘f'“bé s ﬁe‘ﬁ’iglyt bt é@iﬁ%Eﬁnhé?ls‘?f the el |

cul ture system of michRapsufsQnd rdldd¥eiMb nB&rocaBbuld dontéhts, Ak, tHRILAGHEINME YR
cell that is nornmally cultured on collagen and which has the ability to be

i nduced i nto neur%fils thr ca|bp separafed foms thardiiuge BRtriznby HasiBg Fab- buipeptient

proliferating celdyufS nRAfRt hethe SHARRY Cof {B%pﬁfc%){ﬁgﬁﬁes a8 YE aYcomplished by
environnental |y sensitive anchorage-dependent cells. Hep& Is gn exanpl e of
a . employing a very thin microcapsule shell. The microcapsule shell usually has a

thickness up to about 40 pm, often from about 1 to about 20 um,-and even more
often from about 2 to about 5 pm.

A wide variety of anchorage—dependent cells can be used with the three-
dimensional cell culture system of the present invention. PC-12, a rat
pheochromocytoma cell that is normally cultured on collagen and which has the
ability to be induced into neuron-like cells, is one example of an anchorage-
dependent proliferating cell. ~ As another example, hepatocytes are very
environmentally sensitive anchorage-dependent cells. HepG2 is an example of a
human hepatocellular carcinoma cell. Mesenchymal stem (MSc) cells are
multipotent cells that can replicate as undifferentiated cells and that have the
potential to differentiate to lineages of mesenchymal tissues. Other cells that have
very strong cell-cell and cell-matrix interaction, such as keratinocytes, also are
useful with the culture system of the present inventign. The three-dimensional
system of the present invention is particularly useful for the expansion of co-

cultures, e.g., by including one than one cell type in the microcapsules.
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cancer, infecti degendint seliebor zitbertiewaih pn@mse@roatﬁinmhe‘pmctmml ¢furubarggtst em al so
Is useful in C%l:l}s eﬁdse ef%@%?écﬁlhtﬁ eac‘ilﬁé:g%ys?eé% 2L bd GREN LSO h§1 natural
states of cells romnorrra or pa ogr cal sanp &s§* W1 fdu

subj ecting the ps:ldhendncnnld@eaéuc modificetices of md&tfnemaxsplaﬁmﬁdmthaamem tcaat t ur ed

broper 1 es. ar o ST EcHop AAerar o et B ombeR oSS Syt Ao BBttt 1
105 cells are sﬁedeldbaseéuﬁ@nbdme Oﬂammap]sdﬂldependa' b the hhiSral Wates alfl eliar e

allowed to proli. tefor a i.0d ,_.ysual At _the end of
a culture cycle(® O‘Pd’tOFBald? %f"ﬁ&?%low apm glésfilw#'ﬂ?ﬁﬁ@{’%?tﬁlgt‘ﬁ%cqlﬁlt? hagsh seeded
cel |l nunber typipgcaédsytrb;&maﬁtsl east 10, and nore typically at |east 20. The
ratio can be as higher as _ 100, 200, 400, 600, or nore. This ratio
denonstrates a nuchEbhg@berR Towed m.toe wigjosypsples weth fhe aptix pnside tydhilgaeass each
successive cel | yapipolttgroiras ag@amﬁ{lfeqtsgv&@emm&% t’l‘*@waﬁ%%g\? opal

culture (2 days a§sum ng the same cell doubling tinme of
10° cells are seeded inside the microcapsules. The cells typically are allowed to

proliferate for a period of days, usually 7 to 9. At the end of a culture cycle, the
ratio of the final cell number to the initial seeded cell number typically is at least
10, and more typically at least 20. The ratio can be as higher as 100, 200, 400,
600, or more. This ratio demonstrates a much longer time (8-9 days) of cell culture
between each successive cell splitting as compared to conventional two-
dimensional culture (2 days assuming the same cell doubling time of 24 hours).
The culture media should be changed every 2-3 days to provide fresh supply of
nutrients and to remove metabolic wastes. Depending on the mechanical strength |
of the microcapsules, the cells can be cultured in stationary vessels or in packed
bed for reduced consnmption of culture media in large-scale cell culture. In the
latter case, simple apparatus and minimum culture media can be employed for
large-scale production of anchorage-dependent cells.

Both naturally-occurring and modified biopolymers are suitable for use as
the extracellular matrix in the practice of the invention, as are both cationic and

anionic biopolymers. In geﬁéral, any commonly used substrates in cell studies can
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preferably at | 50,000. Werea | | age been used to encapsul ate
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menbrane. Col | agen can be nodified to forma nore stronglé basi c ol yner
f

by converting tHAaeitFdky tonlleast Zhosthis suidiciently pesitivelyphaed piabpsiologicaly

esterification. o0 Sontt1OR8 WAEIppEsifaRL Bk ' cid
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Anionic biopolymeric materials, such as hyaluronic acid (HA) and modified
HA (esterified HA or amine-modified HA) are useful in the invention. In general,
anionic biopolymers suitable for the practice of this invention will have a charge
density of at least about 20%, preferably at least about 30%, and even more
preferably at least about 50%. HA that is totally or partially esterified or reacted
with a primary amine to render it less water-soluble will form a stronger complex
with the polycationic outer layer than HA itself Preferred biopolymers for
forming the extracellular matrix include modified HA and modified collagen.
Esterified collagen is particularly preferred. In general, the extracellular matrix,
though water-soluble, will be slightly hydrophobic. '

Esterification or reaction to form tertiafy amine groups on the biopolymer
may be accomplished by reaction of the biopolymer with a wide variety of
aliphatic reactants containing as many as about 18 carbon atoms in their chain.
Such reactants include, inter alia, alcohols, primary amines and alcohol amines.
Preferred reactants contain about 8 carbon atoms or less. For some purposes, use

of reactants having only 2 or 3 carbon atoms may be preferred. Typical alcohols
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atons in their chain. Such reactants include, inter alia, alcohols,
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carbon, atons or : Bmidd! . . [ t ' nly 2
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i ncl ude met hanol alcahoh gad pming greips | alsgneintheghrsd, siich gl olitepolwhine.c aReaciapiscal
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of the cells. Th ter shel rises a.hioc tible synthetic. .

pol yel ectrol yte gp\ﬁ%r?g’p %S?te %Q@%@%@@?{e Hsaf”?‘ngh@P@V’a}%‘dF 9@(‘5‘?3.%10‘?*%3,
vvhenht he bi oIooI lyw m?diﬁed yclmgéxgn ithehsyﬁn&leﬁc pollyeré'cﬁdlﬁsl ﬁﬁéﬂl iéﬁgﬁrﬁutelrt Bger
synt hetic pol yel ect yte used j.n the outer |ayer shou be . pol yani oni c.
Conversel y, mhensei’toﬁlxr-f*‘ P8 m%rb?@’eﬁﬁ)lp’y‘éﬁ‘ﬁ“&h‘? biopelyrger is pokyanionisfe-) &b, HA,
etc.), the synthebiliGe®BlAY @lcoChE Nrticic %ﬁdlewbl&tbﬁséa% e cubelsheiSdhotlathebe

pol ycationic. Suitable outer |ayer synthetic polyelectrolytes forma
conpl ex with thePl¥RHeNEst Sniablermues dyennahstiy relyeledrolirsfrm asemplanavity t he

conpl ex coacer v@gki ?%bogﬁ&ﬁ e@NBiochoHALL 15t R/ H ée%gﬁaf@gofq&ap&%f&e. The

charge density of e synthetic pol ymer typica fromabout 0.1 %
to about 20% preFEerEIop processgnd imppsitstabifityito thegncaprdlatey gihe plrge geneifyeafabl y i s
at | east about 38 sLidk&ict i | I rol ytes
preferably have a r?%ﬂll5 ecﬁl%&m\/\elbgﬁtgj I%W g? ﬁ#@}gﬁ%@t&@g&O&ogfie(%ﬂ/grp%t%?ﬁgt | east
75, 000, nore prefseatdedsy about (Paged ¢rH 1000, prefombly ot agrabbar 3% \Likd tHeeast
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at least 20,000, preferably at least 75,000, more preferably at least 125,000, even

more preferably at least 200,000, and yet even more preferably at least 250,000.
The biocompatible synthetic polyelectrolyte layer that is capable of forming,
with the biopolymer of the extracellular matrix, a membrane which allows
environmentally-sensitive living cells, such as hepatocyte cells, to remain viable
and, at the same time, protects the cells against immunological rejection by the
host. A preferred class of biocompatible synthetic polyelectrolytes is acrylate
polymers. Such polyﬁers include acrylate polymers, copolymers and ter-polymers
- such as poly(acrylic acid), poly(methacrylic acid), poly(methacrylate), poly(methyl
methacrylate), and acrylate copolymers and ter-polymers of acrylic acid,
methacrylic acid, methacrylates, methyl methacrylates, hydroxyethyl methacrylic
such as 2-hydroxyethyl methacrylate, hydroxypropyl-acrylate and the like, and
blends thereof.  Poly(dimethylaminoethyl lmethacrylate) (DMAEMA) and
copolymers and ter-polymers of dimethylaminoethyl methacrylate with
2-hydroxyethyl methacrylate and/or hydroxypropylacrylate and methacrylate
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The bi oconpati bl e synthetic polyelectrolyte layer that is capabl e of
formng, wth the biopolyner of the extracellular matrix, a nenbrane which
allows environnmentally-sensitive living cells, such as hepatocyte cells,
to remain viable and, at the same time, protects the cells against

i munol ogi cal rejection by the host. A preferred class of 1Diaggipnpgy i bl e
synthetic polyelectrolytes is acrylate polyners. Such polyners include
acryl ate polymers, copolyners and ter-polymers such as poly(acrylic acid),
pol y(net hacrylic acid), poly(nethacrylate), poly(nethyl methacrylate), and
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2- hydroxyethyl t e d
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copol yrer s -and tnéfﬁhaﬁmhsi nﬁ?CHOTthYdtomrhwlmlﬁée@ Imﬁhwusl@tpy B@d/@ eyl

2- hydr oxyet hyl & 0 at ylate -
11 12 April 2005 an %r%g Qﬁéﬁ Jf}%g]?cy)g e ar gagﬁl&tser]fde catlo%[i
synt hetic pol ynmbiccom@atiholi tyn@msusednnotberhmhqtaMS of acrylic acid and/or

h i id t
retnacr v Rt By BRLE o BRTAR 8 BB e s,
preferred ani onltcr-p;ﬂonndl@f nmthacﬂyycmcné (I\AEaQJ"h}idaS:yethj?luimthaﬁe&latb(I@EMmadndbl lity

when used in other eferr d bIOC |bIe
pol yel ectrol yt e "0t ﬂ?yg at? Qa%ﬁagﬁﬁ 'ﬁf@ VIR PYf %S‘e OD%HI‘S &i’%‘tl c acid
(T rl\]/AA) hydlr oxyetll@ymomtmmwwml%ﬂﬁwéf pre&?eg)ly tﬂam;agbutnﬁ/ﬁ?m x% @&tﬁn gg/lm) »

e ter-pol yner | ses from abou nmol %t o_abou nmol %
nore preferably £?lm5¥’%§’nﬁb1 Qmplye fphent Yhmoliy, mgre plersbin femsbent 10
mol % to about A4C0NEbIY wEBbE: F:EI9 BIEMA,foh@ RoRPAbsht 202;901%4 /aHoQt GPRui, 30 ol %
HEMA, and from about 20 nol % to about 60 nol % nore preferably fror about

45 ol % to about™%s PESPEblNNRm pbpuh 45 gl toctboute i malmddMAof Int herqﬁmmdent
t the t
i nvention, the e%bo@ﬂeﬁfr@f thb ?ré(sél{tmnmfnr% %Fﬁg#é%lglg Ct)‘?l%%ﬁ y@%y%%)su gt od

nonomers in about a 1:1: rati o he me
cell is selecti i, Hﬁ%albdmnmn@metssn about a 1:1:2 molar ratio.

The membrane of the encapsulated cell is selectively permeable. The cells

encapsulated in accordance with the invention remain viable because the
membrane is permeable to nutrients and other materials necessary to support the
normal metabolic functions of the cells. Thus, ionic materials and oxygen, for
example, pass through the membrane. The membrane also is permeable to
products of the cells, such as hormones, and to metabolic byproducts. Thus,
material producéd by the cell can pass through the membrane from the interior of
the microcapsule. In this way, material produced by the encapsulated cell can be
introduced into the blood of a host, or can be introduced into a culture medium in
which encapsulated cells are placed.

The membrane permeability essentially precludes entry of immunoglobulins,
macrophages, and other immune system agents that cause rejection of cells by the
host’s immune system. According to a preferred embodiment of the invention, the
membrane is impermeable to molecules greater than about 100 kDa, and preferably
is impermeable to molecules greater than about 71 kDa. According to another

preferred embodiment of the invention, the membrane is permeable to molecules
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the i nventh i on, bhﬂmbmmlzfoa@ﬁmglﬂiy polafeakbeudds ﬂﬁiﬁideﬁlubiﬁl?ogmlﬁ sylstenAPEdnl b8085
reater than about 60 kDa and i ecules g about
050" kDa. The. o B8 Nomeapori & B GrPRiRe PO bR SR BARR S Are i bat the |
permeabi lity amgiHatSRS)OrHEMAPES! | @Ber OThyllogy-oB1HiAE € acrfBicAN i8R €, the
perneability of the nmenbrane to typically polar conpounds found in

bi ol ogi cal syst @RyekesPlye WPﬁEr@&%%dh%fﬂeﬁclweﬁd?fafhengle@bﬁ?ﬁr obquaweg

copol ymer, such oﬂsaby&@ olw@ifvaéaﬁ%iﬁeysltendg%& débfé&s%éi P&Hlémﬁ%ﬁ ot her

hydr oxy- cont ai ni hg ac ates, "into ectro y forms the
outer |ayer of the ﬁbné‘ﬁam@feHQ%r%@bﬁWﬁiﬁopMMmﬁy SEM| privisies r ol yt es
Lends to cause dggcpRR RE" FERR! Wid Yer hohol e VBEELARAS A MARY HENPLAA

t er - pol yner, provi |I| to render the ter-poly

wat er - sol ubl e s@n@amaﬂatzottﬂecaerhel Heefonmﬁcmﬁb@l physicdogied aqizenpiarieo rwmduu uhet he

physi ol ogi cal agy u Qr ga sol vent. MVA

i nparts mechani caﬁpgbt?rag;bfé%%i tougﬁn@é&%ﬁ%g%%&%wﬂmng& %u%hness aid
elasticity to the microcapsules. MAA provides a negative charge to interact with a

positively charged inner layer. The inner layer preferably is an esterified collagen
with net positive charge. The balance between the two charged polymers
determines the physical characteristics of the microcapsules. Using a 10% ter-
polymer and 1.5 mg/ml of modified collagen, for example, microcapsules can be
formed having a thin layer of outer shell (~ 2 pm) and a semi-gel-like inner layer
that minimizes impedance to mass transport across the membrane but remain stable
as microcapsules for days. The semi-gel-like inner collagen layer is able to
provide a “loose” extracellular matrix configuration that mimics the in vivo
situation, therefore allowing the microcapsule to maintain higher levels of cell
function. These characteristics of the microcapsules that satisfy most requirements
for a bioartificial liver-assisted device (BLAD) were achieved through
optimization of several parameters.

