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3 one or more annular compartments and media and aeration are provided in others. Plasma from an ailing patient is introdued into

another compartment for biotransformation of blood-borne toxins and biosynthesis of proteins, lipids, and other metabolic products.
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Renatl dialysis, which revolutionized the treatment of renal failure, does not presently have a hepatic
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bioartificial liver can be described: 1) growing or obtaining appropriate and viable cells; 2) providing for
a critical minimum mass of cells; 3) supplying oxygen to the cells; 4) supplying nutrients to the cells, and
removing cell waste products efficiently; 5) limiting shear forces and hydrostatic pressures, 6) inducing
or sustaining a differentiated cell phenotype with the capacity for biosynthesis and biotransformation of

35  toxins; 7) maintaining sterility; and 8) preventing liver tissue rejection or lysis by complement,
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but does not constrain the thickness of the cell compartment. The fiber-to-fiber spacing in that design is
3-5 mm so that there is not strict control of the oxygen diffusion distance. Similarly, U.S. Patent No.
5,183,566 to Damell et al. discloses a bioreactor with bundles of hollow fibers in parallel. The Darnell et
al. design does not permit a multitude of individual multi-coaxial fiber bundles to be built-up with .
35  accurate and reproducible diffusion distances, and the design is not easily scaled-up. The Darnell et al.

design uses bundles of parallel fibers, again not effectively addressing the issue of oxygen diffusion.
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level can be increased if a layer of endothelia protects hepatocytes.
To increase convection, hydrostatic pressure gradients are increased. Elevated hydrostatic
pressures can implode hepatocytes. Therefore, it is important to stay below these pressures. It is possible
to cause 100% mortality of isolated rat hepatocytes by generating hydrostatic pressures of greater than 7
35  psi (>300 mm Hg) for longer than 2 minutes while inoculating these cells into coaxial bioreactor using a

syringe.
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Specifically, a need exists for an improved version of a bioartificial liver that would have a high

30 biological cell capacity in very thin layers of cells, readily accessible to oxygen and nutrients. Thereisa
need for an apparatus or bioreactor, that provides efficient oxygen delivery to large masses of cells in czli
culture and permits transfer of beneficial biosynthetic cell products to the patient. Similarly, there exists
a need for effective methods of use of such an apparatus.

The problems with existing bioreactor designs include inadequate oxygenation, minimal capacity

35  forthe biological cell component, limited capability for removal of toxins, excessive shear and

hydrostatic forces, and difficulty in transferring biosynthetic cell products for patient use. In addition,
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conpar t menkas ateléast orethird @ikt port and at least one third outlet port; and successive compartments are defined
by the adjacent fibers. An outermost compartment for permitting integral acration is defined by an
annular space between the outer side of the outermost fiber and the inner side of the housing, and has at
30  least one outermost inlet port, and at least one outermost outlet port. The housing has at least one inlet
manifold and at least one outlet manifold for each compartment.

An additional embodiment of the present invention features a serially-linked bioreactor with
multiple scaled-up multi-coaxial hollow fiber bioreactors in which two or more compartments are
connected in a continuous and serial manner. This implementation is particularly useful for both the

35  biotransformation of toxins in patient plasma and the biosynthesis of plasma components to supplement

patient blood.
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understood that the invention is not limited in its application to the details of construction and to the

arrangements of the components set forth in the following description or illustrated in the drawings. The
30 invention is capable of other embodiments and of being practiced and carried out in various ways. Also,
it is to be understood that the phraseology and terminology employed herein are for the purpose of
description and should not be regarded as limiting.
As such, those skilled in the art will appreciate that the conception, upon which this disclosure is
based, may readily be utilized as a basis for the designing of other structures, methods and systems for

35  carrying out the several purposes of the present invention. It is important, therefore, that the claims be
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graphi cal reépresentation axi al gen concentrations. Figure 2A
i |1 ustr at &eun34 st wtﬁcemvwmafomﬂnterm&%&hew fi ber bioreactor. 20
Fi gure ZB Fiplre SR nﬁitﬁ&sﬁﬂbtﬂrﬂfﬁ;@g@deryl ew of a detail of a nulti-coaxial fiber

unit. a set of components for centering the fibers.
Fi gure 3B F'frfjgﬁlfgf“é’};e % gé SR> of the spacer. Figure 3Cillustrates the
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mani fokﬁjs Pf"iQJre §§'§roghé3'§1§ﬁfé}ngtrive illustration of the manifolds.

Figure 4 illustrates the four main steps for two procedures used to construct multicoaxial bioreactors.

Figure S iliustrates a general process of thermoplastic welding hollow fibers.
Figure 6A illustrates a perspective view of a two sided embodiment of a bioreactor.
Figure 6B illustrates a detail of the front side of the first manifold.
30  Figure 6C illustrates a detail of the back side of the first manifold.
Figure 6D illustrates an exploded view of the first manifold and associated elements.
Figure 6E illustrates detail of the front side of the second manifold.
Figure 6F iliustrates a detail of the front side of the second manifold.
Figure 6G illustrates a detail of the back side of the second manifold.
35  Figure 6H illustrates a collar and a detail of the manifold.

Figure 6] is a cross-section of the second manifold.
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Figure 15 illustrates a perspective view of a device used in the
construct |§)rbesmp ob oﬂﬂgﬁre}err dénbupg]ségtrsl ption of the Preferred Enbodi nent s
5.1 Definitions
Annular space. The radial distance separating two adjacent hollow fibers.

25 BAL. Bioartificial liver. Also, specific embodiments of the present invention: the scaled-up
mukti-coaxial hollow fiber bioreactor, the tight packed hollow fiber bioreactor or the serially-linked
bioreactor with a complement of liver cells, nutrient medium, and gases.

Bioreactor module. Coaxially-arranged semipermeable hollow fibers. One module forms the
core of the multi-coaxial hollow fiber bioreactor whereas the scaled-up multi-coaxial hollow fiber

30  bioreactor comprises many modules. .

Biotransformation. The metabolic detoxification of blood or plasma by tissues or cells.
Fourth compartment. The compartment, if present, in a bioreactor embodiment that is bounded
by the outside of the third holiow fiber and the inside of the fourth, that is, adjacent, hollow fiber, and is

connected to two ports, the fourth compartment inlet port and the fourth compartment outlet port.
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25  outside of the outermost hollow fibers and the inside of the housmg, and is connected to t‘wo ports, the

outermost compartment inlet port and the outermost compartment outlet port.

Potting. A term of the art meaning the joining of elements, as by gluing, or any other suitable
means.

Scaled-up muiti-coaxial hollow fiber bioreactor. The bioreactor comprising arrays of from about

30 20 modules to about 400 modules of coaxially-arranged semi-permeable hollow fibers, where the entire
set of modules is encased by a hollow housing.

Second compartment. The compartment in a bioreactor embodiment that is bounded by the
outside of the first and innermost coaxial hollow fiber and the inside of the second, that is, adjacent,
coaxial hollow fiber, and is connected to two ports, the second compartment inlet port and the second

35  compartment outlet port. In the one-sided multi-coaxial hollow fiber bioreactor and in some dead-ended

fiber designs only one port provides access to compartment 2.



to NMR studies and to studies where access to all ports fromone side is
necessary. CQuternost conpartnent. The conmpartment in any of the bioreactors
that is bounded by the 25 outside of the outernmost hol | &NavE@ber 2004 t he

i nside of the housing, and is connected to two ports, the outernost
conpart nent w&rég,%.,gort and the outernost conpartnent OUtl'F{:TrBQJnlssuOtti ng.
A termof the ar{ nmeaning the joining ofjel enents, as by gluing, or any

ot her suitable mﬁzmr%g BioRELrbHD Tﬂwytatém E&@ﬁﬁbﬂ% 519;%1&9\6\? Lhbel, ﬁlt@%&%ﬁf@%\w The

bi or eact or co ri sr n r out dul es to about
gt o o iEO e af e Rk el e e oE: APPSR B
entire setompirtnrent afe@snnkcedsn g ameitholiyand sdiial thaner NIl BgtextSROR R C OBaticmRNt .