The permeability of the membrane also can be adjusted by selection of
molecular weight or structure of the outer shell so as to prectude molecules having
a preselected molecular weight or structure from passing through the membrane.

As the molecular weight of the polyelectrolyte is increased, the membrane tends to
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nmenbrane tends to - 13rhbnéMMrhhe ARBe f&ﬁxew EOIQﬁEMQéﬁamh%gﬁfnbﬁﬁﬂ &bpd1Ces

in charge densiti es bet ween the inner biopolynmer and out er
pol yel ectrol yte atfs® SPBWQnth Wﬁecqmm?aﬁec%ﬂlépenp@nﬁ%ﬂblaesolm of

ol ocul ar vei gt S e RePReER B ARt WA HonRbon SR AR TR KT, g

mononmers in the plol ay@llds@tivmebt effedting the onabilgy mécharelisal Istsnengtdeesssulch  as

MVA. Th nb : . i ni
of a solutton of Hoano s Skl o ARl W rRe SR SRl on o
synt heti c pol yrrerthatviaroh:mllml Swphcelvems araevell ﬂcaéwrpﬁsi MIuddhwﬁethhﬁneﬁcﬁlﬂrabout

8 so as to avoid_ a ver sl fe e Vi I|t he. cel | uch
process, the bi opo(flymaz?’Il %g’ifkgsc%:@’zi%lyr;he sy§ CaBﬁ’l el L’g Ol ?'Pta‘? at

w || not adver sel dissalvfeddi a suitable solvent that will not threaten the viability of the cells. Such

solvents include aqueous solvents such as buffered saline, culture medinm and the
like. The solvent used for the biopolymer does not need to be the same solvent
used for the synthetic polymer. Mild agitation of the polyelectrolyte solution can
be utilized if desired.

In one suitable technique, a substrate polymer solution containing a cell
suspension in a suitable diluent such as phosphate buffered saline (PBS) is added
dropwise to a receiving solution containing synthetic polyelectrolyte of the
opposite charge in PBS at ambient temperature. A cohesive membrane is formed
at the interface of the two solutions to provide encapsulated cells.
Advantageously, no organic solvent is required and no cross-linking reaction is
necessary. Thus, the conditions of encapsulation are especially mild, yielding little
cell mortality. .

The proper matching of biopolymer and synthetic polyeléctrolyte can be
readily confirmed. A drop of a solution of biopolymer can be added to a solution
of electrolyte. A ‘proper match résults in the rapid formation of a microcapsule or

membrane by complex coacervation, which can be observed visually. The
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the viable cells. Such solvents are well known and include buffered saline,
culture nediumand the like. Simlarly, the synthetic polyelectrolyte is
soluble in and dissolved in a suitable solvent that will not threaten the
viability of the cells. Such solvents include aqueous sol vents such as
buffered saline, culture mediumand the Iike. The sol vent jpa@g] beys t he

bi opol yner does not need to be the sane solvent used for the synthetic
polymer. MId agitation of the polyelectrolyte solution can be utilized if
desired. In one suitable technique, a substrate polynmer solution containing
a cell suspension_in a suitable diluent such as phosphate buffered saline
(PBS) is added suitabdity eba gigemencapsalate rpgprdieg prrpenbilty pandherreaddy sptetmiaed ¢

pol yel ectrol yt e 0f; i i ﬂ[m: e. A
cohesi ve nenbr ar}l)g & Eb’?’(}?%@ Qﬁt&@%@%{eﬁ?&@%@?ﬁg?&% e %%gégﬁg?%ﬁéé{{o
provi de encapsulam sadretes, liSunwattbdaimmge sowpanents eroexgiuded, and i enabilits of equi r ed

and no cross-|inkij t4.0n i necessary. Thus, the conditions of
encapsul ati on a%gk%g%étgﬁ?gﬁqsﬁs Srlr]i‘t?%)fm;?} eFdelﬂ'ng little cell nortality. The

proper matchi ng of [Ohepalcymreationnel thypolynet satutimk,ythd ot sfaheydreplelandded to r eadi | y
confirmed. A dr of ,a.solutign.of hiopol r _can he adde 0 a solution
of electrolyte. qﬁe DPdsHe pp}gﬂgﬁm})&g fﬁq’t‘téogi ?‘F}/dtrﬁ%m?ea%i ?boglﬁﬁ‘?qsﬁﬁte (IJ’PP er

m crocapsul e or sohsiobreantinyg celphrnsimaiesddad itonthe Vﬂsrhtﬁlsﬁoc@ﬁlyéllectﬂybﬁer ved
visually. The -14 12 ril 2005 suitability of .a given encaps te

regardi ng per rreaf'B}“I%f’]f gé%c%ﬁdﬂ’étﬁaé%mwe B%F@Pﬁ“[?@&ﬁ g’ﬁ?g’iaﬁe "ﬂ‘?gcfﬂ? 8§F§dusi ng
standard cel | cuhickiegs BERiyérs tad dedired Biz8 € Shikabesnt @kl FYCths bic%bﬁnr&?cret ed,
i f unwanted i mmune conponents are excluded, and if viabilit

encapsul at ed cel &P aadfor s synthetic pokirlaetplytersaintion nak ey éﬁﬁe@éi@g gpor the
pol ymer solutio r@eciﬁ@ﬁol?ﬁ:&g ﬁ{(ij’d %c{l]\kbﬁts@fngﬂgtﬁi %t?%%ﬁ:ﬁiﬁ%t%n de Q@ch%ﬂéeﬁ&%ﬁoﬁs

pol yel ectrol yte Sol ution, e rate ch substrate polyner
sol ution cont ai rif rRgsibeMithin, $ee plgll onf the agidld hileoitt senadypriskiblei to delineate

pol yel ectrol yte . aQnHbi fgagm agh- aghl enﬁggs | at i-hAg
menbr ane havi ng "t‘ﬁe nges(?lr@e t ﬁglgﬁgﬁh%%c’#a%er shg)\rflghezbrelg?orle sollﬁzeg%” ui tabl e
concentrat i ons fherfranhebdyit 630 @9ewhereas the concentration of the synthetic polyelectrolyte

often will be from about 2 to 6%.

i

The thickness of the inner, substrate polymer layer, will depend on, inter
alia, the viscosity of the biopolymer solution and the degree of penetration into the
synthetic polyelectrolyte solution achieved by the substrate polymer solution
droplets. The degree of penetration is related to the molecular weight of the
polyions and the viscosity of the solutions.

The number of cells within each microcapsule can be readily controlied and
is a function of the density of the cell suspension within the biopolymer. For
examplg, cells in PBS (which may be at densities of 10° to 10° cells per ml) can be
mixed with the biopolymer to provide a variety of cell concentrations. Individual
microcapsules can contain any desired number of cells, typically ranging from 1 to
200 cells or more.  Collagen gel has been observed to exhibit a “skin effect” that
is detrimental to mass transport, as a high concentration of collagen leads to
gelation. Such “skin effect” is concentration- and temperature-dependent. Extra-
cellular matrices like collagen or Matrigel have gelling temperatures of ~22-35°C

depending on the concentration of these proteins. At 37°C, where hepatocytes are
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solution and for the synthetic polyelectrolyte solution will vary dependi ng
upon the specific polyners and sol vents enpl oyed, but determ nation of
such concentrations is easily within the skill of the art. Wile it is not
possible to delineate concentrations for all possibilities, the
concentration of the biopolyner often will be from about §; hnkiP289% Wher eas
the concentration of the synthetic polyelectrolyte often mﬁlp be from
about 2 to 6% The thickness of the inner, substrate polyner |ayer, wll
depend on, inter alia, the viscosity of the biopolynmer solution and the
degree of penetratign into _the _ synthetic polyelectrolyte salution achieved

by the subst rat dopeallyrutured inp bigrpactgy exfransrlantation 13jpeyfasmed i i der skiton i s

related to the r ' ' h b Sfe0det f the
solutions. The Egﬂe etﬂagfbéé\golg{;%#%ﬁcﬁﬁea%ﬁ&%b%r@%ggg%ﬁ eﬁcé‘é.irllé%eﬁi?e%ﬁggl y

control | ed and imporant gensiderations for ke desien of Yioedactotsan BEIAD, stiisslesizablertowi t hi n

t he bi opol yner. a L0 P | C b depal £ s of
103 to 106 cell seﬁ%gory % %ﬁalbéeb%émnﬁakﬂé% \(/)\ft% Rﬁ%lé %Fopoqtyﬁ%?%]f'g %?e(c){a/i e a
vari ety of cell minhciest while ainge stithds whehighl collagenr ocapgldewithahe curhaticn any

desired nunber of.cells., typigally ranging froml to 200 cells or nore.

Col | agen gel hasP°E¥£8}?n§%’§“é¥£sé"§’?*’t EXAY 1°f' a "skin effect” that is !
detrimental to nmass Alb@hidpafstuseds aambdel moleotile €6t thapérmpatility ©ptihizgeon dfeads to
gelation. Such "skin effect” is co tration- and t er at ur e- dependent .
Extra- cellular tﬁ‘éfnﬂqrﬁ‘@gs‘iﬁ‘?skéﬂﬁmgﬁﬂ“ >Q9§3%) &e?ner?_gg@ sgerete Hﬁ)te’f‘)s o
tenperatures of hegZodhés. HaBENMINgnaet tb ML RABSGNEaEL GihsRRE id BRSEvePEO ei Ns.
At 37C, where hepatocytes are -15 12 April 2005 normally cultured in a

bi oreactor or trsRepldrmthehlogds purothes maier scavepEGEROtelals bilphin IR " can

be nost pronouncsg); which GEsniSSthhd ABSRA! A ThiiniB R Sodnl %o BOBLely hIRRETIAR
considerations for the design of bioreactors in BLAD, it is desirable to

enpl oy the opti e migreapstlest Pokrogm coppanirgiion e W/ Oieftaleunein wgiadded foect " i s
T e ) o S8 el s 980y A
nmodel nol ecul e foeulempdinmeridi the ssmepaniceritration ofalbdmin (1% w/v) at 37°C for 2
hours to allow a possible “skin effect” to occur. Such equilibration before the
permeability measurements is essential for detecting any “skin effect” from the
gelling collagen. Pre-equilibration for up to 5 days indicated that the “skin effect”
was marginally more pronounced than with the 2 hour pre-equilibration. The
albumin released from the microcapsules into the fresh culture medium with no
albumin added was thereafter monitored. With 1.5 mg/ml of the modified
collagen, most of the encapsulated albumin was released from the microcapsules
within 15 minutes. As the concentration of collagen in the microcapsule was
increased to 4 mg/ml (~ 0.4% w/v), the release of albumin was greatly inhibited.
For collagen concentration below 1.5 mg/ml, hepatocytes could not be
encapsulated, possibly due to insufficient positive charge from -the diluted
collagen. )
One preferred ter-polymer composition is made up of 25 mol% HEMA, 25
mol% MAA and 50 mol% MMA at a concentration of 10% in PBS. When the ter-

polymer composition was modified for higher negative charge at the expense of

mechanical stability (e.g., 50 mol% MAA, 25 mol% HEMA, 25 mol% MMA), the
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the m crocapsules. Albumn (MNV- 67,000 Da) is one of the secreted proteins
of hepatocytes. It acts as a carrier to bind nost netabolic wastes in the
liver for renoval fromthe bl ood. Another major scavenger protein is
bilirubin (10,000 Da), which is smaller than al bumn. Al bumn was found to
be freely perneable to the mcrocapsules. A known concent q@%@gpzé#f%w/v)
of album n was added to collagen and m crocapsul es were forned. e

m crocapsul es were equilibrated in a culture nediumw th the sane
concentration of albumn (1% wv) at 37C for 2 hours to allow a possible
"skin effect" to occur. Such equilibration before the perneabilit

measur ement s i sUEsSERbesiy of dhe groepsiatadghenaipoytek idpcresseseta levels ohplavndhe gel | i ng

col | agen. Pre-egihbi Wo) HRmbO htmq{i Johaks ki N
effect” was mar gi'naﬁgﬁéﬁg%ﬁ unc?gnpgﬁgﬁnwt ?ﬁﬁggté&nﬁguyﬁmnea%
pre-equil i brat i a¢hieveteghangtdmedhanica sebidiguhndother physicalicharedteagrticd. es i nto t he
fresh culture nmediu i I -0 a e ter nitered. Wth
1.5 ng/mM of the m%%é%thg%bqnﬁé%g %%ﬁo%}%gp%fﬂ%ﬁec&% né:fgt%ésbq 8]%@3 perl?cg M n was
rel eased from t hentadtbetmeaptht el anditiehiost’simnnamedistorsfall types of tiningeelisat i on of
collagen in the.m ckoc ul e S increased to.4 ng/m (- 0.4% w v), the
rel ease of al bu?ﬁr‘r}h‘1 , %gﬁ]ea?w V'r?ﬁ?uﬁ?lfge&?’g ﬁB?tlcéw{q?%‘?ﬁ‘(eéo?@éﬂﬂagt ®n bel ow
1.5 ng/ m, hepaksapéidsted OThélenpapsulites seGa@blefat dhorBRSEddpededticelk And
insufficient positive harg_e fromthe diluted  collagen. One preferred

t er - pol yner conﬁf?s‘?af?%‘f?’]iw OnfRCapsuBEoR B Grvipenialy sensive, apeheragtd 50
ol % MVA at a CapsenatdidikingRell suddHePatbRes. Wien the ter- pol ymer

conposi tion was nodified ror higher negative charge at the expense of
mechani cal st abi | i t {ogapsyjated sellynof ghavigvention lse srHEmil 25 faplessmaln) 2 t he
~16 12 Apri | 2005miRaSHBRRCSkEn0! Yo CIRNIIRAGINRRRLPGY oS dagT cases
to level s bel ow the nonolayer control. The polyner conposition an
concentrations ®gmndgble\kipp ne megthiaas affordsdhe eppormuitiate pravids tagtifidialt y and
ot her physi cal [hsti eqqg& e. of . the encapsul at ed
cells of the in&g%%?%gﬁlr&%c?j%gggg%gg#gog bet weeél hfélg%tleoﬁ]fgnﬁ?loa’?%ﬁé{lhost' S
i mmune nedi at or phys¢al disgipbgesof |iving cells,

An example of one type of hormone-producing cell is a cell of the anterior

pituitary gland. Such cell excretes growth hormone that inter alia stimulates
skeletal growth. In accordance with the invention, encapsulated naturally
occurring anterior pituitary cells are useful in stimulating skeletal growth in a host.
The encapsulated cells provide growth hormone produced by the cells and
introduced to the blood of a host through the encapsulating membrane.
Genetically-engineered microorganisms also can produce growth hormone. Such
microorganisms, when encapsulated, may be used to provide growth hormone to a
host.

Encapsulated cells that secrete hormones also may be suspended in a culture
medium and will excrete hormone over an extended period. Encapsulated insulin-
producing cells, for example, mammalian pancreatic alpha cells, beta cells, or
intact islets of Langerhans, may also be used as an artificial pancreas. - Such
encapsulated cells can be implanted into a diabetic mammal and will function in

vivo to excrete insulin and other hormones in response to host blood glucose

concentration.
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i ncludi ng both naturally-occurring and genetically-engineered cells, may be

encapsul ated. The encapsul ates are suitable for anchorage-i ndependent cells

and are particularly suitable for encapsul ation of environnentally

sensitive, anchorage- dependent living cells such as hepatocytes.

Encapsul ated cells of the invention also are useful as, for2gaganrmos, a

hor none- produci ng system Use of cells mcroencapsulated in a selectively

per neabl e bi o-pol yneric menbrane affords the opportunity to provide

artificial organs and other nethods for inproving and restoring functions

in people with physical disabilities. An exanple of one type of

hor mone- produci ng c&therjtgpey afedells glso ppay bmbenefigiplly Eﬁoﬁﬂﬁ“laéqdy 81 sxaplsych

cell excretes grg Qﬁ@@&%&%ﬂ&ﬂ%ﬂﬂu&@&% 3l defls Shay e gﬁo tRHChEhSbeihOW -
atura g

I n accordance Mﬂt e 1 nventlion, encapsul ate occurr

anterior pituit adsprdesd uch eﬁrléarhs@hwl anfl phlzheiomayls alisezsgs. sﬂmﬁl@ﬂ)ak:hlgmﬁﬁmcelln a
host. The enca d ¢ o] 0 t cells
and introducedI[ﬁ%ﬁ‘llﬁ'ﬁ%{{%S 2 gﬂ %ﬁgg?%@ﬁ?%gfE%nggg%ggbgﬁﬁg¥ i'ng ﬁ%ﬁbrane
Genetical | y- engleme@mﬂdtemmonmocgrwsmmss balweal fanrepaio dfiemsgidesktlbtahdefeeme. Such

2 “host - Encaps RGP Ao pov T of ens B bbbt eldidea i n

a culture medi wbleatoddesitify) stitfurtRéreeNOsuitable farentapailationti Iadﬁ»diaﬂéﬁ’wﬁﬁlthe
Encapsul ated insulin- producing cells, for exanple, mammalian pancreatic
al pha celts, betB®EBPRs, or intact islets of Langerhans, may al so be used

as an artificial pa%ﬁ&ﬁougﬁ@ﬁhneﬁﬂﬁﬁ@ﬁﬁ&%&%mﬁ‘eﬁblb&o prtfieal® thidaAiREt I NtO a
di abetic mammal and will function in vivo to excrete insulin and other

hor nones in respéHaEen adipger bippekymer used tnpfora dhe waerlayer of the membrpnen st j |

2005 Qher typesyQfhe&iduiid Mab theBder Myeh fRiABhdsGh@td Wﬁﬁ&@ﬂaﬂé @% by Ry, %f
exanple encapSU|ated neUfotransn]tter-secretlng cel e use

treat neurol ogi cheorygit dobelieves thaiche artqsasidannd digsstaheimadifiné coliages, HM\,S eases:
Simlarly, chrongfdigg (f‘ﬁxl, lor other biopolymer when the biopolymer is complexed with the

outer layer. This resistance can be analogized to the resistance to solubilization of
type I collagen and to cross-linked collagen, such as is found in heart valve tissue.
Again, without wishing to be bound by theory, it is postulated that the
complexation shields or changes the conformation of the cleavage site (between
glycine and leucine), thus making the resulting complexed biopolymer resistant to
degradation.

The length of the period during which encapsulated cells remain intact will
depend upon the properties of the medium in which the encapsulated cells are used
and upon the composition of the biopolymer and of the synthetic polyelectrolyte.
For example, encapsulated cells used in a culture medium might be expected to
remain intact for a longer period than encapsulated cells introduced into a human
or animal body. Also, the mechanical stability of the membrane can be improved
by increasing the molecular weight of the synthetic polyelectrolyte. Skilled
practitioners will be able to determine the length of the period during which
encapsulated cells remain intact in various media.

The three-dimensional culture system of the present invention supports the

proliferation of anchorage-dependent mammalian cells.  Three - exemplary
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transplants may be used for alleviation of pain, especially chronic pain,
and encapsul ated chondrocytes nay be used for repair of nuscul oskel et al
defects. Skilled practitioners recognize the utility of encapsul ating
living cells, and will be able to identify still further cells suitable
for encapsul ation in accordance with the invention. Even {paugidédse
menbrane nay be perneable to proteases that can digest collagen and ot her
bi opol yners used to formthe inner |ayer of the nenbrane, it has been
found that the inner |ayer remains intact. Wthout being bound by any
theory, it is believed that the proteases cannot digest the nodified

col | agen, HA, mndiofage-deﬂ:éﬁdemrmahﬂ@ﬁanbb&p%)iﬁ%f MERR hie(DimPabyaef i S
conpl exed with t outer | a%(:)lith This resistance can be ahal ogi zed to the

resi stance to s EP(S’HOFI?QW at 15 germally gylfugedan %H@Wd%H@@Z phwket
col I agen, such ahSpat&enﬂbhn@hraﬂorhhe@é]I aN@( 3\}%1e%én%§;ﬁ:ﬁ‘al steﬁgngh anl% shi ng
co exat | on S

to be bound by t ostulated that t ds or
changes the conf@ﬁw&fg‘i% r?eltlﬁ Eéa’%: rephigate as sndiffexepiatedooells apidytbatnisvaribe
| eucine), thus mBichi hﬁfefé%ﬁh&letté Rbab QR nRX Gl Vﬁhﬁ@@éuw%sé te:% ¥

degradation. The Ien .h of the period during ch encapsu a
remai n i ntact wiafll of gheprogell Umea caneprplifopater i ¢y oficrodapsuledi The icellwkieh t he

encapsul at ed cel 03 t% sed, @Q%Héﬂg&dw?ttﬁé){fp e%?:‘}geg% bgPth?Q‘p‘B?l mer and

of the syntheti 1ectror or exanple sed in
a cul ture nedi uriﬂncﬁglh/mlb’eﬂlahpepﬂmal dexsity meabainin xﬂo%lls/ﬁmrwlﬁcﬂ Yaslg&d oveer i od

t han encapsul at I ntr [ i hu ani mal_ body. Al so, the
mechani cal - st abﬁﬁ??@ho el @%’% e(g%@ﬁgbﬁs qﬁ?) %’Qﬁ&ﬂ’ma&yc‘?%(ﬁs%%g‘?sn@“t he"
nol ecul ar wei ghhmabcztplsﬂes;ythe)tsl c pol yeI ectrolyte. Skilled practitioners

will be able to dete netheleﬁ‘ngth t he DE{jIOd duri ng which
encapsul at ed cel |'s r ShETPPAHPL SIS on (hs cprygRtiona Wé’dﬂPﬁ’éthﬁlr@éfa%ﬁsr?eﬁé‘i onal

cul ture system ofith ditﬁlaﬁd‘reﬁefﬁfred Wﬁﬁtshﬂﬂwﬁjﬂ RP eIt Tulnlte) dBhml dni)ﬁﬁl%hfe%e of
anchor age- depengﬁﬁt mar alian cells. Three exenplary ™-18 12 05

anchor age- depen DR ESseedst I""“P&“&E%natﬂoweh@%ﬁs’@é{anw@ 1(79_)0 I1'C7 35210 a rat
cells per 35 mm dish. Below a cell seeding density of about 1 x 10° cells/dish, the

cells did not proliferate and often detached from the collagen surfaces within two
days. Above about 7 x 10° cells/dish, the cells were essentially confluent in the 2D
culture and did not proliferate due to contact inhibition. The three-dimensional

microenvironment ‘of the microcapsules is more permissive for anchorage-
dependent cells to proliferate before encountering contact inhibition.

With a cell seeding density of about 1 x 10° cells/ml, the effects of different
collageh concentrations on the proliferation of the PC 12 and HepG2 cells in the
microcapsules were evaluated. It was found that cells could proliferate in the
collagen concentration range of 0.5-5.0 mg/ml, with the optimal concentration at
about 1.5 mg/ml. In the experiments described below, 1 x 10 cells/ml of the

- PC12, HepG2 and MSC cells were cultured in 15 mg/ml of collagen.

It was found that the three-dimensional culture system with positively
charged collagen minimizes cell splitﬁng. One of the ways to avoid disrupting
cells too often in culture is to allow the cells to proliferate for as long as possible
before splitting. Since the microcapsules can accommodate more anchorage-

dependent cells than the 2D culture within the same culture volume, the
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pheochronocytoma cell that is normally cultured on collagen, (2) Hep&, a
human hepat ocel | ul ar carcinoma cell, and (3) nmesenchymal stem (Msc) cells,
which are nultipotent cells that can replicate as undifferentiated cells
and that have the potential to differentiate to |ineages of mesenchynal
tissues. As shown in Fig. 1, all of these cell types can pj M%@Ste I n
the m crocapsules. The cells can proliferate, for exanple, en seeded at
the density range of about 5 x 104 to 2 x 106 cells/m wth the aoptinal
density at about 1 x 106 cells/m, which yielded over 100-fold cell
anplification (defined as the final/initial cell densities in

m crocapsul es) imcocaRples cpm potsnpiiallyi allow, a dedges period b celbowieind ik aelieve

t wo- di nensi onal ith coll.agen (referred tq far sinplicity
as 2D out tur o B gl e ARl oMok o GPREE hEHE] fndeest P 3. bR ¢ i 1
belon 5 ol Seart i dansiiy. oAbt | Toa. oo rambismael ofe Tl |

el ow a cell se nsi 0 he
not proliferat qu‘lﬁé&gglgfo 3 Or%lé]?eag?%dgh?q)met Pacreeapsulesepnds eelk spligdng, besame t wo

days. Above aboutecéssary.l@The totlgess petindifbivel B QInkeSbetbie Relf SR kil e f98f | Uent
in the 2D cul turfeceird dhﬁ not proliferate due to contact inhibition. The
&rs #\E‘ﬁ?en

t hr ee- di nensi onal AP ofach nRICERSEHV D &P stplitting; depsest onpéheni ssi ve

for anchorage- degiferidod ratel IfseliOuiledtbe fcQiat QoRBHiGH: &'.nhf”fiﬁ% ppnt act
inhibition. Wt arﬁel di ng density of about | x 106 cel s/d , the

se
effects of differert P TolPAgYRC SHE tRrF ampbified dA0theSBoland cl08+$ dhldsf t he
PC 12 and HepQ weebively) it bR mmc{é%ﬁeéﬁﬁg,aé'cg&g%& %o %Yeatbr?ig%.l%j-io k&lds"‘@fsce;no“”d

that cells could proliferate in collagen concen i‘on range 0
0.5-5.0 ng/ m, viuhificalionsnd Rrdaveekbirplitting it 213 pultire, aaBown id Fig. igTht foldn t he

experinments des igg,grq,-flg ; I PC 12, He d MsC
celol s were cul t&{feq n %@«%ﬁnﬁ %1% %gﬂoa(g{a% %l %A?arﬂgdef%@né) Pﬁé‘?‘ggﬁ‘é&{]

t hr ee- di mensi onalengty) exgrsbowy st Rign WF(Ih The syrhbol yepreshits g ¢/Icalueafe Bells

m nimzes cell | L gal K f .t ways to avgid disrupting .cells too
often in cul tur Zoglidge?olﬂg%?’gvi\}%t ebgteﬁ gepgagcnbsr iy ?)ér‘??"ﬁs ffg‘? °ea]g gdam

possi bl e  bef or enispricapsules grithShaslightip enodified eohpshy €1 m@@nﬂﬁ@%ﬁ%&@mr e
anchor age- deper}gﬁ}h ‘;‘;i?l I $ t han tlgle d2D culture within the same culture
vol ume, the -19 ties Tor cells cultured mlcrqcapsules with highly moditfied collagen.
All three cells were amplified greatly in the microcapsules, but not in the 2D
culture. The additional net positive charges on the highly modified collagen alone

could double the amplification of cells cultured in microcapsules.