The conpar pgat enbodi ment that is bounded by the outside
of the fi rgt an%io{lﬂ%te"?}ﬁ%got?%%%gil al hollow fiber and the inside of the

second,’ t hat i Fhirderwernen!. The sempagtineri il dnpef the therpactonercbodiments thaic baadded by t Wo
ports, thehsasaRGr&e sea@rdmm ﬁaemn@ theRRfde oﬁﬂéjmir&‘ %aa@ %&Q&négqaﬁwmﬁé& f&Rpt

out | et port. .ln the one-sided multi-coaxial hol oreactor dnd in

some dead-2A#&grmertedia fvapoLs. &ﬁéh"afrfpfyp%%mﬁrfrwﬁmm@sd gueeysent guleigapar t ment
t2) 28 Novenber 1260 2:cXdd HORdwifbber Borecic. Uﬁ%&ﬁl&ﬁiﬁ%lowﬁ&orﬁ%bﬁmgﬁnﬁys BKRS about |

i or eact or QNI Sin ural.i t ti-coaxia
hol | ow f |%§°Q§b%t¥§%§%@§%§?leso ‘%mlt Sagcd & }?8'?‘1%5\?%%‘%%%?%'&'&@?%} or a
conbi nHk i (mr,atlwmrmaeﬁdpmilemndMFmt t@tbnpiaﬁttlmmtbe wicde epcaseridytadidildwhonsing.
continuous and serial manner. In this context, each scal ed-up bioreactor

Is referred to _as_a bioreactor subunit. 5 Thi rd conpartment. The
conpar t ment i n Sgnllements pfIhe APRAEMBS o1 enbodi nents that is bounded by the

out si de of the Themewad xdvainbmwcmelaemomd niuiRcohtisl ibibeeaqifr, Eahﬁg'hhhéo@r nd Ak ol S,

adj acent cO orts, the thi rd
conpar t rnenteodalfr‘ﬁbaJ Ofg&k{a%e% F'héfr ﬁif?'u”e i(’:%r"r"peg? sceﬁe uPéﬁ‘%?ﬁ' %‘fmﬁﬂ?‘f’emﬂ YAPISacked
hol | owi¥ i @éka%mse*aefmﬂlfomhetlseéﬁheﬁhqupw ﬁb@ﬁl@%ﬁcﬂt tepst tyorspts p&Indgpasnrdayeusifg. f r om
about 20 1HRdHLE8SmbMR oﬁtﬁ@M&reeﬂ:Q@cdﬁQﬂﬁ hﬁ@asﬁﬁur%%ie@kérﬂﬁa%&@sn gﬁgm&ﬁlﬁ%r 3&% neabl e

hol | ow fi bers. crofrb era n_are arranged parall

adj acent tG™PHE! HY feé';s” ;fdl:ﬁ“é“&ﬁ%‘i%é'a‘émgﬂ wnﬁctﬁ%rre%e%ﬁéheﬁger% 2
El ement s dfhetelien spigsaf stour20 Tdubout 460 I coaniabydrianged heress thd €8s &F nihiddMsanhd

mul ti-coa Iy h

Coaxi 2l 1 baua ufih iRy " e USRI o Blbinhis of B QERG s

bi or eatt orPhESG#BWF%@@m!BB thefiberagre apprayinately uniferm. rﬁﬁﬁb%mfol@ﬁseméwmet hr ee

hol I ow fi h@hched laaasuy fetdm théela]%&st touRe sRfidt drsmeeea #6240 8nd 2240 PortMRE SthdMGst tofd S
enbodi ment, of tor . ontlﬁargs at | east four separated conpartnents.

The nodul 478 ﬁ&@%‘ﬂe'f ors. FAREF R Ster grednsgited g fipesy ‘?ﬂa‘ge&\ﬁi’t"ﬁﬁ%é&%ﬂlbal r of
mani f ol ds repemiechadfoldgare scaled mraehedf Td 4hgn fibdoorv®. or thelb\eelses-e msesed thegginf about

20 to abO%.Tcﬂsggdn@e'd%@esc,gazgr;@éérx ;aéﬁgygteﬁgﬁ&aﬁ, ot B Broles BN LY ds and

coaxially a ers e man I'nc
di strlbsutdr‘@lf@lésthat fluid and gas 20 phase flow rates through the fibers

are approxi mat ghybibh@ckd?d ithe Eieent intR@fion RMnfa@dots| ASrBie |‘1ht€é’ala&%genatlon with

defined diffusion distances, have ports to accommodate potential bile duct formation, and/or are easily
scalable. Integral oxygenation permits efficient mass transfer of dissolved gases and control of pH.
Defined diffusion distances permit predictah]e axial and radial physico-chemico-biological parameters

30 such as shear forces, availability of nutrients, and pH. In use with patients, one or more of the at least
four compartments can be used for patient blood plasma while another can be used to perfuse cells with
integrally oxygenated media. Optionally, two or more bioreactor units are attachable in series so that
toxins can perfuse out of plasma radially through the cell mass in one unit and infuse synthetic factors in
the next unit. There is the potential for the biliary system to develop using the ports as the bile duct exit

35  ports.
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Figure 2A illustrates a scaled-up multi-coaxial bioreactor comprising a plurality of multi-coaxial
30  fiber units. In a preferred embodiment, the bioreactor comprises from about 20 to about 400 multi-
coaxial fiber moduleé contained in housing 202. However, in theory, there is no limit to the number of
coaxial fibers. As shown, housing 202 is 17 centimeters in length 204 with an 8 centimeter diameter 206,
although alternative dimensions are envisioned. For example, the length of fibers can be from about 2
centimeters to about 50 centimeters and the diameter can be from about i centimeter to about 100
35  centimeters. Housing 202, for example, comprises three sets of manifolds 208, and one set of endcaps

210, one for each respective end of the bioreactor. One set of manifolds is needed for each size of hollow
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35 Figure 3A further illustrates a set of manifolds 208, including first manifold 302, second

manifold 304, and third manifold 306. The manifolds each consist of a circular region about 15
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the container, through the ports 305, and into the casting pots 312 filling the interstices of the fiber

bundle. Once the appropriate amount of epoxy has flowed to the casting pots 312, the assembly

continues to spin until the epoxy partially cures. Then the excess epoxy and casting pots 312 are cut

away at both ends leaving open hollow fiber holes at both ends of the assembly, and the next epoxy

35  potting step is performed. To insure that leaks do not occur between manifolds, the manifolds 208 are

welded or epoxied along their borders.
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30  bioreactor are approximately 8 millimeters o.d. with wall thickness of 0.5 millimeters, 2.6 millimeters

o.d. with wall thickness of 0.4 millimeters, and 0.8 millimeters o.d. with wall thickness of 0.2 millimeters
and made of polypropylene with 0.2 micrometer pore size (available, for example from Akzo-Nobel,
Germany). The respective fibers can be composed of a 8 millimeter o.d. silicone tube (available, for
example, from Dow Corning, Midland, MI), and 3 and 1.3 millimeter o.d. polysuifone hollow fibers

35  (available, for example, from AG/Technologies, Inc., Wilmington, DE) with 0.4 and 0.2 millimeter wall

thickness, respectively, and with 0.1 and 0.65 micrometer pore sizes, respectively. Alternatively, a