Because many cells are known to respond to electric signals in the
microenvironments, it is believed that the net positive charges on the modified
collagen contribute to the observed higher level of cell amplification in the
microcapsules than the 2D culture. To demonstrate this, different amounts of net
positive charges on thq collagen were controlled by manipulating the temperature
and the time of the collagen modification. Using a highly modified collagen (the
preparation of which is described below), greatly stimulated cell amplification was
observed. The PC 12, HepG2, and MSc cells were amplified 295419, 17049, and
16312 folds, respectively, in the microcapsules with the highly modified collagen
(Fig. 1). Itis believed that the additional net positive charges alone on the collagen

matrix could double the amplification of cells cultured in the microcapsules.
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12 April 2005 mcrocapsules can potentially allow a | onger period of cell
culture to achieve greater cell anplification before cell splitting is
needed. | ndeed, PC 12, Hep&, and Msc cells can be cultured for 7 days in
the m crocapsul es of the present invention before the cells filled the

m crocapsul es and cell splitting became necessary. The |opg g?, P&§sM Ssi ve
culture tinme before cell splitting and the level of cell anp | I cation
bet ween each successive cell splitting depend on the proliferation rates
of cells under the culture conditions enployed. In 7 days, PC 12, HepQ&,
and Msc cells were anplified 1307, 503, and 1008 folds, respectively, in
t he m crocapsul es, aél‘heamhmre&dells@véﬂi&nw:ﬁisﬁﬁé sphit fP rd- ISiJoH't%ra%n 6€hdrves d
anplification an litt] in 2D culture, as shown 1 n Fig.

The folds of an%f WEM@J\? PSne Oé‘gmmﬁ@ Praavold B¢ celh damiageacawsed lbydensi t y

to the initial (XEltdchméﬂ&&bée)dﬁreﬁE&nﬁ&ﬁ%sédﬂn %bﬁl s;alﬁtﬂ%'z & arveg-tﬂngbﬁ%n%ﬁ:m

represents the F/ 1 val ues for cells <cultured e sy
represents the FPPeRAf e pregmt wpntion preferabla @llpws calfs do b@scpanatedfrdm tdeht he

slightly nodifi eshéut ( n e F/1 val ues
for cells cultured in ﬁ??&ﬁ:’ggg}u? %MEEQ%P ’F#J {Sir’o%qﬁ)?eeb 8a“(§89f]%vé’éwlq Al
three cells wer ePrepgsligsiof dlep @ﬂ@@tsb’giemmam%é’ ﬂlemosnoeqilﬁcﬂa@d nhidiﬁddoj‘onag&nt he 2D
culture. The ad n i nthe hi.gh

col | agen al one d‘ké%%?é(}a%egu%élatgtg ﬁ(ié{ga%g|“fﬁ$'?’%’g§§ %?m%aé’r“flg fE%]I &Dﬁﬁ' éé e‘&‘

m crocapsul es. BEeguBat ﬂﬁﬂ%ﬁ nmgtt of E@ 3kshowm tlieOmfaesmﬁmh biothemiisfokauii gnal s

in the mcroenvg, Q ed that t positive charges on
the modi fied col n contrl to t OQSbl?éeirv‘éth&ﬁ %ﬁgrw{aB%é‘lﬂ’W ther |

anplification i rﬁn@mulattd@aﬂméfpslmmz%spm& ineag BX Kipll 3 $ho®rs th'EQJréié%HBGﬁfohat e
this, different gnpu %§ Sq h 305|t|¥tmcharﬁ]as on_t he col | agen were
control led by nmani pul acsg “tHSTERS et dhr ercanshigted ieells i‘rﬁﬁuﬁﬁfmﬁ dydeseagen
modi fi cati on. UsioHagea fiberghl vy m)dl fied collagen (the preparation of which

i s described bel ow), ,great] |.ated  cel |l anplification was observed.
The PC 12, Hep@2, an‘égﬁ}%’é”“c |ﬁs 2& fideOélegez%téglet nopiiiye charees hpg 312

fol ds, respecti vzedlqped ilevel be gelaﬁdxpﬁhaﬁ)ﬁw furdl éélla%é}leashgnge{g{@éd r{ﬁcy fesdigol | agen
(Fig. 1).. It i s | i eved hat t he additional net positive charges alone on

the col | agen ‘?ansé?Yul ha sumbd (©haeraesents fthe natiaincallbgere(ll s mphhuthed i n

the m crocapsul egmbol (L)) represents slightly modified collagen (1.5 mg/ml); the symbol (x)
represents highly modified collagen (1.5 mg/ml); the symbol (©) represents
slightly modified collagen (5 mg/ml); and the symbol (+) represents highly
modified collagen (5 mg/ml). The positive charges on the modified collagen
inhibit the collagen gelation. In such an assay, 1.5 mg/ml of the native collagen

started exhibiting elevated refractive indices 1 hour upon incubation at 37°C.
Therefore, the kinetics of the increase in refractive index coincided with the
kinetics of the natural collagen gelation. The more positively charged the collagen,
the less gelation was observed. Because cell surfaces are negatively charged due
primarily to the negative charges on' the glycoproteins and the sialic acid of
glycolipids, it is believed that the negatively charged céll surfaces can neutralize
the positively charged modified collagen immediately surrounding the cells, and
induce the neutralization of a thin layer of collagen to gel. In other words, a layer
of collagen fibers is expected to form around the cells, soon after the cells were

mixed with the positively charged collagen.
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-20 12 April 2005 The cultured cells eventually nust be split for
re-proliferation or harvested for inmmediate applications. To mnimze or
avoid the cell damages caused by detachnent procedures conmonly used in
cell splitting or harvesting, the culture systemof the present invention
preferably allows cells to be separated fromeach other by sngiopgsom the
supporting substrata. This is possible because of two unique "properties of
the culture system nanely, the positively charged nodified collagen wth
reduced gelation (Fig. 2), and the fragile mcrocapsule shell (Fig. 3). The
upper part of the inmage of Fig. 3 shows the intact portion of the

m crocapsul e showin athegmpgdifiedt pallagem dvasr labeled witlyer flbresdemcshiykl wr aps
around the enc : h of. the i.mage, 0 i 3 shows
the broken port ?lg%%eg‘%eﬁftjﬁg%nc%cge}ngﬂééggt@g%s%go\%&%% BREQEaPFYles g’htﬁ afé% E?bgltegd cells
are supported bynadifassecollagsnl adpyrr 6 tdlagen Mwrshansbsémedirgundie ctite(Pidi fi ed

collagen with n By harge S a., reduced.l eve f gelation than
the natural col ?g &ﬁ&ﬁe{%g #g%és%?fr e%mf‘ ﬁ&%gF%fiP%{ﬁf?‘@%mn%faéi{e g@Q%ﬁ/‘?fﬂ?%%e@ynbol
(0) represents th@dnaippos! theoptolifeation] abd nahétohs dthehe SMEHPIgeIPenliERT €SENt S
slightly nodified colla eﬁ%gl.hS /m hﬁ t he s¥nbol é}g‘)ﬁ%re resents highly
modi fi ed col |_agé’i¥mtniﬁ‘h§n%§ Speh coraeen, HBYP arpieiareg te as tej "gpnfbmerodi f i ed
col 'agen (5 ny/ sedffoldstnd t he synbol (+) represents highly nodified
collagen (5 ng/m). Ehe positive charges on the nodified collagen inhibit
the col | agen gel ati oR"™Hie, X HiTm t§%§g§ﬁ,’ the gosiiiyely chrsadhmodified \cellegsh| agen
started exhi bi t irigaigéEM TR & el b . i NC| i.Qn at
37C. Therefore, the ki neetgiﬂlcs of ,t%hgyflggfb?gggg%?ﬁb%ﬁlg&ﬁ?@%ﬁnﬁg ex dcagi nci ded
with the. ki netgdense gelndhersfose, she ligyid collagengonld be omovahfomuheceflosithi vel y
charged the col laa@®r rin. B se. cel.l
surfaces are negativel ys‘e?ﬁgxﬁ%éﬁn%ﬁﬂg%%@?b @?ﬁ@gﬁgﬁ%{ﬁgﬂ}%cggaﬁﬁvmag%yées on

t he gl ycopr ot ei ARAnRer dipanetsr gk acfloac rage of 8 mingin o6 beakishe fragileamibebamuled t hat

the negatively %HQI-M&gog?Mcéﬂgéco o taﬁgc'hie‘?gom%ﬁﬁiﬁfqﬁhéﬁil\é%%#gmar ged

nodi fied col | agen 1 nredi y surroundi ng e Cce
neutral i zati on ¢fllswemiseparaigdirors fachoithengBrerdfaregmthordge-depd@entwaintializa | ayer

cells were harvested non-disruptively (un-disrupted cells) without subjecting them

to the typical disruptive detachment procedures used in conventional 2D cultures.
The harvested cells were re-encapsulated in the microcapsules at 1 x 10°
cells/ml in 1.5 mg/ml of the modified collagen and allowed to proliferate for 7
days. The PC 12, HepG2, and MSc cells were amplified 15012, 10048, and 89+6
times, respectively, in the microcapsules with slightly modified collagen and
295+24, 22019, and 150+12 times, respectively, with highly modified collagen
(Fig. 4). Cell amplification was quantified by calculating the ratio of the final cell
density to the initial cell density (F/). In Fig. 4, B and represent the F/I values
for cells cultured in microcapsules with the slightly modified collagen in the
- completely dissociated and incompletely dissociated state respectively; B and
represent the F/I values for cells cultured in microcapsules with highly modified
collagen in the completely dissociated and incompletely dissociated state
respectively. Harvested cells in single cell state re-proliferated to the full potential
while the cell aggregates exhibited a reduced level of re-proliferation.
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of collagen fibers is expected to formaround the cells, soon after the
cells were mxed with the positively charged collagen. -21 12 April 2005
When the nodified collagen was | abeled with a fluorescence dye
(Fl uorescein isothiocyanate, FITC) and fornmed m crocapsules with the
| abel ed nodified collagen, a |ayer of collagen fibers wasiph ﬂ¥2/m around
the cells (Fig. 2B) within 5 mnutes. Such collagen fibers coOnformng to
t he shapes of the cells could support the proliferation and functions of
t he anchor age-dependent manmmalian cells (such collagen fibers are referred
to herein as the "conforner scaffolds"). Further away fromthe cells, the
positively charged nitivas adneplabRoset tHeesmtdpaihn abgeh@dlihqg,gqna;ng;hﬁdyor had
| oose col | agen fﬁs.ber.s éFiIPs' gﬁ}i&gt' inter-linked as in a dense gel.
Therefore, the |{FIFACEEHSLS bit gellgaokiferatione glt fvyag foundehasdhd eomyilettly a
buf fer rinse aftdissopiagsic 3l ] 07| .

e iy SR GrEaE sy ol TORUE G IPFELD PoBear (e

approximately 1 . nminner _dianetér at a ow r

fragile nicrocap@efmepletelydissociatedcellpphiitadn reduesdileelisf reaquéliferatora(Fig. 41.t ached
to the individuathe 8lighty 8diflE colifle fco‘ﬁﬁr EaRERAGR! &% ”O{I}g@at%‘:h OSE-
Ves

Theref ore, anchorage-dependent nma ian cells were Rar ey

non- di srupt i vel ySigtificagt Siffgsenses del ¢ell) amplification sinbp@upletaly tohemontpettlie

typi cal di sruptidi%og%ggtggp@i Qs.ocedures used in conventional 2D cul tures.
The harvested cells were re- e%icapsul ated in the mcrocapsules at 1 x 106
cells/m in 1.5 ng/ mMUbdismpied nejldialsoenhibiv bitiy ettachmenttihaiostell eaopptoldgh er at e

for 7 days. The : d Msc cel | re.anplified 15012, 1008,
and 89+6 ti ms,a@%%ééoﬁsgﬁ?fhei%ﬁw 1e°"aﬁ¥ rCB@‘é%\@lfle]é%ﬁ%ftVWr%ﬁ‘?ﬂFﬁt?‘&/WﬁBdi fied
colj! ?g_e 3 anlolI Z%mpt;@mmihmmﬂrlof}‘&mﬂea.l _F?m&sue_ dngmB& &gl ‘f,gﬁcyd_ﬁ?ﬁy; gbsbmhﬁpl y
nodi fied col | agen._. (Fig. cation was quantified by
cal cul ating the Posiritlé eepiptont Farvestel Bete thad ayrice SheraciEstasit vie. ool |
density (F/1). In Fi Che4harhdtéiitbes 6HPCT EPESS AR rdt hl@paFJc&te‘é?iaMﬁ@d od %fe%n%i@l I's

e

cultured in m crocagsul.es \gith the slightly nodified collagen i
conpl etel y di sso8BH-SoPIUEHPLROLEHF SWdaces Were swamineds dRatthepatorytes et isedl yv: (1)

and represent tiaeplivel of VYRS bdcRise G hepatobidsUhRA vdhl-TabdcREB05 M LRmilt D

hi ghly nodified .. s
characteristics to specific ligands. Rat hepatocytes also have a well-established

functional assay for the cytochrome P450-dependent mono-oxygenase activity,
which is a good indicator of the detoxifying ability of the cells.