10 fiber that maintains dowel hole void 310 after potting process is
conplete.so dowel can be inserted and second manifold 304 can be aligned
properly with third manifold 306. Thernoplastic welding 8NN oyembered308r ned
on simlar materials, therefore, in the instant invention the -first

mani f ol d 303yd o73pde of pol ypropylene in order to weld pelkypgmaydgne
fibers. Figure 5 illustrates the general!8rocess of welding. A Teflon cork
501 i s i nsemaksdoidmnd thinnemvadled dioktelreirgre uedd forhie doet ﬂm\mfoiabeﬂsuu&ﬂ&e;fm ci ng

t he fi ber in th 208. A
heat gun, %g?llo{a% %gh@‘g%tg?%%%d‘i QESZhﬁ‘éﬂ} sg‘gsneg ’?y%gn B Imtverfe??’ep r?pobtm“al 16y W‘53'02
and wal | 0¢1°W@amlt®§f%®@3 thlwewweql siliqopgctubingwill agrodtphypeyion neaseiorabferthf bhygert. ef | on
plug is re’ff@é@mllrﬁqeﬁe}sb) d)fuoliw;%ﬂyﬁﬁb et G bér@ﬁﬁce@%%@ns&t@ed whith!" %trnlmgfeirsgldd 302
hol es is us % %o% '5& 1@#. Fr fibers ends to the respective first

mani f ol Ys “] oBR Hiper withywa gqﬁgagﬁﬂhﬂﬂg&gﬂdﬁg@@6§ng<preﬁxet7r,§pr5 sighi Thpsef i r st
mani f ol d 3@Rrsfeat @nsighoBdngidesired liotiove fiber &*tﬁﬁemith[abplgﬁmﬂ‘elchdngd@@h ﬂ@de&l@@sp‘éﬁﬁ&ﬂ@h

mani fold 3 cap. be use t st.i cal wel d
all three se earghg?&'t%ﬂ aﬂ m{h%%fg%f)@rgg bty g'becrf)m ?)useab © a? 1easF£ Wﬁﬁ"?ésrlméqe tg

mani f ol d, theitfingbleneth wheapsserpbled. result in non- centered coaxi al fi bers. In

the first step #@duteftibkSitio Bﬁ%t&ledwﬁﬂzpérﬁuow%afﬂa rda%@e'agcl econd
step 402, cond pani fold 304 is wel ded mani fvo . step
403, thir dﬂVﬁﬁnT‘%‘lgd OBYITALon With {ag: thaf’fe%aeea RFUYRRRImiNatingyaporafipn qfo*@w fomt ep

404, endcapslidibg apmcaazeﬂardvadhdtb@ CopacoMenttinint szstknﬂ@%lmﬂiﬁtolil[@llﬂ%re% othle# USt rates
a two-si degnfmg&g.ﬁﬁquoeés atidlolib B e R E B He s Mo SRR Bty

assenbl ed usin ene or
machi ned ofeser ’é?dnlé HiswgteF 'Prewass trpgsfergpupodss. g ceﬁéemoqsm Pﬂ-themedld Hded e&rbthﬁber If

respect i vecopii ot ﬁdﬂﬁm@d‘ﬂfe@ﬁr‘é&rﬁﬁmﬁﬂl hR& hRH gheefeaﬁ?ebhﬁ. aRlehiialal Pers, and

an appr oxi matel g ten mllLinmeter di arﬁ# nucl| ear nmagnetic
resonahte W VOC%RPES? Yeiegand th gassireamahenid be vammentienagdip ﬁf?am tlsersase

N.J.). |l eevamkdtiomaridichelessatired t 0 construct the 30 bioreactor are

Spproxt ey Sn B lidaEhEfibn dnchwo Mald it daxh GHRERR olm ety fiafl S BIET

2.6 mllineters )\ ! ness o ers
mi | 1imet er&beplld (ew&rnﬂimatqrs ity i8d leriligisters o.d() agd firptimapifadd 3125 Secyring mranksudfas

pol ypr opyl .wryereméhp&cy?or meﬁﬁdgmfc%ldp@wacombﬁel&lmm@bsea toffﬁ%e%mtﬁe from
Akzo- ers._can be composed

mili Sg er”ei?egi‘e'e galﬁtsl %%‘ﬁ@g’taﬂﬁa? ?i\’f“a “F‘albﬁ“'&‘"edf%?m TRapiflds 302 F@W@B@\?”é&h ng,
M dl and, Nigs6®@nd 3 and 1.3 mllineter o.d. polysulfone hollow fibers 35

(available, forg @@@elﬁeﬁp %B%rﬁgg RERDRL ﬁlger%folh n&s shoWl L{f R e F@ sm

04and02mII|rreter ness, reseC|vet¥
0. 65 m cr ciPEPETes Bt adrcwirresgssed asepde philees showminFigurenG Ghebagk side C’.QmelSRbﬁfetnber

2083 WO 00{irébig-fBisddGreh mom&&frcugﬁﬁbdsﬁﬂ ar@a 610 Msﬁdﬂbtﬂz@%lsemjeel ﬁfd p&la’lllyg one
tube ¢ r er fi gover erforate

o o Blne et Sfivurin e §. e R Attt o Rirufreeheien vt Dol
propor t i on@dllat @6tisvgached thertthi Oiteresst pordid it dioisliivar e, t he t hi nner vval | ed
silicone tubi ng:léﬂ'rés kE%réﬂ gnd%ﬂ Qhusﬁ?éﬁ:e&ée a%ffolgf ASRYIEH: Fl ? tﬁe With a

mllimeters o.d.” polypropyl ene fiber can be repl ace cons L

3 mi| i et Ensside mprisessspapd girquishwcessed aea Gh0rvhile awbpwn tnrﬁlerkqfé‘s the #ck §ids
m |10 net er ompists Wedrd cRoufed rdie 082 EBotR Woshd irdutar rel18:AQrea b2DMAH SecGARIGPRST St

pect t Pbac e et e e feon B SEL T Ry bk e GRIT b Sar ber s
are cut t obebeedmtecdndambifidd 32lahd thizd @ursfold304) @ koliah328 can be slipped over the middle fiber
106 and snuggly fitting into the second void 624 and into the front void 636 of third manifold 304,
Second middle port 216 is also shown. Figure 6C also ilfustrates the fashion in which first manifold 302
communicates with second manifold 304.
35 Figure 6] provides a perspective view of the second manifold, illustrating second void 624,
second middle port 216, and first middie port 214.
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with all four iank&hd B84 of about 2.6 millimeter o.d. polypropylene or 3 millimeter o.d. polysulfone is

inserted into the outer fiber of dimension 5 mm o.d. and affixed to second manifold 304 by the epoxy
process depicted in Figure 7. First manifold 302 and second manifold 304 are welded along their

30  borders. A third fiber of 0.8 millimeter o.d. is inserted into the second fiber of 1.8 millimeter i.d.
polypropylene or 2 millimeter i.d. polysulfone hollow fibers and is affixed to third manifold 306 as
described above. During attachment of fibers to the manifold on only the second end of the bioreactor,
the fibers are cut flush with their respective manifolds or part numbers. Endecap 210, or threaded hose
bard, is glued to, or screwed onto third manifold 306 at each end.

35 Figure 8 discloses a coaxial bioreactor with iniet port 802 and outlet ports 804 on one side of the

bioreactor. In a preferred embodiment, this bioreactor is axially less than 40 millimeters long and the
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35  radially from the entrance port 1022 through the annular celi layer and into the plasma component. The

remaining media then exits second bioartificial liver subunit 1020 through second media exit port 1030



liver subunits with potentially up to about 160 g of tissue per subunit.
Cell suspensions are introduced into the respective annul ar conpartnents
by way of ports 1006 and/or 1014 and 1024 and/or 1032, ad&Ncyembowi0B8o
anchor to the annul ar conpartnments. Radial flow dynarri cs are used to
perfuse nediwofh@yd plasma to cells for biotransformator ypdweiisens. The
flow schene is switched in the second suBunit so synthetic factors can

fl ow from tdndthe duidstrézmok splitat tee junetiop [1859rmnd a Retibin dd rethinedio ithe patiesicl#8 6Ckllf ur t her

infra. As %QM){ kit dob Br%arhﬁ%lwé? E@ﬁﬁ@lﬁ%@@%uéﬂs@é@n& l;@l eRi@{adr?ﬁEZ ?BE&:I e?utst Irst
bioartificial | iver, subunjt I rst asna entra ort 1004,

nedi a ent e?e§°“f(§?5’&“‘ri”i’1§t"eft§?'6’a‘rt 1"?4’ |ﬂtf?‘§h Sei"?’%é’t“s@%ﬁrﬁi"t 1034t gapexis @ﬁo"df irst
medi a entr aaﬁeﬁqm liter mﬂﬁt H0Zitheragh Reine ge etnt ﬁosttwm Gayfutd IDC @bpdts ;hasmercmmmg;

1002 thgou rsty 10..entrance d ow i s prod
sel ect i %\g 8‘? ?% er Sm\%I! R r%ﬁ:@gﬁ Paey %‘%’tclc’ﬁ%a“ﬁ%‘?ﬂee piai“%“’"ﬁ’ﬁ%" *bé‘?‘ n‘ﬁhber
such that tidsarzbhcymom,lthem’ i tatgiakod lin thtymexﬁa ctohnearﬁnebellm W raped at::rcmhhgn dittgh and by

havi ng a ubst ant.i al essur e S as determned in
he. o ochia Snah e reliF BeS ARaSHER! - ARSI el I Re R ATHERE [ ow
under condpreson geugkrai0dd 7 hatsriﬁﬂmﬂrp%t hﬂntalt@@ﬂﬂe drdbsdifnergtyefficientdssiprassurdiian
cel | COMpagt it eﬁTQ‘%Atm%%preEmgfng(lﬁﬁgpﬁereEIMB ot Ot surLt{QldoPe{ucé Etﬁ%ﬁw%&%hﬁﬂ ons,

sonme pl asma radially Tromentrance port 1004 to asnma art ment
1042, tihroiffj‘l’i‘détﬁfi'laeﬁhwle%t ained in cell conpartnment 1044, into media
conpart ment 10416 ordaitd cate raHiﬁH!d%ﬁHv&a]QNMcorﬂ@ﬁxﬁndh@ir@posﬂ-ﬂe FIOWBdtd diffGenc iR S Mo
then exits _first bioartificial %(ﬁ 6&? 1005 t{;}rou h first plasma exit
port 1012, “EEMPRERP Kb’ l“‘tlg‘”&‘l’t/ WEBVATY TSR ifé‘“" R PR t s
first bi oawhmﬁnsgo\atnedlbwbarcysub\umt 1002 through first nedia eX|t port 1016
and gas exits first b g %{ floial liver subunit 1002 through f st gas exit
port 1018. The el evale pressure in plasnma conpartnent 104 necessary to
cr eat e 1§ hewigre v.ds thiy iadial flowdelagityf 4 o the hydravtie parmeibility, 2 ehinstingl dapendeiton tie alyvigal
stream at foge.l muoﬁe;u ﬁ%ﬁnﬁnﬁg pa,e'saé%d sr%arﬁség%é LeR! ﬁaﬁt@s&h&qhgtt pl asma

conpart ment. 104 way of recirculating p connecting t asna
entrance pUF‘t"s“I@@ﬁ'eP@“‘“’&I a5 s tisdprethad the C‘ZIGaEEbetWPﬁ'ethF P’G’\ﬁo“r“mﬂ%rﬁefvel ocities

cr teat e suf éss@tt:ﬂ?&hgfgaaerﬁmeﬁlyb&A‘%tw@ BEpord s&Sd’ﬂin B ¥eledf; Riclufifg, but HoO iRl pl{gﬁg
rates are e or a r & | CJ sur.e es
at ports Z?Hfbg’lf glr(t)d @b@fds‘f‘ﬁg H'e%é 'y °‘E§”f‘? 5F'§'8“°6‘£Xyc"{)58§“t%§’d’i’ EFg‘t%lﬁg%?tl on

of a neéedl witlvahiglehyd(Blk fermeabibtylandby mddalptivmefiflovmtepl asma exit port _1012 and
the tee juncti OK'mJ:@etlﬁasethISany% lmﬁﬁﬂﬁﬁs’onpto%&mtgth@é@/rrélﬁmﬁ bérdben F q| N

constant through the first bioartificial |iver subunit 1002 the desired
AP is achi %‘ﬁ&'&"%?ﬂd raial dey EivaRjthe hspuliweBurghilitis af %Jéﬂﬁrébvavwdmw&fﬂ:am6
principle rlwmusedsumes iaEvRipFeddiblé aﬂmtvtoﬁmmu randthathe&eetq,efasubd @atidnt &1 ci al

e oMl ok o e YT T B SR SRR B 012

t hen S\Rﬁtché'dmfhersthefot,lewmaebiaslglbbm&ob@weh that the fluid fromexit port 1016
enters second bioartificial |i bunj t 020 t hrough second nedi a
entrance port 1022, plasma ent ’b e ioartificial liver subunit 1020
t hrough second pl asna entran@ p r4, d gas enters second
bioartificial |iver subuff row cond gas entrance péPt 1028. A
portion of the nedia flows 35 radially ffomthe entrance port 1022 through

the annular cell layer and intqg the plasnmajconponent. The remai ni ng nedi a
e o 105 B At gyl 588 n L2, APERLESNI 28SRGS 2
1102 characterized by a hydrostatic pressure P, through pores in fiber 1104 characterized by hydraulic
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P>. The radial distances from a centerline to the inside of fiber 1104 is r,, to the outside fiber 1104 is r,

to the inside fiber 1108 is r. and to the outside of fiber 1108 is ry, It is to be understood that the direction
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Thus, in one embodiment, the invention comprises a method of selecting a radial flow rate in a
bioreactor comprising semi-permeable fibers to enhance cell viability comprising: measuring a first
hydraulic pressure associated with a first semi-permeable fiber and a second hydraulic pressure
associated with a second semi-permeable fiber to obtain a pressure differential and adjusting the first

30  hydraulic pressure, the second hydraulic pressure, or a combination thereof to select one or more radial
. flow rates so as to improve cell viability. The first fiber and the second fiber can be coaxial. Ina
particular embodiment, the method of selecting a radial flow rate comprises selecting the radial flow rate

based on the formula:
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Upon change in one or more hydraulic permeabilities, as in block 834, the system returns to

block 8§24 for further evaluation of first hydrostatic pressure and then shear force.
‘When the hydrostatic pressure is within limits consistent with cell viability, as in either block
30 824 or block 528, then the radial flow rate, Q, is measured as in block 830. If the shear forces associated

with the radial flow is consistent with cell viability, then conditions for cell survival are established, as
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include plurality of fibers 1502, second manifold 304, first manifold 302, housing 202, O-ring 416,

vacuum head 1504, and mesh 1506. The vacuum allows for rapid insertion of smaller fibers into larger
fibers. Mesh 1506 retains the fibers in place.
In scaled-up versions of the multi-coaxial bioreactor, manifolds consist of multiple coaxial holes
30  for the various fibers, and dowels are placed in holes precisely located on the manifolds to insure that all
multi-fiber units are coaxial. Since multi-fiber units are reproduced accurately due to the coaxial design,
experimental parameters from a single multi-fiber unit are directly applied to the scaled-up bioreactor.
The construction of the bioreactor may have many variations that will be evident to the
practitioner. As one example, the hollow fibers may vary in pore size, length, wall thickness and
35  composition and the hydrodynramic model shown above and in Figure 11 can be used to determine the

optimum hollow fiber characteristics. The hollow fibers may be made of any of a number of materials
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of spectra. The aerated nutrient medium is supplied to the first compartment inlet port of the bioreactor.
Integral aeration is provided by flow of a 95% air with 5% CO, mix through inlet port 4, associated with

30 the outermost or fourth compartment of the bioreactor. Ham’s F-12 nutrient medium is pumped through
compartment 3 with a peristaltic pump. The temperature of the reservoir of medium is maintained at 42
°C with a temperature controlled water bath, so as to maintain the bioreactor temperature at 37 °C. The
NMR signal from y-*P nucleotide triphosphates and B-*'P nucieotide diphosphates, other cellular
components of energy metabolism, and biosynthesis are analyzed. The NMR signal is monitored as a

35  function of mass transfer dictated by gas flow rate and oxygen percentage, nutrient medium flow rates,

and cell loading densities.
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30  Blood flowing out of the bioreactor is returned to the Gunn rat.
The levels of unconjugated and conjugated bilirubin in blood exiting the bioreactor are
determined over the course of six hours using the Sigma Total and Direct Bilirubin assay system
according to the instruction supplied by Sigma Chemical Company (Sigma Procedure #522/553).
6.4 Biosynthetic hepatocyte function in a scaled-up mulfi-coaxial hollow fiber bioreactor/
35 BAL
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of toxins are monitored at regular intervals. Flow rates of plasma and medium are adjusted to maximize

biotransformation of circulating toxins. Survival of the patient is measured.
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medium is pumped through ports 1 and 3 and the effluent from the chamber is concentrated by
30  ultrafiitration for coliection of parathyroid hormone, parathyroid hypertensive factor, and other cell
products. The hormones and factors are purified by immunoprecipitation and chromatography.
6.10 The five compartment serially-linked bioreactor with human cells for patient treatment.
Human hepatoma C3A cells are grown as in example VI, above, except in the third compartment
of a five-compartment serially-linked bioreactor. The innermost compartment (compartment 1) and the
35  outermost compartment (compartment 5} are suffused with the gas mix, 95% air with 5% CQ, . Nuirient

medium is pumped through the second and fourth compartments, respectively, and cell growth is



compartment to form biotransfornmed effluent. The plasma exits the first
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bi otransformed effluent fromthe third conpartment of the first

bi oartifici MOP¥IET subunit fl ovvs into fghe first conpart BMUHKISNe second
bioartificial.su(g ni.t | al oW i n first bioartificial liver subunit