PC 12 cells interact with the YIGSR peptide-binding domain of laminin.
Rat hépatocytes specifically bind to motifs on certain sugars, such as lactose and
galactose. The lactose and YIGSR fragment of the laminin were chemically
conjugated onto polyester (PET) membranes and the kinetics of the cell attachment
to these membranes was measured. It was found that the un-distupted cells
exhibited better attachment kinetics than the conventionally cultured cells (Fig.
5A-B) on binding to these ligand-modified polymer surfaces. ‘

In Fig. 5A, () and (M) represent the attachment of the un-disrupted PC 12
cells onto YIGSR-conjugated and plain polyester- membranes, respectively; (A) and
(M) represent the attachment of the conventionally cultured PC 12 cells onto
YIGSR-conjugated and plain polyester membranes, respectively. In Fig. 5B, (0)
and (0J) represent the attachment of un-disrupted rat hepatocytes onto

lactose-conjugated PET cover slip, respectively; (¢) and (x) represent the
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collagen in the conpletely dissociated and i nconpletely dissociated state
respectively. Harvested cells in single cell state re-proliferated to the
full potential while the cell aggregates exhibited a reduced |evel of
re-proliferation. -22 12 April 2005 It was conceivabl e that the aggregation
observed in the inconpletely dissociated cells could inhi@t%‘ﬁf?&ﬁ
proliferation. It was found that the conpletely dissociated é% s could
re-proliferate to the full potential (as in Fig. 1) while the inconpletely
di ssoci ated cells exhibited a reduced |level of re-proliferation (Fig. 4).
The highly nodified collagen could enhance the cell anplification with no

significant diffaherisds of heCBhtenfomlil bhmdtd 27 pl Lotk letely
di ssoci ated states (Fi gﬂ’ 4)6. Une-l_ldi erSg ed cfe%?lhgﬂéﬁgﬂgpgﬁth?%ﬁsgé%*%%qp
attachnent ki netd€@splaigelBT geyvep ship.otgspectively. f The tunskimuptddaPC t Recotionuéniti onal | y
cultured cells Haghi WL r IS i ve' det achment dures.
For tissue engi negr P?\% SS‘SE i fé)gﬁ g(ggm%ﬂ? bf@rh%%%en?&gg@bqogugggé %&ﬁspl ant
har vest ed cel | s qowett slipithandhe dpaventianalytceltared ¢ells. i n vi vo. The characteri stics

of PC 12 cells and r h te l.tured on specific |igand-conjugated
pol yneric surfaces mghg %gﬁ%&ﬁéa&éfl%ecﬁﬁf 8§§Rg§§ TEFBORE X fR-pitate  of
Hep& because r atictrepuiromynts Thavell wokphogalod RCE12 261 wist aRiRA as they '
characteristics to.specific |igands. hepat ocytes al so have a

vel | -establis heaat“a?’%?ﬁctf’i %?1 E{Fa“é‘é%g}‘gﬁ%ﬁhﬁem@?f@&%r oHisephonss afiss dhey eefls

nono- oxygenase aedre icupated with €2 thémtageale LI ihGALAEd £dm LhS eAfla@KdithicNd
ability of the Csﬁlrlﬁ PC 12 .clgl |s interact with the Yl GSR pepti de-bi nding
domai n” of | ani ni¥f™® F%&F“f*é'p‘ﬁlf Wrraddnuphology, &g 15¢) bimepnirastythe pr-disomtader t ai n
sugars, such as B@QRoss ARBibitGRIBHARS rolh§ hRFRASS Wg?g%%gﬁwt of

the lam nin were chem fal | y ..conjugated onto pol yester ranes and
the kinetics of dpemEa Fx‘ﬁl"f’l&ﬁ%rfﬁ‘%ﬁmesttbattsﬁ%%{ ¢ hoansseppsted hyatheicelts. |t

was found that tdre, Yy divsks ol het. t i netics
t han t he conventqugnaF?y cu it%%ﬁlg?jt&gglbﬁg C?E?haﬁgg?g?ﬁ%ﬁgugﬂﬁ?pﬁlg@g%%ese
| i gand- nodi f i ed 36T JsBY passeges c Bherefpre, the gn-dByruptgddellnsedm(t0 presaps batentell he

attachment of t hgo/Roidby hdiith&flxEeretdn than the conventionally cultured cells.

In Fig. 5C, the top left panel represents the un-disrupted PC 12 celis 3
hours after attached to YIGSR-conjugated PET cover slip; the top right panel
represents the conventionally cultured PC 12 cells. The un-disrupted PC 12 cells
bave secreted significant amount of the extra-cellular matrices than the

conventionally cultured cells. The bottom left panel represents the un-disruptéd

PC 12 cells 48 hours after nerve growth factor induction; the bottom right panel
represents conventionally cultured PC 12 cells. The maximum length = ¥ (length
of the longest neurite on each celly/n. The mean length = Y'(mean length of all the
ne}lri’fes on each cell)/n (n=50 cells). The un-disrupted PC 12 cells show longer
neurite extension than the conventionally cultured cells.

The PC 12 cells ¢an be induced to form neurites by nerve growth factor.
The maximum and mean lengths of the neurite extension are good measures of the
PC 12 cellular functions. The lengths of the neurites extended from PC 12 cells 48
hours after induction by nerve growth factor were measured. It was found that
neurites extended from the undisrupted PC 12 cells were 2-fold longer, in terms of

both maximum and mean lengths, than the neurites extended from the

-24 -



cells onto YI GSR-conjugated and plain pol yester nenbranes, respectively;

(A) and (A represent the attachnment of the conventionally cultured PC 12
cells onto YIGSR-conjugated and pl ai n pol yester nenbranes, respectively.
In Fig. 5B, (0) and (E represent the attachnment of un-disrupted rat
hepatocytes onto |actose-conjugated PET cover slip, respegsiapgal ¥jo050) and
(x) represent the -23 12 April 2005 attachment of the conventionally
cultured rat hepatocytes onto | actose-conjugated and plain PET cover slip,
respectively. The- un-disrupted PC 12 cells and rat hepatocytes were found
to exhibit better attachnment to |igand-conjugated PET cover slip than the
conventional | y c@bvamtienhllyehlised FQe2 oeitsgihig) @)y of PC 12 cells changes in
response to extra-celhular .mcr i,ronpent. The cell norphol ogy of PC 12
cel|s was exam ned aglh ? h@oc%ﬂea%ﬁ%d?p{?m{éﬁﬁ IDGQXLECEHH] t'%f‘gj’é(%t)éonP‘%F rat

menbr anes. Thr eehtacyiesablbe rwas hleaserel.s 7-8R68résbRRRAa¢A TheMob Vel pyERbT anes,
the cells harvested frorp r(’ivenéional culture started to attach"wth
spread mor phol od:ﬁ)(:lkgioal.e §g§' CReRdub RSty geRasRint Biosesent pxedugb@esbpufine| | s

exhi bi ted the hegtet hﬂoﬁﬁ%dhé%@ﬂéweﬁ&YWmhﬂg@&“aﬂg Qntﬁiiegq%fnigf%%nfo aﬁﬂ;unt of
y

extracel lular matrices that seenmed to have been secrete e ce
(Fig. 5C). Undi fUE108¢RPP-at ebhep@ndrenitd gatndepaidelips esxhibiied a Qufoll riighehol ogy

until after manRIFEAGEBmcIRERSE A éon%%o#ﬁsifgdéuﬁglﬂéﬁ) f%:gl?%gﬁglliﬁ)é%eﬁg]urg 0

preserve better cell norphology and matrix-secretio
conventional |y CAfFE aaghing é lagtose-onjuiggted BET mebranep Thebforgalaln-dieppesent s

t he un-di sruptedRC . ter. attached t | GSR- conj ugat ed
PET cover slip; s heh'%%p&%g tﬁ%daﬁéé‘t& %F%%Irnggtéﬁiogp 8¢ gtogh thapythe | ¢ ur ed

PC 12 cells. Theonyengprailysnbured@ils2 FigeSDsllnshane daedfietion fimcGa §fiteapt anount
of the extra-cel i n.the onventional ly cultured cells. The
bottom | eft pane ei?'értgggg es%%tngegglﬁéec{]g%-% SO 9%’{9"%26‘3%11‘] WORBORYEERAse af t er
nerve growt h facrvity asyctthdied otth theladidseaoijigdd FEMBYer sHEP18S SRhHIER
conventional ly ur PC 12.cells. The _npaxinumlength = E(l ength of the
| ongest neur i te%g‘lr\rgsgg{g%hec%mx}%}cﬁ&o“rﬁﬂ"t’r?ﬁﬁﬁg?é‘ﬂ'&isﬁlpt—edvglh%QW sysbdtlll of all the
Ineuri tes on eachemedchls/ the (corbhtic@illy Soulturbl Coells) - PeS il B R R Gatl Refaflcy s ShOW
onger

exhibit 2-fold higher detoxification function than the conventionally cultured cells
3 hours after attached to the lactose-conjugated PET cover slip (n = 150).

The morphology of the MSC cells on a 2D culture changes with response
to the numbers of passages and tend to undergo spontaneous differentiation. The
morphology of the un-disrupted cells and the conventionally culture 2D cells were
observed as they attached onto the tissue culture polystyrene dish after a month of
continuous cultgre. In a suitable environment, the heterogeneous cell populations
can differentiate into several lineages depending on -the induction factors and
environments. One 'typical characteristic of these cells cultured in 2D is that they
have limited proliferative capacity (from about 7-13 passages). Most cells exhibit
a slowed proliferation (increasing doubling time) after about 10 passages, and
almost completely stop proliferation after about 12 or 13 passages. After that time,
the cells randomly differentiate and lift up from the culture dish and float up into
culture media (Fig. 5E). The cells typically have a doubling time of about 48

houss, i.e., the cells can proliferate for about 2'2 (= 4096) folds per isolation from
boné marrow when cultured in 2D. '
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neurite extension than the conventionally cultured cells. The PC 12 cells
can be induced to formneurites by nerve growh factor. The nmaxi num and
mean | engths of the neurite extension are good neasures of the PC 12
cellular functions. The lengths of the neurites extended fromPC 12 cells
48 hours after induction by nerve gromh factor were rreasq??g)mbboyvas
found that neurites extended fromthe undisrupted PC 12 ce were 2-fold
| onger, in terms of both nmaxi mum and nean | engths, than the neurites
extended fromthe -24 12 April 2005 conventionally cultured PC 12 cells
(Fig. 50 . The cytochrone P450-dependent nono-oxygenase activity of the rat
hepat ocyt es al so mshr@asiﬁ,@wleﬁpmefmmsmwm nelsanpdieage 6y udiocipby t he

cytochrome P450-denpen ase ...nt ores ent r uct,
resorufin. The annuntqp{g%su?ﬁﬁ&fr?ﬁ&? ¢eh léh nge Pﬁ‘i‘g“eﬂa“& EFpﬁqﬁ i%d usi ng
a confocal mi crdcwum;bcellﬁha passage ST pi8e Hourd tupbue Pftheheithe Sntd Xdkskd ke 2-f ol d
hi gher det oxi f| E’E nct,ggn t,han he con\ge Qnal ly l(lzul tlired cells
(Fig. 5D 3 houfs eﬁ%@e gy pf’?) PRI PGB 112?? 6t dopasiege AdnBhishes.

Therefore, the havadslomapt Mreaﬁeelhlr&e hapmllfb%ﬂéﬂs’l‘lﬁ@ﬁ@ais 4 etusahi Ay nt |
nor phol ogy, and I(]?mctl on ?}ﬂ t he ventl onally cultured cells. Fig. 5D
i|lustrates det %Y FERPF éﬁri’ad]nm ?H@’ pgonfluenexs Jtigt Bsillugizatesethsur ed by

the cytochrone RéBflinge maanécdm@n%@sym@?ep%eﬂtmwo@aﬁgm%tf d onto

t he | actose-conju a PET_cover s@ he Synmbol represSents t

det oxi fication ‘f‘FHErf Theymbal éepﬁﬁnéﬂh@éwbbngtlmeOﬁmgthveatlmﬂyesent s
the conventi onalchyurg&lbgmr ed cells. The un-disrupted rat hepatocytes
exhibit 2-fold higher _detoxification function than the conventionally
cultured cells 3 holfhenghe eqlisgvere chlbued i thtn 8D mtemsdihe)mesgmm&nﬁtﬁﬂ' cover

slip (n = 150). ,#Qg 4MHE" lPWfogf gﬁic%% G o se%]dt%zgﬁdgllyég ’@B&n Nges

with response to the nunpers o sages and Sneous
di fferenti ati ondogiling tirpe p?hs)tadgt\;eddb abtve 2drhodissin i ﬁﬁbr@@béu&saﬂdleﬁé\&lls

COnMEnT TN, S S B oS S Sl S ¢ e
10'%-fold amplification. In terms of the age of the cells, such amplification is
equivalent to about 35 passages in 2D culture. At the time of filing of this
application, the cells were still proliferating in microcapsules as readily (e.g., with
the same steady rate) as when they were first isolated from the bone marrow.
When these cells were plated onto a 2D culture plate, they exhibited the same
morphology, and the same doubling time (48 hours) in 2D culture as those cells
freshly isolated (in contrast to the cells cultured in 2D culture for 12 passages,
which then stopped proliferation). _

The three-dimensional cell culture system of the present invention can
greatly extend the proliferative capacity of many primary cells isolated from
tissues, especially those precursors and various stem cells from bone marrow and
other possible sources such as cord blood, adult blood, fat, etc., for truly large-
scale production of such cells. This in turn will greatly facilitate or made possible
the various applications (e.g., transplantation, tissue engineering, etc.) using
autologous or allogenic cell sources. If sufficient adult stem cells can be amplified
for various applications, this potentially overcomes one of the primary limitations

of adult stem (AS) cells, which in turn could avoid the ethically complicated use of
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continuous culture. In a suitable environnent, the heterogeneous cell

popul ations can differentiate into several |ineages depending on the

i nduction factors and environnents. One typical characteristic of these
cells cultured in 2D is that they have limted proliferative capacity
(fromabout 7-13 passages). Mst cells exhibit a slowed pyphipfiep@ss on

(i ncreasing doubling tine) after about 10 passages, and al noSt conpletely
stop proliferation after about 12 or 13 passages. After that tinme, the
cells randomy differentiate and lift up fromthe culture dish and float up
into culture nedia (Fig. 5E). The cells typically have a doubli-ng time of
about 48 hours, embfaomcstbm(b?%)ideﬁsdmgetbcrrol iferate for about 212 (= 4096)

folds per isolation f bone .marr qw when cuIt red in 2D. -25= 12 April
2005 In Fig. 5E the igt e%%‘r‘n &fing RS can grea Sbeefi Gomithe)pr-disgwted, 48

hours upon atta@ﬂismbhmbdbyui& IMubiltiieodBb Yeekahk @ivBntfdnS Munmkifis FrEAL fapanel
represents the U passage 11, 48 hours upon attachnent

. di t ed (gpa{l | s aCL

onto tissue cul tUure é%% tor dewelopyjpnd, imprave ¢ellaitactzagnt| Itrlébﬁl@yedlﬂ@ttﬂw?e 2D
cells at passageunldasrupﬂaﬂ@bus th@r&@&ra&meﬁt%ﬁs igb &y ation.
The un-di srupted celqlﬁ'i3 the 2D cells assune th spre nor phol ogy
at confluency. FPEe rt?l I1he tyagirermentyfor cgll te] teenyen frore tef typioal detdchmentThe ’
symbol (r) repregdiigss & srbbby 18 bhvR cel The
synbol (r) represent sS t}%gndou Ijlyng ti netl&iau%ﬁgmg%rn%eg% ona%?d gt??#l?r ed

cel I's. Wen the Wefismpigd, gellsyran rivigrach witle BO egiaeeand dilomimenqls eﬁﬁfabes

i nvention,  abouimmedidiy abt Hab st [ rved in

days. Thus, the doubl i na Ti e woaE recﬁ@1 ﬁegaotafﬁ:% Caﬁ}eﬁﬁ?ﬂgg SFWGP‘PI"E

nmi crocapsul es. THika %@Oﬁspeﬂﬂétoé tignel touretter ¢amtrnd ﬂnecfomﬂuix @f cbilipleB TisslRy'S,
whi ch is equival gRkinicg @ fold a ation. In ternms of
the age of the cells, %sug%égrru% d;% 1’(@%?&(}}%%?% haée H’lt??gpfétl’]f eé?ﬁ’SPfPrSS@d
passages in 2D cﬂh@rumembmme tdomponents thit fad |e1ﬂgmcrf thehinferactip® | HeGdeh Ofheset he
cells were still r.atl n croc s as.readily (e,g., with the
sane steady rate &cat a‘ﬁ@ O{her é“u Pt et x h‘iﬁ%‘tlﬁﬁ“‘feﬁ&ﬁnﬁ@gmﬁ@%& ow.
Wien t hese cel | stmﬁmsevheha'amplanmdmﬁv&ﬁrﬁsshétbpﬁrﬂida’égénex’éi”@y exhibited the
sane

Furthermore, the microencapsulated cells can be cultured in
well-established macro-environments such as the packed-bed and fluidized-bed

bioreactors for large-scale production of highly functional anchorage-dependent

cells for various applications.