30 det oxi f i BN §HGP “8? Zﬂf‘?ﬂe e&&‘?ﬁ“&ﬂ?ﬂ”rﬂ%’?eﬁhﬁfﬂa&w Pistatigaary grodphase,
bi oartifi chahklbimivertpgisynmitbredont ri butes bi osynthetic products to the

plasma to for maURRLESENH: ha@g%w\émls bR AR o o RS

of toxins are nonitor nterva 8%
medi um ar eané@}em'@ﬁlswnwdihrmg ¢he sesiably Wam%ﬁeﬁmdmmpamem ofehel bidréapigr. t\cml ns.

Sur vi vad  OfjgrsHaunBigd, e BloddSevBRR fMin@ e méSitoNQ WEEREE intPAR, YWoWIRLs’
PCTI USOCO 151g5rIS ! Tace - etnrn? ffects on dlffe?gélsto?gflz%)gnagd

ellu
hepat ocyt e’é‘ecﬁﬂn ?’ﬁé‘zj‘é%E?It%’BaﬂB’zﬁ}ﬂ?tf‘ﬁ“S orgatigp;o F“"HBW?%W“?SI Baviviliobthe Batiensis

Par enchynainessetd.s are i sol ated by zonal centrifugati | on as in exanple 1V,

above, suspend eﬁdlél Ear{s;rgcq T S}éth {ﬁ'&e %gnrﬁ erlmllm?'%k d )fr ae‘mﬁ'f lgr}tttﬁgr-pﬂgkedf ber

Engl ebr et h- Hol m n nou arco ntroauce
conpart nen*!f’@gfw{m%ﬁw!rbmﬂcylbﬁrﬂﬂﬂ@te‘m up nul ti-coaxial bioreactor.

The hepgat ocyt eSB,ae@mawbeﬁfs@fi cblﬁn@ctéé%ﬁtaaé &tmos@&bﬁaﬁ'ﬂ%&s %3%11 95?%@9
matri x, and agﬁ mai ntai ned in the normal hepatic heno e

1994) . The® KFghhs ouFrhrmdany of the é‘t}“’vg't%?’(‘ é°“i‘l‘§"“8ﬂ‘é‘+ ﬁb‘t"H?W flsgo %53 wilpete oidsis of
al buni n  aingbriatip@tehah of tha A lfiinptei fibersf faeingy part SLEINRS bSuh8dBPof the ah@arR@r enchy nal

cells are [ mHamsF uprient e

b ough oo aaftafa ke e ik Alidd oFARE Briachs s By R i v holow
conpar t menfiben (300 o@ffid inseried ifitp eavh oﬁihphii mrﬂymter:f bérsasgisd ireot@thompatnicnaatt | ons
are angd yzgeh éo%ammmtﬁmme&er%%mm&mb%m id ¥ikd rga}mataho%ac@# Q;L{gc%ﬂi% and

synthesis i s, measured hy enzyme-|inked | mmunos assay

di f f er ent i BeusH Bgth migdies mtaé@“qﬂrga%tﬁexwre@& plasmagndithe g dlhe hol | ow
fi ber bi or @mehest contpantment ;aamemh.ymhmmmmﬁm bR ointSitd GFRGuRdnds @288t hod

of (Bl ock 15. and i nt roduced into
conpart nentti%%fﬁ{'ﬂ@t%e Eéf’gﬁh § °“§ld° e%’(%%’)?(?eéﬁ ﬂl‘%%’ie Ia(gW?t%%)tgF coagial podiles. gpd  The

par enchyrraﬁlewéﬂ#@ﬂ!frl@uqmgopagat ed by exposure to hepatocyte growh factor

(HGF/ Skg,  epi dgk 5&fany-Bke®biorestiy aﬁd&@ﬁ@n&t@d’ {dbifgland Eﬂ%éﬁoﬁsa‘i&tsféh% pha in

nutrient nedi ug]I I nt roduced "%"H corrpart ment 3 and air (19:1)
i ntroduced int “C%WP%W%SO @ inEpcpmpley Y1k and jirpducssyints fhepapulapeell ¢/ EBP t o

C/ EBP i s dempeasad, d:mmphthatsprﬁ@mafmduotdaam&eikdmtssmé Hepatodyteltel st Bﬂagatéal SO

IS decreaslgq | hr ough. art
i nclude tr %ggqtoznrg‘hﬁﬂnv# hF m??‘o\rnﬁnaf%c rs&‘egcr eér)"qng Wlﬁ“tflélbetcgﬁ) et“f)'tyl l‘ﬁduce
di f f er ent i wifficisnt forf tregimentag p P@leem'dh@yfaﬂhes% b@feaatbrbutrmnm withra colnplethent ofiMizblel on

descri bed Kvopritd@enowemttl BAL sRitCel | Res 1998, 242, 27). 6.9 Biosynthesis
of hor nones and factors in the scal ed-up rrultl-coaX| al holl ow fiber
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flow in the first subunit is produced by a pressure gradient across the fibers, such that the hydraulic

30 pressure in the plasma compartment is higher than the pressure in the cell or media compartments. In
consequence, part of the plasma flows from compartment number 2 through the annular cell compartment
into compartment number 4. In the process the liver cells in the cell compartment can biologically
detoxify the plasma passing through the cell compartment. As the detoxified plasma flows into
compartment 4 the medium is modified with a detoxified plasma component. The remaining plasma then

35  exits the first BAL subunit through the first plasma exit port, media exits the first BAL subunit through
the first compartment number 4 exit port and gas exits the first BAL subunit through the first gas exit
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conpartnents 3, bi oreact or subunit The hepatocyte

are propaghthisdeachine tiztysdeys @Oﬂlﬁcﬁqmw%vﬂlatmammeme tjrﬂzmﬁmsa!eﬁ #idanethedy r | bed
i n Exanpl en tdt prbsebtifivehtidnhegen@htt addi@iofdl bibddsments without departing from the spirit or scope of

the invention. The specific composition of the various elements of the bioreactor system, for example,
should not be construed as a limiting factor. Accordingly, it is to be understood that the drawings and
30  descriptions in this disclosure are proffered to facilitate comprehension of the invention and should not be
construed to limit the scope thereof.
All patents and publications cited herein are incorporated by reference in their entireties.
The many features and advantages of the invention are apparent from the detailed specification,
and thus, it is intended by the appended claims fo cover all such features and advantages of the invention
35  which fall within the true spirit and scope of the invention. Further, since numerous modifications and

variations will readily occur to those skilled in the art, it is not desired to limit the invention to the exact



sufficient for treatnent of a patient in liver failure. The bioreactor
subunits with a conplenent of viable 25 liver cells are now terned DAL
subunits. In use for patient treatnent, patient plasnma erdievesdiepa@nent
nunber 2 of the first BAL subunit, through the first plasma entrance port,
medi a ent er WAt nent nunber 4 of the first BAL throuf6TAURMI624 st nedi a
entrance port and s enters the fj st,%?L through first gas entrance port.
Radial fl WSFFF“P'h%‘%f’P‘?’%‘P" gé‘ﬂ{?ﬁ(ﬁf‘m{ segp d‘t‘i‘éé‘a""ﬁﬁ?‘g]& b spitablgmedificatiopseatf acr oss
t he fi ber squisaleits hdyde rdséred ky Ehtliag Within 80 s@pessherigventiint he pl asma conpart nent
is higher than the pressure in the cell or nedia conpartnents. In
consequence, part of the plasma flows from conpartnent nunber 2 through the
annul ar cell conpartment into conmpartnent nunber 4. In the process the
liver cells in the cell conpartnent can biologically detoxify the plasm
passi ng through the cell conpartnent. As the detoxified plasma flows into
conpartnent 4 the nediumis nodified with a detoxified plasnma conponent.
The renmaining plasma then 35 exits the first BAL subunit through the first
pl asma exit port, nedia exits the first BAL subunit through the first
conpartment nunber 4 exit port and gas exits the first BAL subunit through
the first gas exit 29 Novenber 2003 WO 00/ 75275 PCTf USOQ 15524 31 port.
The flow schene is then switched in the second subunit such that the fluid
(medi um containing detoxified plasma) fromthe first conpartnment nunber 4
exit port enters the second BAL subunit through the second conpart nent
nunber 2 entrance port. Simlarly, plasma fromfirst conpartnent 2 exit
port enters the second BAL subunit through the second conpartnent 4
entrance port and gas enters the 5 second BAL subunit through the second
gas entrance port. A portion of the nedia flows radially from the
conpartnent nunber 2 entrance port through the annular cell layer and into
t he second conpartnment nunber 4. The liver cells add proteins and ot her

bi osynthetic products to the nediumthat flows through the cel

conmpartment in subunit 2. As this enriched nediumflows into the remaining
pl asma, the resultant, nodified plasma is in part detoxified and in part
enriched with biosynthetic proteins. The 10 renmaining nediumthen exits the
second BAL subunit through the second conpartnent 2 exit port, the

nodi fied plasma exits the second BAL subunit through the second conpart nent
4 exit port and gas exits the second BAL subunit through the second gas
exit port. The nodified plasm, effluent from second conpartnent 4, is
returned to the patient to sustain life. 6.12 Manufacture of scaled up

mul ti-coaxW holtowfi ber hioreactor. .15 An apparatus is used to assenble a
bi oreactor in which a vacuum head, that is attached as necessary to a
negative pressure source, holds a bundle of hollow fibers agai nst a nesh
for rapid insertion of smaller fibers. The opposite end of the holl ow
fibers is inserted into a manifold and placed in a vessel. Polyurethane
epoxy is applied to bond the hollow fibers to the manifold and the assenbly
of manifold, epoxy, and hollow fibers subjected to a centrifugal force to
renove epoxy fromthe inside of the fibers. 20 Upon curing, the fi-ee ends
of the hollow fibers are trimmred wwth a saw, The process is repeated for



insertion of the next smaller set of hollow fibers by applying the vacuum
gluing the ends to the next nmanifold, centrifugi ng, and trinm ng.

pur pose of the above description and exarrpl es is to |IIu§¥MtVém§@fr’?é)03
enbodi nents of the 25 present invention without inplying any limtation. It

will be apparent to those of skill in th® art, in light of this teaching,
that various nodifications and variations my be nmade to the conposition
and met ho (1§ the present invention to generate additional enbodinents

wi t hout departing fromthe spirit or scope of the invention. The specific
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and advantampesngf the, | nvention are apparent fromthe det ail ed

speci fication, . ng IIh I it end t he appen ed ai. s ._cover
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33 CLAIMS 1. aﬁldgﬁltbﬁbamf(ﬂle,plwmfc&xmghoﬂéﬁﬁbas hadisi ng havi ng an i nner side
conpri sin nt nd a gas
expiratio )aﬁgog%gﬁ?sh%%%&% ae%gﬁ gﬁgﬁascf ‘Hbtﬁg Ehl%)mngrrfl&glp f%?/g%’fm%%&f%séﬁ’tl ty of
modul es  ofcckpiid by hefplupaitsol nrodeleivivgs th Hohsing dohpridtoutdéastgne BRChatibdahdat
conpri si ”lgastéde)out?et%ﬁfoﬂfo:t%fho%ldlgi&%fco%]pmlﬁl I ow fibers, each having an inner

side and an outer side, 1nc nnernost hol |l ow fiber and an

out er nost hol | dw flﬁwrbmr‘(aptpl)ofalapﬂl Ursdikicinyhedbllgofitpar nemipsrmeadapr i Si ng: a
first conpartngnt d the nner oI I W fiber;
and (iii) at Ieastdgt;lewog%dig%ll% b%‘é{e eqfo'u& Comﬂnsr?amaepesgl

annul ar shrete E@Pmﬁstmadf Iabé)edfonfs,|pblep@psd¢ne,tdybn,p10m¢u nowwﬁﬂmﬂnlybhe hoI | ow
fibers; angubeh E@E@T ment defined by a space within the

i nner side of t|c”l ousl n%%ﬁ&?@&%m occupied by the plurality of

nmodul es where 4he hHW%@C@Eﬂprb@har@mlﬂmeaomEﬁuﬂnﬂredmpmwaf ledtsdICﬁncdisat

5. The bioreactor of claim 4, wherein the cells are liver cells.

6. The bioreactor of claim 5, wherein the liver cells are selected from the group

consisting of porcine liver cells and human liver cells.

7. The bioreactor of claim 1, wherein at least one manifold further comprises a flow
distributor.

8. The bioreactor of claim 1, wherein at least one compartment further comprises an
extracellular matrix.

9. The bioreactor of claim 1, wherein at least one annular space is about 0.2 millimeters
to about 0.8 millimeters.

10. The bioreactor of claim 1, wherein the bioreactor is sterilized by a means selected

from the group consisting of autoclaving, ethylene oxide and gamma radiation.
11. "The bioreactor of claim 1, wherein the innermost hollow fiber has a length of about 2
centimeters to about 50 centimeters.

12. The bioreactor of claim 1, wherein the housing has a first end and a second end, and



| east one outlet manifold for each additional conpartnent. 2. The

bi oreactor of claim1, wherein the hollow fibers are sem ?ermeabl e. 3. The
bi oreact or of claim2, wherein the hollow fibers conpri sé° &oygnhes %03
selected fromthe group consisting of polysul fone, polypropylene, nylon,
pol yester, polytetrafluoroethylene, cellulose acetate, and m xed esters of
cellulose. 4. The bioreactor of claiml, wherein the bioreactor further

conprises at |least 109 cells . The bioreactor of .claim4, wherein the
cells are Ii ve‘rgﬁéeeﬁa]}?fﬂe .Oﬁ‘?ﬁdeeagli‘%"ll-lgé’é’ggrre ag e%ﬁs%ﬁn O%tfcle'\"lﬂ’%?%i n the |iver
cells are sel et ed Thebinrdabter qfchinl, fiethasiosbiisag: of porcine liver cells and

human liver cells..., 7. The .bhjore or of.cl aj 1 erein at | east one
mani fol d furt hneurcrogg?rr%sruf’sts?aené&lé’qafag‘a/tto té????ﬁ%ﬁt%&‘?wg “*rhe bi oreactor of claim

1, wherein at l4eastTlehdracopdchimel®, wheteih He micofterifats: @mprigxt leacale! ul ar
mat ri x. 9.em£hem{%'l oreactor tof cl ?i m% w{%erei n at |east one annul ar space is
about 0. PP reO8RRd at s SRRATAUeR GUR AT neters. 10. The bioreactor of
claim1l, wherelmn tHhEhehicosaaodfohin k whteinial leaeche byaxial aiav sibaed sefaed withr om t he
group consij utoimgg of autocl aving, ethyl ene oxide and gamma radi ation. 11.