EXAMPLE
The following example is illustrative of preferred aspects of the invention
and should not be construed to limit the claims in any way. The example
illustrates preparing a three-dimensional cell culture with hepatocyte, PC12, and

MSc cells. All reagents were purchased from Sigma-Aldrich unless otherwise
indicated.

Ter-polymer preparation

Ter-iaolymer of methacrylic acid (MAA), 2-hydroxyethyl methacrylate
(HEMA), and methyl methacrylate (MMA) was synthesized by solution
polymerization in 2-propanol using 2,2’-azobisisobutyronitrile (AIBN) as initiator.
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nor phol ogy, and the sane doubling tinme (48 hours) in 2D culture as those
cells freshly isolated (in contrast to the cells cultured in 2D culture
for 12 passages, which then stopped proliferation). The three-di nensi onal
cell culture systemof the present invention can greatly extend the
proliferative capacity of many primary cells isolated from2hps5265
especially those precursors and various stemcells from bone marrow and

ot her possi bl e sources such as cord blood, adult blood, fat, etc., for
truly large- scale production of such cells. This in turn will greatly
facilitate or made possible the various applications (e.qg.,

transpl ant ati on, “19 SEPROMEEYi Waer dipfifledepnder pisogan atuedhoed opressare. al Thgeni ¢
cell sources. |f skl l.s.can be anplifi f vari ous
appl i cati ons, th?sy%gﬂtl%ht&ipxé?% l(‘)f\%ré]?égg{r@etge%n%m% rtcﬂﬁceﬂgg rS’fe&il rﬁ“‘(f)l%tf’ ns of
adult stem (AS) Benemers ypdet hitiogen witna oopheaic atimérdt 781€ ie bl bit Bath.y TEO®B cat ed

use of -26 12 Apkl 0 r iy G St S) cells et her. Tissue
engi neering appl féggtr%g)ngf @g%’éﬁt@él& ‘y‘“@%ﬂ%ﬁsff"&%a{ ﬁé‘Eg:gQ&Fé’Fhﬁbf"é'ﬂs agel | s

obt ai ned by the @ibired kidithe rao dffietalanesmidr td SoteRE 4tON6 (WAEMBSeRiiEPHLs have
been undert aken g%weﬁ%gl o({/)? a(.gfi i nproye cell attachment. It is believed that
the un-disrupt e iR 1€ PR, foF 0 band grepched by coakingiorroom teraperatarec an '
conplement t hesEhepblpmbswas prcipRabd beHaAikien (P4 1668 bacebd m t he
typi cal det achmsﬁ]t1 danmages experi_encgd by the _co%vente%o(r)lf; ﬁ%lég{?l %tﬁﬁé}'ed

cel I's are avoi ded”sd"tHRIPI s thdisioliedpited erinipmme arolinmt @xf acthaned,t bnd he
engi neer ed bi ombieqirbapitaidiiih nBst wh @R SRk bR e el UAGRELDG: oM M P! ©
types of cells can. be seeded sequentially w'thin a short period o ime to
better control t#Pemyhydioxids solutieanpnd futties queified diystepeatéds dialjsis Szainst

un-di srupted cel §istilfldSeathioveh | t ofC8h r . receptor t her

menbr ane conponents_that can mgﬁc% thg’ %}itlg&g&zfgn %Nﬁ@eﬁﬂgﬁg e

un-di srupt ed cel Was &ned ©thser63¢6Ths polymex canzpositibh whadeteraiindd &g prdten NRIFET at e
functioning tisgiese Wy DNt KN Vivo for tissue.r i.r and
fegeneration. Further rro?dg,ﬁtgoﬁe m cr’oencap%‘#%“’@ ?‘f‘@é&he‘éﬁﬁéﬁﬁi}ﬂed in
wel | - est abl i shedfordks molanéedomtienf 852650, dRhethelequis kgt el RN @r-polymer

Fluidized-bed  pefore dialysis was determined by GPC (with THF as eluent) to be 30,000,

Modification of Collagen at 4°C

Collagen can be modified to be cationic and anionic by the removal of either
the negative or the positive charge from the collage‘n chains. In this case, cationic
collagen was obtained through the modification of the carboxyl group by
esterification with low molecular weight alcohol. 20 ml of stock solution @3
mg/ml) of collagen (Vitrogen 100, Collagen Corp., Palo Alto, CA) was first
precipitated with 400 ml of acetone. The precipitated collagen was dissolved in
200 ml of 0.1 M HC1 c_ontaining methanol (Merck), stirred at 4°C for 6 days under
sterile conditions. The Iyophilized modified collagen can then be stored up to 6
months in -20°C in the presence of desiccant. The modification was monitored by
titration. Titration of the natural collagen gave a typical titration curve of a mixed
acid or a dibasic acid, while that of modified collagen gave a typical titration curve
of a week monobasic acid, indicating that most carboxyl groups have been

esterified in modified collagen. In addition, neutralization of the modified collagen
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bi oreactors for |arge-scale production of highly functional
anchor age- dependent cells for various applications. EXAMPLE The follow ng
exanple is illustrative of preferred aspects of the invention and should
not be construed to limt the clains in any way. The exanple illustrates
preparing a three-dinensional cell culture with hepatocytejy RphPrond Msc
cells. Al reagents were purchased from Si gna-Al drich unl ess otherw se

i ndi cated. Ter-polymer preparation Ter-polynmer of nmethacrylic acid (MAA),

2- hydr oxyet hyl methacrylate (HEMA), and nethyl nethacrylate (MVA) was

synt hesi zed by solution polynerization in 2-propanol using '

2, 2" - azobi si sobuteerdolest sddien (yd:BRRle an kiak bf Ab Abwmral 3dilaken, ARlitdin2 AP mEhe
nononers were distill edtg:{uquggr nit(rﬁgi% n at reduced pressure. The

pol ymeri zat i on WELYB ¢ the FqdiGRd jcptlagen diay les ieninheroups decanse of thenol % of
nmononer s under néﬁdimﬁmnvdfm&rﬁaﬁﬂ?{'g stirrer at 78C in an oil bath. The
nolar feed ratio of MAA, HEMA, an was fixed at 25:25:50 or other
ratios as desired and the ratio of total nononer to solvent at 1.6 (WV).

The reaction wasModificbrONRBERHTEHN IR eRUEL ni ght and quenched by cooling
to roomtenperature. The polyner was precipitated by addition to a |arge
excess of petrol eum€RiRgen canpranqsifieditpbe eatieninard andonds bystbk vaubvalpfaithérni num
vol ume of et hanojye py bEMRHEGHRY ' LSt.bd ] &d: er. Recovered

pol ymer then was dj gé'shgr(\e/ed i% a 1 %%gggmgh%k%lx@glgg\gg %‘lsi%?f; CANGCF ur t her
purified by repegrliegendivees yeitainedy dirongh tdi swoiifbaidnvet eie virbbxyWEEHH by 3500,

and | yophilized. o Jhg- N ; ner found to he - 63% The
pol ymer conposi t?son> V\c%%oqjd‘gltﬂg;o% ﬁggggélly%?%]{t# ga‘ﬁﬁ““ﬂ?@ n%?l‘&f Oﬁ%‘?‘iko of
MAA, HEMA, and Mdutisad3 foggimt) cotiages (¥Broder?7004; 6Qllagen €6, PAR A'I?%@A)fvea%d ratio
of 25:25:50. The | ar I f.the ter-polyner before dialysis was
det er mi ned by G:’@[IF éﬁgﬁﬁm’?‘ﬁe&ﬁf& 9@? ﬁ'g?ﬁ jeetope-p eéﬁ?‘%@@?edweﬁaaenévaﬁ ﬂ’@ﬁXWﬂ
Col | agen at 4C in 200 ml of 0.1 M HCI containing methanol (Merck), stirred at room temperature

for various amount of time (3, 6, 24 & 48 hours) under sterile conditions. The

modified collagen solution was dialyzed for 2 days until the pH reached 5 and

lyophilized. The lyophilized modified collagen can then be stored up to 6 months
in -20°C in the presence of desiccant. The degree of modification was monitored
by titration. Titration of the natural collagen gave a typical curve of a mixed acid
or a dibasic acid, while that of modified collagen gave a typical titration curve of a
weak monobasic acid, indicating that most carboxyl groups have been esterified in
modified collagen. In addition, neutralization of the modified collagen needs less
.sodium hydroxide than that of the natural collagen, indicating that the polymer
chain of the modified collagen has less carboxylic protons becanse of the
esterification of these carboxyl groups. The collagen modified at room
temperature has a higher degree of freedom in terms of the amount of positive
charges than those modified at 4°C as described previously. This allows a wider
range of collagen concentrations to be used to form microcapsules since the

previous microcapsules are limited by the charges on modified collagen.
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Col I agen can be nodified to be cationic and anionic by the renoval of
either the negative or the positive charge fromthe collagen chains. In
this case, cationic collagen was obtained through the nodification of the
carboxyl group by esterification with |ow nolecul ar wei ght al cohol. 20 m
of stock solution (3 ng/m) of collagen (Vitrogen 100, Cohigg,ﬁmzmp ,
Palo Alto, CA) was first precipitated with 400 nl of acetone. The
precipitated coll agen was dissolved in 200 m of 0.1 MHO containing

met hanol (Merck), stirred at 4C for 6 days under sterile conditions. The

| yophi lized nodified collagen can then be stored up to 6 nonths in -20Cin
the presence of laeatiemefdepatppdesyodi fi cation was m)nitored by titration.

Titration of the natgy on .cur a m xed
acid or a dibasic acl dﬁ{o\/\fr&% egltg%grtvg&%ldeﬁﬁng% coI ta %\'?8 az\é@y%gbﬁl
titration curve byoR Zspek mn@sﬂaganaseapﬁrﬂlslonmm dmtnbeg prh\abuslyoﬁrﬁthmhiboxy |
groups have bee ie ified | n_.addi ti.on,
neutralization (r)}P @ﬁ%ﬁ{%&l flﬁéédq%g??aégen 19@ @E&H 8% RS Pefe® sodi um
hydr oxi de t han tdmesthedia. . memobabmuialwaeolaﬂmgﬁﬂered ngli cat ieg tdratsot hagkpol yner
chain of the nodi |ed ,[coah)l ? %Bt éﬁs i oni ¢, groups because of fhe
esterification OIP FRETORY Xg\/ © §ag A dhe psEPR-c ’b]ﬁP"cS?tO%‘bH‘FH@'@ﬁCﬁ%nu}ﬁoom
tenperature Col | ageladandfixeidl b bbsSor Mordp@hetiriaPidint @e&v@da *nh
renoval of either the negative or the p05|t|ve char ge from go? agen

chains. In this LadeweripHome Bofbe digein2 *&/&\‘@m@tﬁﬁapfﬁ@érftl&mbﬂ@m ot -Freo
modi fi cation of Isem,sﬁ,gm%ﬁylwagrp@gw W]ﬂgttﬁ\er ér‘} ,&r&wsgrpslﬂgvlp%&:ul ar

wei ght al cohol (e.g. methanol). of stoc col I agen

(Vitrogen 1000, f@ﬁ?’r“ﬁ’@éﬁf@)lﬁbﬂ IatfP@ﬁﬁQ ml pey, migpie. \Mible ﬁre-rpsrtfuqmnemqoeaha’ﬁded with
0.1 M HD cont aliras BuRER hleffh e AR dadBRedd il S R B el g it or
various anount oqztutsptmg Afr 16 migutesof 4Be-parfusion withder" -ﬂeeemedhmn,cme Gived was. The
bR PITY CF R o
to 6 nonths in TEHO®as termjnatep wéise the vendf catle fiipated) t The ERBredREN GG 1§l’cocedure
modi fication was Wil Bér&" &l under oxygenation that greatly improved the cell viability. The

cells were liberated from the connective vascular tissue and re-suspended in fresh

growth medium. This was followed by incubation of the cell suspension in a 37°C

CO; incubator for 30 minutes. The cell suspension was then filtered through a

nylon mesh with a 60 pm pore size to further remove the connective tissue debris.

The filtrate was then centrifuged at 50 g for 1 minute to obtain the cell pellet. The

cells were collected and washed twice with growth medium. The viability of the

hepatocytes was determined to be 90-95% in all cases using the conventional

Trypan Blue exclusion test.