The bi or 86t 0161 ¢l aim 1, wherein the innernost hol [ow fiber has a | ength

of about 2 celtt i neflebrdactondiolim fvheentat lamt @ieSoaxikPholidbh @b&rihay Anedsie of
claim1l, Whgrgggnlb-he housing has a first end and a second end, and 2 9
Novenber 1556 4 “Whét e each inl et port and each outlet port are at the
first end of tle holisibivgeactorld clafing wihkroin@bledsoine 0baxizl sillow Hiberfobly 4 Joe size

conpri sing; .mcrofibers substantially parallel to the nodul es of hollow
fibers. ?%Stbfﬁg'lgilgr@actor of claim 13, wherein the mcrofibers further
conprise at | ekst ofte bicaeetart dfolaink I wdbrejpart kastoid caxial ledisw fiberdaodosdsizan out | et
port. 15. I tor of claiml1l, wherein at |east one coaxial hollow
fiber is lgs-ag'lt&%Pg"tgge)g?@mpTh perfl uorocarbon. 16. The bioreactor of claiml1,
wherein at | eat onBicboacactad ofbloim hwhreinet ledsbme aoparimestifizrther dogpsset belin 1 X
10.6 M el i o r of claiml, wherein at |east one coaxial hollow
fiber ha;&%edpvglﬁlegselg%%Mezsng han 0. 1x10-6 M 18. The bioreactor of claiml,
wherein at | ea¥t onédseobabipmictdrof ¢lou 1fto fweduch el bospaiesis plodwets fbrasakinglaan 0. 05 X

:c 8; ? h g/lr égerglpc};?lgrg tgérgreezfﬁ?lgrﬁ gf a }%tien? tneH.egﬁ tgiereo .y c%ﬁlgxiisnl}lg:aéuﬁp%agsugnaggn%usc%agr tment
solution through a compartment of the bioreactor; collecting the output; and enriching biosynthesis
product from the output.

21. A serially-linked bioreactor, comprising a plurality of bioreactor subunits, each
bioreactor subunit comprising: |
() a housing having an inner side comprising: a gas introduction means integral to the
housing; and a gas expiration means integral to the housing;
(b) an array of a plurality of modules of hollow fibers, residing within the housing, each
module comprising:
(@) a plurality of coaxial hollow fibers, each having an inner side and an outer side,
including an innermost holiow fiber and an outermost hollpw fiber;
(ii) a plurality of compartments, comprising: a first compartment defined by the inner
side of the innermost hollow fiber; and at least one additional compartment defined by a
respective annular space between adjacent fibers of the plurality of coaxial hollow fibers; and
(c) an outermost compartment defined by a space within the inner side of the housing which
is not occupied by the plurality of modules; and

(d) at least one compartment of one bioreactor subunit linked serially to at least one

compartment of at least one other bioreactor subunit,



m xed wth an extracellular matrix. 20. Use of a bioreactor of claim1 to
produce cell biosynthesis products for making a nedica for treatnment
of a patient in need thereof, conprising: punping intraU§§§WQmP8@a¥ﬁ@
solution through a conpartnment of the bioreactor; collecting the output;
and enriching biosynthesis product frgwthe output. 21. A serially-linked
bi oreactor, conprising a plurality of bioreactor subunits, each bioreactor

subunit c i sing. (a) _.a housjng.havin n.inner si co ising: a gas
i nt roduct‘lgggrglgt!#"réiéynugm %%rﬁen&s%la F%{‘fr‘%gﬂe ﬂ“&ﬁgﬂlcﬂaélfiagﬁa&t we ‘gg'“@ O[daf?rieﬁ means
i ntegral sdditbimbcdvgusinag; (b) an array of a plurality of nodul es of holl ow

fibers, i di i £hin th ' h. . oodul L sing: (i
ol ural |ty of cha el irieb fiesap 2 vhERR Al G R RSPt an out er

side, i nkdsuti’pglsan i nnernost hol | ow fiber and an outernost hol |l ow fi ber;

ii) a plurali of ~cqnpar.t S onprising a.first conpartnment defined
E)y %he Pnner ésﬁl'/de glfeont‘nq% °ﬁ°¥ﬁ3ﬁ%éﬁwﬁ%@wg‘i3&éﬂrﬁwéﬁ “at | east one

addi ti onal conpart mErtbidetionedlaby 2 awhdr@sihe cdli we saard fidm SN chelswaesT

adj acent lfluiml%glihsrerot];llst hde%)pl.ural ity of coaxial hollow fibers; and (c) an

out er most CERDAF FAEAI REEFTIRE B a space within the inner side of the

housi ng whi ch 24.s nHe tiweautpi ediatny 22, vierpih drledsi dny cavhparmei besich Biadadd) at

| east one ¢ WH%E_}-}CPEQ} .of on b'pl‘gr eactor subunit linked serially to at |east
one conparthent of AT 8agt 2 Gne bi oreactor subunit, 23 Novenber 2003

35 where the hzfusi ngseadapivieses ofitlaina 34 produee 4 bibiednsfomitid kfflueht fanehakibg h east one

out | et ifold for eac ad iti.ong(L conpartment. 22. The bi oreactor of
claim 2;%% anrng?trt;orgg% e%iogar e gee %Efﬁ?%o}:flﬁ er conprises at |east 109

cell's. 23. The(abihgodeciog pasmafof € patienniR@a bivdestr subuhihef tiosakdigly finled biowastoag! | S.
24. The bjgreactor of claim23 wherein the cells are selected fromthe
group consisting of human liver cells and porcine liver cells. 25. The

bi oreact or of ®)&iang2Plcasivierdint &t plagaesid flow eadetiyperupivesdl cofpe@eht dfiker eact or

subuni t ftgér&{l{%;sd% Eiﬁgﬁsab%r&f&ﬁr&a gﬁéeug_ar matri x. 26. Use of a bioreactor

of claim to produce a biotranstorned’effluent for malting a nedicanment
for treatnment (©fintmedosing babiofransfomed cfflvent &od a woomd biosdactor: suum)t of thé bioaeirng

pl asma of (3,.natj.ent into a bioreactor subunit of the serially |inked

bi oreactor o ¢laim 21, (b) forcing at least a portion of the plasma to
fl ow radi al | y (dhiowsinglat lgastepdrtianeiithe biotrenforndd efflvent to flow radially through a cell

compartment of the second bioreactor subunit to form supplemented plasma.

27. A multi-coaxial hollow fiber bioreactor, comprising:

(2) a housing comprising an inner side; and |

(b) a module of hollow fibers, comprising; at least three coaxial semipermeable hollow fibers,
including an innermost fiber having an inner side, the inner side defining a first
compartment which comprises at least one innermost inlet port and at least one innermost outlet port;
a plurality of compartments, each compartment defined by a respective annular space between
adjacent fibers of the at least three hollow fibers, including at least one outer inlet port and at least one
outer outlet port,

wherein each compartment comprises a flow communication means between the respective
annular space, the respective outer inlet port and the respective outer outlet port and where one of the
annular spaces contains eucaryotic cells; and

(c} an outermost compartment defined by a space between the outer side of the outermost

fiber of said at least three hollow fibers, and the inner side of the housing, and comprising at least one

outermost inlet port, and at least one outermost outlet port;



bi oreactor subunit to forma biotransformed effluent; (c) introducing the
bi otransforned effluent into a second bioreactor subudf tNefentsr BEreact or
of claim2l; (d) forcing at |least a portion of the biotransformed effl uent
to flowradially through a cell conpagtnment of the second bioreactor
subunit to form suppl enented plasma. 27. A nulti-coaxial hollow fiber

bi oreactor, conprising: (a) a housing conprising an inner side; and (b) a
nodul e of hol |l ow fibers, .conmprising: at least three coaxial i per neabl e
hol 1 ow 11 ber s, e TORIRRGAmHE A esohie ik frapitol e aLiash e QRIS ARS8k g

i nner si de cdmpdrinients; vehefel af Bist @erphe tompattmshs @htaboapilvakcdat | east one

i nner nost i nl por,t t .| east one.innernost outlet port; a plurality
of conpartman?g', eftrﬁ&@%r?gﬁ?ltc t Y Hed by a respective annul ar space
bet ween ad] adentudrghéablk celfs ifthecaipathaas bf théisi@eackobf tuim D7 hed sassihgialdédi ng at
| east one qut inlet.port a t lLeast one outer outlet port, wherein
each con&e&P‘Wéﬁf u%‘gﬁaﬁcﬂﬁgg acglq%f’@wiibc?’rﬁmni cati on means between the
respective anful arAnappetdys foriesembly peLbibrestod Uheappiaritheior Beaniblyasaahplidies:
respective outer outlet port d where one of t annul ar spaces contai ns
eucaryotic celt(eﬁg;v ac&%%?ag)gtﬁwe‘g@taé\%?&?prﬁsﬁ?fﬁ%ﬁ“fcﬁgﬁetvaﬁl&%ﬁ@%” Y% Bace

bet ween thbiwchoiisig; 8 mdeh tofetdidie]low fibersyBhtre tHeinlzeh is affixaio the Adusingasd a hélde e