Preoaration of microencapsulated PC-12 cells

Microencapsulation was performed at room temperature with the aid of a
syringe pump (IVAC P6000, Alaris Medical Systems, San Diego, CA). The PC-12
cells were suspended in a modified collagen solution that was prepared by first
dissolving the lyophilized modified collagen in Phosphate Buffered Saline (PBS)

to obtain a collagen concentrations of 0.5, 1.0, and 1.5 mg/ml. The cell suspension
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by titration. Titration of the natural collagen gave a typical curve of a
m xed acid or a dibasic acid, while that of nodified collagen gave a
typical titration curve of a weak nonobasic acid, indicating that npst
car boxyl groups have been esterified in nodified collagen. In addition,
neutralization of the nodified collagen needs | ess sodiu OX | t han
that of the natural collagen, indicating that the pol ymrﬂgﬁgilgigﬁe he
nodi fied col |l agen has | ess carboxylic protons because of the 1
esterification of these carboxyl groups. The collagen nodified at room
tenperature has a higher degree of freedomin terns of the amount of .
positive char g#es mamtpined at4Crootrd the dxpetimait te previerd thei golatiopofshs callsbsn  Thi s
al | ows a w der siaf c %e %&'-1'26‘&?1@ sﬁ%@ﬁs%ﬁ Gl ARl %o%ea%%q %Oefgédi‘é

m crocapsul es since the previous m crocapsulees are |mtedgab§ the char ges
on nodified col kdapbed to th2 synge | puHOB visaisaflaworatesfsultithba tnte v 1186%-18p adrocyt es

were harvested from mal.e. Wstar .rat. | ghin rom 25Q- 300 a 2-step
in situ coll ageﬁ’?aloe erpéorl?%ogﬁ osy Qthsrlye %%%ghﬂ?‘gvih&&%fﬁ"ar tcgmg%jn’é‘%gen

modi fi cations. TiudeculRt bomsl @i the medlely Hareell thrq@mid Meledilddul @Be bekpr €
anest hesi a. Pent‘?r’?aar bi{atb was adm pi stered at a d?se of 30 n}%/ kg,

i ntra-perit onealfY§A%8t °f HEe shigrqcaples h ko fGuR o2 i BRiyelogtiolyte |cop®IeSt onfhe a

portal cannul a miBscipkilestertoubhi@dt BTCAfPas oo ﬁio%nﬂlet&ﬁ%géﬁrtB?EelVei n. A
cut was rapidly de.in  the lower versa cava. In the first 2-3 mnutes,

pre perfusion (RFPF Bgmicrocansules Serq bargssted vt edimepiptiop anathadrand wieshed ¢ he

l'iver remained iwics wit 1XTHES BLfukUSFuRuridd oW was started at a rate of 50 ni
per mnute. Wiile pre-perfusion was carried out, the liver was transferred

to a petri-dish andMsdezieg the shasersi of ohe spesitivaly tchargeds coHageni and sthe e.

After 10 m nut egolen®itRnRe Eﬁe@ﬁ%ewi éﬂﬂrg@&ﬁ??fgf nier g&g.{fjo?%lg tﬂpgﬁx{eés\/&r tﬁg\’as 10

then perfused with recirculating 0.05%co anot her
mnutes. This verobmatrihedl Ad.vmemlichliager has less pasitivepthargesithaid i é. Semg/nl e

per fusi on procedys [ X nation that greatly inproved
the cell viabili ty&e‘f\ﬁgﬁe@% & %@g@:ﬁgfé@a{ Sty %‘&“ﬁ%& °§gﬁﬂ&WF§/é"‘9§§cul ar
ti ssue and r e- suependedptimal fmass transporopobertied iThezefobs)i 19%/ & shd ©f-palyraet iby
i ncubation of th L.l suspension in.a 37 i nqupat or for 30 ninutes.
neutatvon of e ) AUSBPISLTL ]t LS e

to complex coacervate 1.5 mg/ml collagen to form 2-5 um shell. If a 10% ter-

polymer is used for 1.5 mg/ml colle{gen with high charge density (modified at room

- temperature for one day), then a much thicker shell is formed which impedes the

mass transport properties and leads to central necrosis at center of the

microcapsules.

Preparation of microencapsulated hepatocytes

Microencapsulation was performed at room temperature with the aid of a
syringe pump. Briefly, the hepatocytes were suspended in a modified collagen

~ solution that was prepared by first dissolving the lyophilized modified collagen in
Phosphate Buffered Saline (PBS) to obtain a collagen concentration of 1.5 mg/ml.
The hepatocyte suspension was maintained at 4°C before the experiment to prevent
the gelation of the collagen solution. The hepatocyte suspension was extruded
from an 18 % gauge needle attached to a syringe pump at various flow rates into

10% ter-polymer solution. Thus, the positively charged collagen molecules bound
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nylon nmesh with a 60 mpore size to further renove the connective tissue
debris. The filtrate was then centrifuged at 50 g for 1 mnute to obtain
the cell pellet. The cells were collected and washed twice with growh
medium The viability of the hepatocytes was determ ned to be 90-95%in
al | cases using the conventional Trypan Blue exclusion tesgj ApHl 8@y ation
of m croencapsul ated PC-12 cells M croencapsul ati on was perforrred at room
tenperature with the aid of a syringe punp (IVAC P6000, Alaris Medical
Systens, San Di ego CA). The PG 12 cells were suspended in a nodified
col |l agen solutio hat was_ prepared by first_ dissolving the |yophilized

nodi fi ed col | agé‘h L‘h nopRisiYa thargsds leep@lymes molgsuleppt)the wptepsudacs of 8l | agen
concentrations Qﬁlcfoca)suﬁs QIO ﬁﬂﬁ' zﬂ-p‘é#&%@gl eT&En &l ’ﬁ:}ésﬂﬁé}?daﬁﬂﬂessgf b2 April

2005 was nmi nt ai ned at C before’t experi nme t to preven e ge ation of
the col | agen sdnqubpted. atTﬁ"é’CP@lgn%élohs tg Lallown gleo rollagen etot gﬂdb&forhrﬂm a

30. 5 gauge needl g otk ARlo ik lies BY LA RUITAL 81 U3 O L2152

suitable into a 1 er- SO Fon unt 85t

Thus, the positiRES fprﬁindacg@ﬂiunmgal | agen rrol ecul es bound to the negatl vel y
charged ter-polynmer nolecules at the outer surface of the m-crocapsules to
forma polyel ectrolyte conplex. The mcrocapsules were incubated at 37-C
for an hour to a(]:elll(ﬂtalﬁm collagen to gel before the mcrocapsul es were

harvest ed by sedi nentati an net ho E?%nd washed, twice with | X PBS for further
cul turing. Modifying tREVEREC elewers spitved foy theraauieed apgpntafdifeand t he

concentration Omebﬁlnilggl?ﬁtyf'éﬁé msﬁés%gﬁﬂmﬁla{ﬂeﬁcﬁuﬁ%here%%ﬁ‘@ with 138, £y, ckness
of the ter-pol y shel lﬁE/ m col | agen | ess positive cﬁarges

than a 1.5 ng/n ‘@Eﬁ median [PGige M(ﬁ%eﬂmteﬂhwﬁbeﬁ%dwvmﬂéimCDn the
range of 2-5 m\z@aofawiag dng cwmsie cipt AR 16%8%&@8@99%& Qgﬁé&ges

Therefore, 10% qf _the ter-p i's needed to conplex coacerv

ng/ M col | agen H@O@w%es,é?hasowﬁ%? QH); Hep@2dDMEM @@Plﬂn@medomﬂnem%ltfﬁall 5

ng/ M col | agen tyviner i - 1 ed_for 1.5
my/ M col | agen wi thehi oh Cﬁg@gégﬁgﬂ?aﬂai ?m %ﬁﬁ% g[EaIl\{f%u%;qgmentcsd 453

fetal bovine serum and 1500mg/L of glucose and rat hepatocytes: Hepatozym-SFM
(GIBCO Laboratories, Chagrin Falls, OH)] were replaced every two days.
Conventional culture of the cells in 2D were performed as described in 1)
Jauregui, "Cell Adhesion to Biomaterials: The Role of Several Extracellnar Matrix
Components in the Attachment of Non-transformed Fibrolasts and Parenchymal
Cells," ASAIO Trans 33, 66-74 (1987); (2) Gutsche, A.T. et al.,, "Rat Hepatocyte
Morphology and Fupction on Lactose-Derivatized Polystyrene Surfaces,"
Biotechnology and Bioengineering 49, 259-265 (1996); and (3) Hu, M.Y. et al.,
"Effects of Hepatocytes Growth Factor on Viability and Biotransformation
Functions of Hepatocytes in Gel Entrapped and Monolayer Culture,” Crit Care
Med 23, 1237-1242 (1995). :

PC12 and HepG2 cells were purchased from ATCC. Rat hepatocytes were
isolated as described in Chia, S.M. et al., "Hepatocyte Encapsulation for Enhanced
Cellular Functions,” Tissue Eng 5, 481-496 (2000). Mesenchymal stem (MSC)
cells enriched low density bone marrow monomuclear cells (BMMNC) were
isolated as follows: Bone marrow was aspirated from iliac crest of NZW rabbits

and collected into 50 ml polypropylene tubes with 1000 units/mil preservative-free
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tenperature for one day), then a nmuch thicker shell is formed which inpedes
the nmass transport properties and | eads to central necrosis at center of
the mcro capsules. Preparation of mcroencapsul ated hepat ocytes

M croencapsul ati on was perforned at roomtenperature with the aid of a
syringe punp. Briefly, the hepatocytes were suspended in a}éRdi.L'(ﬁﬁ

coll agen solution that was prepared by first dissolving t W % lized
nodi fied collagen in Phosphate Buffered Saline (PBS) to obtain a collagen
concentration of 1.5 ng/m . The hepatocyte suspension was nai ntai ned at 4C
before the experinment to prevent the gelation of the collagen solution.
The hepat ocyt e $epasaraddhoronehlyemixeddédw densitn BMMNES' weze b demsity geadieat

attached to a syrLi tr: VAT ) I rates. into. 10%¢t er- r
Sl it on. - Thas. SBRERUB B m LR hON Sie ol 3 Sunde” HhE AR
April 2005 to t Hayerseget iransivgd b pipgieel anderinspdinyPRS, andbwiddds seitablehfedialt er

surface of the _m crogeadp%ul es to forma polyelectrol yte conpl ex. The

m crocapsul es vveaFgesmllncu %d at 37C for one hour to allow the collagen to

gel before the mcrocapsules were harvested by sedinentati on nethod and
washed tw ce vvit%lll E PBg for further culturing. Cell Culture . The

m cr oencapsul at . ! | =ured for the required amount of tinme in
35mm pol ystyrene di sires uh-@isprpiddnbetli HeROh-2cR8 BRE Be Ricrad lﬁ\éstéi} é%%exﬁ?z

Cul ture nmedia [PC12: DVEM suppl emented with 5% horse serum (
Labor at ori es, CiByPigTogeasyles, &nkl TP Wiqmeetes | plasey perglesasra oy GRBCD 8

Labor at or i es., - ClaiTAAIS oGl e B2 PN SRR SORRL 60 %fetal
bovi ne serum rabbit nesencfleyér?ga% stem cec" S: ngpp egérgdna\t%degg%/?‘&fY 15%
fetal bovine semypant® 188¥aythe lefgegbigesssef dred broken heipatapsyle eshell. The
Hepat ocym SFM (g jes L | .S, ]..were replaced every
two days. Conve%| ona| ac?%t u%e{hgfceylggglg%“¢sﬁ%%ntb§d’m emﬁéorc?%s?’ﬁgcfveég
described in (1)collgdad aguéentrifged| foAdheddidond 6 Binoraae 8 §:to Hiovohe of
Several Extr acelllquﬁr chﬁgén' *he cell pellets were rinsed with buffer, i.e., re-suspended in
phosphate buffered saline (PBS) and re-centrifuged again. The cell pellets were

then re-suspended in fresh culture media for re-proliferation or use immediately for

applications. The number of cells amplified was determined by counting the cells

released from the microcapsules with the aid of a hemocytometer.

Light Microscope Imaging of the Microcapsules
Live cells were imaged with a confocal microscope (Olympus FLUOVIEW

300, Tokyo). To visualize the formation of the "conformer scaffolds”, the
modified collagen was labeled with FITC by dissolving 1 mg of FITC in 10 mL of
1.5 mg/ml modified collagen solution overnight, followed by extensive dialysis
for 24 hours to remove the unlabelled FITC molecules. The lyophilized labeled
collagen can be stored in -20°C in darkness for up to 6 moﬁths. The microcapsules

were processed for scanning electron microscopy and imaged with a JOEL 5600
LV SEM. ‘
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Conponents in the Attachnment of Non-transforned Fibrolasts and Parenchynal
Cells,"” ASAIO Trans 33, 66-74 (1987); (2) Gutsche, A T. et al., "Rat

Hepat ocyte Morphol ogy and Function on Lactose-Derivatized Pol ystyrene
Surfaces,"” Biotechnology and Bi oengi neering 49, 259-265 (1996) and (3)
Hu, MY. et at., "Effects of Hepatocytes G owh Factor on y ?2) and
Bi ot ransformati on Functions of Hepatocytes in Cel Entrapped nol ayer
Culture,” Crit Care Med 23, 1237-1242 (1995). PCl2 and Hep& ceI ls were
pur chased from ATCC. Rat hepatocytes were isolated as described in Chi a,
SM et at, " Hepat ocyt e; Encapsul at| on for Enhanced Cellular Functions,

Ti ssue Eng 5, 4gepdderoppesimn to REEsmenivaned stem (MSC) cells enriched Iow

Bone o ow was. aspi 1AbaPt EReT S5 B NP, AR, G501,

into 50 nil pol ;qlﬁao@ylbe rmnsingbwith WOItht&(IﬁDaqumwbemof Wateshiethaholvexbnee - 32

12 April 2005 h hqt,0 .xed. Low
density gradi ent cen Wﬂgat&lﬁ%n SVer HC e ]((%Tceg 8‘7?)(1"56 ‘Sg.‘ffoi’&?qsor 30
m nut es. The BMvifitainipy i NaOFE(Ir mijoiviedcHowelp apd hydeolgwsd fotﬂslﬁﬁirsitxﬁ’&ﬁ and

cultured in suitabl e nmedi ri bed.above, Cell ittin

harvesting The Jﬁ%&?f%?{?&@os@@i\%é%‘g}éﬂﬁw&@aﬂ%ﬂﬁ @S ?B’&tgdslﬂl es by -
passi n]g 8t hren ;n dﬁ@b&nﬁdi_rh étﬂllﬁ?Mfeﬁllglb r@g&?@mvdf ilii?&tu@fe tfklafb&tmiﬁxﬂmzsbﬁuaﬁ, a flow
rate o i e ce ased fromthe microcapsul es wer

centrifuged at joh,cqnfgyns 0. fMM&% ff”tgh’i’lé%%éotnl‘éfp“l EPgeng Ocegmd X IGRR br oken

m crocapsul e s hQJeFtldedey? moP/heh BHoaR lonCOR IRl Afket. tl@neﬁ?' e c'b%rﬁg?@g/elfer om t he

broken m crocapsul es were collected and centrifuged an addrtional 3

m nutes at 800x Wpsedwith fBPoneqand mﬂqﬁNd\I%‘éBma@éﬁhenmgh 858|fomv¢relttsmere
rinsed with buffifore hse€- » re-suspended in phosphate buffered saline (PBS)
and re-centrifuged again. The cell pellets were then re-suspended in fresh
culture nedia for re-proliferation or use inmediately for applications.

The number of cqlh ARighlGFlo WA AGhshl ned by counting the cel I

Thermanox cover slips were first aminated by incubating with 50%

A%y

aqueous ethylene diamine solution for 8 hours at 40°C, and rinsed with excess
amount of tetrahydrofuran and de-ionized water. The aminated PET cover slips
were then incubated in 0.1M sodinm borate buffer (pH 9.3) containing 10 mg/ml
lactose and 10 mg/ml sodium cyanoborohydride at 40°C for 48 hours followed by
extensive rinsing with 4 N NaCl and de-ionized water. The amount of the
lactose/galactose conjugated to the PET membranes was determined by counting
the 14C-labelled lactqse (ICN Biomedicals, Inc., Aurora, Ohio) in the reaction.
Cells attached to the membranes were quantified by counting the percentage of un-

attached cells among the total number of cells incubated with the membranes.

~ Morphological Assay
Mesenchymal stem cells harvested from the microcapsules or the 2D

culture were seeded onto 35mm tissue culture dishes and incubated for 48 hours in

37°C with 5% CO,. The morphology of the cells was imaged with an inverted

microscope with Hoffiman optics.
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rel eased fromthe mcrocapsules with the aid of a henocytoneter. Light

M croscope I nmagi ng of the M crocapsules Live cells were inaged with a
confocal mcroscope (A ynmpus FLUOVI EW 300, Tokyo). To visualize the
formati on of the "confornmer scaffolds”, the nodified collagen was | abel ed
with FITC by dissolving 1 ng of FITCin 10 mL of 1.5 m/n?xgdp%d
col | agen sol ution overnight, followed by extensive dialysi 3] hour s
to renmove the unlabelled FITC nol ecul es. The |yophilized | abeled collagen
can be stored in -20C in darkness for up to 6 nonths. The m crocapsul es
were processed for scanning electron mcroscopy and imged with a JOEL 5600
LV SEM 12 Apri |FiddfidmaPggdvisde conj ugati on to PET nenbranes Ther manox cover
slips (PET cover sli UNC  Naperville, 1L, USA) were cleaned by rinsing
with solvents (in a 5"&5’%&5@ hgrvesigd Spmonize Fristerapbrissaore2D Meltune wete- sdddtedr )

Cl ean cover sli pstdeslRed-@ard o Ani6h L es . contai.ning 1 M
NaCH (1 m) in each v_veFI andqr%/egil'b%‘lnéézled f%ﬁgﬁ%ﬁ%gfgg%?gﬁggﬁ%gr?@%ﬁaﬁ%ure
with shaking. TH&2ldKi®rS-By erpdf., WBEE2 elinAggresstion sad/ dleatitet Guowsh Wi GlslofM  HCI

and distilled wat Thenkks ' ar r slips re tre ' m_xed
sol ution, which (gga%‘tméirlﬁs 0. %&J%g%&}f, %?M%Z}%?Mfﬁ %?ﬁﬁg@&ggﬂhfﬁ'S
mg/ M YI GSR  pept8 hpars dhe pellsevertfixedavitiodi7% FormalingbellOf inties hnk@d andrinal | v,

t he cover slips . r i onge and.wm.th_4 N Cl 3 tines, then
with PBS for sevﬁgﬁl i ér?eaztﬁglgé OB 8&5%&“@5&“8%@@8%%@5? 8571 pycTpgeppe.

menbranes Ther meFecytwhomest4spalepumtent frionsoxibasR e ilYofiriCidpAbdA Wist h 50%
aqueous et hyl ene?ge{s@gjin ats%loutérhgn i%ﬁr lghours, at 40C, and rinsed wth
excess anount of tetranyaroruran HiyBcRyent exprrmsgts wiareanalyppdandiialvgs ang PET
cover slips werrepreseatedianmehat sandarti @rok W megisum borate buffer (pH 9.3)
containing 10 ng/m | actose and 10 ng/m sodi um cyanoborohydride at 40C
for 48 hours followed by extensive rinsing with 4 N NaC and de-ionized

wat er. The anmount oflt tilkbe hppateBS®/ (HeteALA10S & B0 HURAVEHodsOnddieaRhnk {NDT anes

was det er m ned b‘y counti ng , .
+ varations can be made in the compositions and methods of the present invention

without departing from the spirit or scope of the invention. Thus, it is intended
that the present invention cover the modifications and variations of this invention

provided they come within the scope of the appended claims and their equivalents.
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the 14C-| abelled | actose (ICN Bionedicals, Inc., Aurora, Chio) in the
reaction. Cells attached to the nenbranes were quantified by counting the
percentage of un- attached cells anong the total nunber of cells incubated
wi th the nenbranes. Morphol ogi cal Assay Mesenchynal stem cells harvested
fromthe mcrocapsules or the 2D culture were seeded ont o@rrrrﬂl# gsue
culture dishes and incubated for 48 hours in 37C with 5% (9
nor phol ogy of the cells was inmaged with an inverted mcroscope w.th
Hof f man optics. -34 1 ril 2005 Functional assays PC 12 cells harvested
fromthe mch oca‘*ps‘l?Pé’é“g‘p’V?DthéﬁrqnﬂF‘E‘%]r éygﬁ’%dg’ﬂ X@W‘Bg coM9 LyeCoat ed
menbranes angch G8pendbrit Ncol typé, Mhe OdysRREI ¢6m h bredigy of(Esloi n, S. P.
et al., "PCl2 gglgélg l(g)}‘gregatl ortlﬁgnd Neuyrlte Ggﬁvﬁl ni)GeI s aof Col | agen,
Lani ni n and JECIFaRwes fash-oopiaining ancipnaqesirersliylar matrin dy catact withow Vsask or 48
hours. The cgl kén é’iﬁraﬁ otltemén‘effsﬁuém?;@ m&lrwadﬁl &helé;ztraeenmhfeﬁam maged and
the nmaxi mum and the nean neurite eng hs quanti |ed with a confocal
i cr oscope. The“@?f@wc?ﬂl]éﬁ@ cpalsd- Wil i crirecehivlab mettixgun syburgd i1 ¢iresy of rat
hepat ocyt esddi‘@;érsdi{?ﬁéfdé%ﬁthe%id%vﬁﬂc (%rhlgsmege i ndependent experinents were
anal yzed an ues are represented as nean standard error of means. It
wi | | be appar ent whereinhgpide midepdapaidesi ave phrneable t@ hairients meepsspryriibsiagat i ons and
vari ations. Gagyhe it hicddie ofRTRY aaafmme&%ahgﬁé offs; bye Pr esent

out de

i nvention wt parti ng Prom t € spirit or scope o i nventi on.
Thus, it is intendewin @Hatutetrﬁbelhdmeséln@knpﬁ\péﬁpmmbomd\ﬁerabwﬁéO mﬂﬂll%atl ons
and vari ati @i’m Qi within the scope of

t he appendegH lﬁswgﬁgéﬁﬁg%? h%%ﬂfr\ii{'gl ent éswheCE“%;)&Q‘{IEZOOS 1. A

non-di sruptive three-dinensional systemfor culturing one or nore

anchor age doRen AaRbeIl Gl YRER or LlFy PYALEMEOIR! SANDRnicPbELl bidhe of hO1 oW
m crocapsul es eac an 1 nner race rrx rn contact with
at | east onadoéh tulmrgdpeaind mjhenurslbmlof mﬂfall;smd¢deiells:1spblem® lsurroundi ng the
extracel lular matrix;

3. The cell culture system of claim 1 wherein said extracellular matrix is selected
from the group consisting of cationic collagen, anionic collagen, anionic esterified

hyaluronic acid, anionic amine-modified hyaluronic acid, fibronectin, and laminin.

4. The cell culture system of claim 3 wherein said extracellular matrix comprises a

cationic collagen at a concentration of from about 0.2 to about 3.5 mg/ml.

5. The cell culture system of claim 1 wherein said synthetic polymer comprises an
acrylate ter-polymer of methacrylic acid, hydroxyethyl methacrylate, and methyl
methacrylate.

6. The cell culture system of claim 1 wherein said anchorage-dependent cells
comprise one or more cell types selected from the group consisting of
pheochromocytoma cells, hepatocyte cells, and mesenchymal stem cells.

7.  The cell culture system of claim 1 wherein said anchorage-dependent cells

comprise at least two cell types.
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wherein cells in contact wth the extracellular matrix are cultured in
three dinensions inside of the holl ow m crocapsul es; wherein said

m crocapsul es are perneable to nutrients necessary to sustain nornal

met abolic functions of the cells and to toxins released by the cells; and
wherein said outer shell has a thickness of from about | tf@g&£¥§0 0.m and
is rupturable with nechanical agitation to harvest the cultu ells. 2.
The cell culture systemof claiml wherein the ratio of the nunber of cells
at the end of a culture period to the nunber of initially seeded cells is
at | east 10:8. 3TheTeadl eudture sygiemup cloips tevrheséin chidi anchorageedeptdentagedls
extracellulagmﬁﬁkghﬁ S§m§%%9§h§& fromthe group consisting of cationic
col I agen, anionic of a en onic esterified hyaluronic acid, anionic
am ne-nodi fi ed hyaluronlc acid, fibronectin, and lam nin. 4. The cel
culture systgmo ses a
cationic coI?age&]g%ﬁgpééﬁggﬁéfhgmong%?s%é%ﬁf§% q%% (ﬁ&é% ¥H§h5 nmg/ m .
5. The cell cwmnmnsmsyshmﬁMng claim1 wherein sald synthetlc pol ynmer

conprises an acr Iate nme thacr h&y aGd hydr oxyet hyl
met hacryl ate, and” @&t H? ne ar?gg(ﬁ%% {ﬂ’g}d% cglls 13 Oé%"y iV (faps BURPETER of claim
| wherein saif 1mﬁhﬁfra>gmldemeumdemhom&hﬂgsat Eastimune ell cind amroumrﬁueueifl types

sel ected fromt consi t|n heochropocytoma ¢ epat ocyte
col | 5. Cand netERyHRFR: SaRTEane 3% FrooRREaE FAFRE PRy Sk earad) o o 1
wher ei n sai duamah@emelﬂﬂmemdﬁnhrec@ﬂde ift Girpy dﬁ&nﬁbnsl mﬂé of e loHb¥w t ypes.
-36 12 April 2005 8. Thﬁgcell cul.ture ¥sten1of claim7 wherein said

anchor age- de JEHOEREUIG Vg Sgidmicacapsulq is, permeghle, 4o g r}enEsy’beégssaI@ ©A net hod

of culturing sasmﬁlh@csragemdemadmmlmeifu& celts ad&&nfoaﬁxsehlmmbyomabemadnﬂ culture
system conpri : enca su ncho e-depen ells in a hollow

m crocapsul e“a‘B oL QT S l?fh%la é’g gf Qnag’PP'i‘ﬁ) H%r r oundi ng at | east
one cell and an giiigfig sdwelion ofthe Iﬁmmcmmecaftm pre@teriticd dicdecth Highnae the

supporting the matri x;. wherein cells i n contact
PP 9 outer shell; and

removing the extracellular matrix to recover the cells.

10. The method of claim 9 wherein the ratio of the number of cells at the end of a

culture period to the number of initially seeded cells is at least 10:1.

11. The method of claim 9 wherein said extracellular matrix is selected from the
group consisting of cationic collagen, anionic collagen, anionic esterified hyaluronic

acid, anionic amine-modified hyaluronic acid, fibronectin, and laminin.

12. The method of claim 9 wherein said extracellular matrix comprises a cationic

collagen at a concentration of from about 0.2 to about 3.5 mg/ml.

13. The method of claim 9 wherein said synthetic polymer comprises an acrylate

ter-polymer of methacrylic acid, hydroxyethyl methacrylate, and methyl methacrylate.

14. The method of claim 9 wherein said anchorage-dependent cells comprise one or
more cell types selected from the group consisting of pheochromocytoma cells,

hepatocyte cells, and mesenchymal stem cells.
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with the extracellular matrix are cultured in three di nensions inside of
the hollow mcrocapsule; wherein said mcrocapsule is perneable to
nutrients necessary to sustain nornmal netabolic functions of the cells and
to toxins released by the cells; and wherein said outer shell has a
thickness of fromabout | to about 40 m applying agitatiom hgrif s

m crocapsul e after a predetermned tinme to rupture the outer shell; and
removing the extracellular matrix to recover the cells. 10. The nethod of
claim9 wherein.t rat ceCil tUre
period to the gsu nbhfg}e %Hh?%i%f icgapﬁygn gg%glécfg@eﬁ%&?%eaégpé I{ag%tg‘%%i%%@mf 1# The
nmet hod of cl ai knd twtnedlleypessai d extracellular nmatrix is selected fromthe
group consisting of cationic collagen, anionic collagen, anionic esterified
hyal uroni ¢ acid, anionic am ne-nodified hyaluronic acid, fibronectin, and
laminin. 12. The meichmdthod of lchiimm Owhireineiail swhotagedapamieht callarcomprise &
conprises a cationic al | agen at a concentration of fromabout 0.2 to
about 3.5 ng/ nfeastt ?e%ﬁé“ﬁﬁthod of claim9 wherein said synthetic polymer
conprises an acrylate ter-polymer of nmethacrylic acid, hydroxyethyl

nmet hacryl ate, and nethyl nethacrylate. 14. The nethod of claim9 wherein
sai d anchor age- dependent cells conprise one or nore cell types selected
fromthe group consisting of pheochronocytona cells, hepatocyte cells, and
mesenchymal stemcells. -37 12 April 2005 15. The nethod of claim9 wherein
sai d anchor age-dependent cells conprise at least two cell types. 16. The
nmet hod of claim9 wherein said anchorage-dependent cells conprise at |east
three cell types.

-38-