hol | ow ficprers .fé;}gl_d he inner side of the housing, and conprising at |east
one out &FASEFRLEE  hort, and at |east one outernost outlet port; 28
Novenber 2003 (3@ vkdag fdrdwoigding golpwetiunk sparg aal enlissddslloonibetsn| et mani fol d and at

| east one out gt nifold.for.each of .the.c artnents: where at | east one
of the conpar Phent & RePROef ALoaE AylppricmeiivehtiBipiiiied climproipe e g o
cul ture, conpia)sirendating plaskadioni apgtiant @atolagledied, banpriing a conpart nent of the

bi t f claim27 and ' trient dium th ial |
adi acont nol | ow 11 BbLm S SRR ah FRjoas RS S PRl e

appar atus for cdsstenddd,y conprising: (a) a vacuum head, attached to a

negative pressure saurce.. the vacuum head. c rising; a_. hollow housing; a
mesh to retain hol ?@v‘#%s gpgom e'fcrLéjts’ta LS Claéﬂa%f) fselg%%’ﬁulf'rosr’?cﬁ’ew 1E)eu‘a'%'ci%ng; and
a hol der f or adageairvofmpdrighenianookaifib) liwidvessel for hol di ng pol yur et hane epoxy
and ends of hollow.f.{ bers. .30...A e of detoxifying and suppl enenti ng
human pl asma corrprinsq %gmt?gﬁael agr?ueobls‘o’u%’iy 01%1611 anél}%?rcsﬁ?cg’ti ng plasma froma patient
i nto a devi ce (b)elhenong spontgpn of thi plasmagn trasesse the emyuder tampatimeritaud Nng an annul ar
space and a c RAR . %5 i .herein i t | east two
conpart ments, ?‘gg(})lacegidetg%ja cogi%gﬁte}ng%edgpz%s%ig "nf’lt%rams“blérg%%p a\%2‘"1|"eelrlt'e each

The method of claim 30, in which the said traversing is facilitated by pressure.

fud s

-

32. The method of claim 30, wherein said portion of the plasma is returned to the
patient’s circulation system.

33. The method of claim 30, in which said device additionally comprises a second
annular compartment having a second annular space and a complement of eukaryotic cells therein.

34, The method of claim 31, in which said device additionally comprises a second
annuiar compartment having a second annular space and a complement of eukaryotic cells therein.

3s. The method of claim 32, in which said device additionally comprises a second
annular compartment having a second annular space and a complement of eukaryotic cells therein,

36. Detoxified and supplemented plasma produced using the method of any of claims 30
to 35.

37. A method of selecting a radial flow rate to enhance cell viability in a bioreactor
comprising:
(a) an array of a plurality of modules of hollow fibers, residing within a housing, each module

comprising:



adj acent conpartnent contains a liquid, (iii) an integral aeration supply
for the annul ar space; (b) allowng a portion of the plasma to traverse the
annul ar conpartnent; and (c) collecting detoxified and s@%ﬁ{%’ﬁ@ﬁﬁ%@%l asm
exiting the annular conmpartnent. 31. The nmethod of claim 30, in which the
said traversing is facilitated by pressiite. 32. The nethod of claim 30,
wherein said portion of the plasma is returned to the patient's

circul ati on sys)&Miurady of & S9N h said. devjce
additional 'y czﬁr;pﬁl se;?% setlzam%lmgﬂrjlﬁ%le%r %!é"gﬁri’pan rﬁmaﬁé?ﬂ% r des%%&‘ag

annul ar space aﬁ#dﬂfﬁn%%ﬂwﬂ@%bﬂr&mian@uﬂcmoyﬁjmllwﬁMI s therein. 34. The nethod
of claim31, i et 8 S i onal | econd annul ar
conpar t ment ha\%%%a égcon %ﬁﬂrlleg glghstme %ﬁﬁgp%%%ﬁgﬁ%yklﬁﬁk% tic
cel | s therein. %@neﬂﬁPﬁéhfi’H@Mftbehmﬁ claim 32, in which said device

addi tionally copLiises artment hay second

annul ar space m a co#}%l %ﬁn%g%ig% %Eér%?/foe?gp%rgf W??fﬁ’?‘@{ gceg’BtWI%’c oxified
and suppl enent é@aﬁql@ﬁbﬁﬁoéﬂ@dmwﬁmmglmhmmmm of any of claims 30 to

35. 37. A fl t | bilit
‘n a b ore(gf%??‘é‘é%fétp% bRk Bk e Lol Bt s o itich bt
hol | ow fi I&fupied byt glurplitnel thdwlesa housi ng, each modul e conprising: 2$.

Novenber 28Q3 ﬂ%ﬁao(uéxﬂgtc%m%ééé él'iéa&t%n Jﬂg?xﬁ%uxf'oﬁlan agLegﬁ?%efsd[u ﬁg@gﬁﬁfh having an

i nner side _and an outer side, 1nc an | and an
out er nost 2Adliemelgompytrent; (i i) a plurality of conpartnents, conprising: a

first conpeshdia %f@fm SI de of t | 1 ow fi ber;
and (iii) at | eatggﬂggnse :‘g It %ngfshg@%%ar %EpgﬁPeﬁg&EB%Sggqi@g%ggtap@%
annul ar sﬁ%édlﬁ’é‘mﬁsﬁﬁfsa‘w@“ﬁﬂlbewcgmtifollmhﬁbqntanbahiatgt&e@.freaiﬁ&kﬁmtm hol | ow
fibers; amgaulihe @ WTRREaa i ned thin the

i nner side of t%egﬁgﬁgﬁg ﬁﬁﬂgg{etﬁg%w%accc ress‘&e%sﬁ%gﬁ’f%?wm&“
modul es, \ﬁ?%‘?'é‘n%t’ﬁéﬂﬁ’@ﬁgpPﬁéect@ﬁmm@es&datﬂdveIaMSo@a&)mpﬂoeéceﬂ&hbiﬂl@J d and at

| east one outl gg mani, [ art t he et hod
conpri sing: neasurin E%ﬂ?égda&?%tﬁggh%ﬁ%g&ef%%ggs nggéﬁa’\'ﬁl"?”f? first
hol | ow fiber add a Tg‘%@é*ﬁ@ﬂ?ﬁ?@%@ﬂ in evhish 8w sadiablles mds sieated buisédonahess econd

hol | ow fi B0 Obtain a pressure differential, neasuring the radial flow,
and adjusting the first hydraulic pressure, the second hydraulic pressure,
or a conbination there to, sehect one or nore radial flowrates so as to
i nprove cell viabil ilrnfﬁ’—oﬁ h{"iﬂ] .

t.

c

Ap=L | \fa)_
oLl K, K,

where AP is the pressure differential, Q is the radial flow rate, L is the lengfh of the shorter of the first
and second fiber lengths, r, is the radial distance from the centerline of the bioreactor to the inner
surface of the first fiber, 1, is the radial distance from the centerline of the bioreactor to the outer
surface of the first ﬁbér, I, is the radial distance from the centerline of the bioreactor to the inner
surface of the second fiber, 1y is the radial distance from the centerline of the bioreactor to the outer
surface of the second fiber, K is the hydraulic permeability of the first fiber, and K, is the hydraulic
permeability of the second fiber.

40. A computer readable medium including instructions therein for calculating a radjal
flow rate in a bioreactor comprising semi-permeable fibers, said instructions including the steps of:

(a) receiving measurements of hydraulic permeability for each of at least two coaxial semi-
permeable fibers,



38. The nethod of claim37 in which the first fiber and the second fi ber
are coaxial. 39. The nethod of claim38 in which the radial flowrate is
sel ected based on the formula: dP= Qnrb in rd rU r~ 27CEKNORSMBrA083 AP i s
the pressure differential, Qis the radial flowrate, L is the length of
the shorter of the first and second fiher lengths, ra is the radial

di stance fromthe centerline of the bioreactor to the inner surface of the

first fiber, rfi | f h Line of th
bi or eact or fo INSSRUPEPEAL AR POER b RT L AARER Har S el o

di stance fibaspmutdhe centerline of the bioreactor to the inner surface of the
second fi ber, I nce fromthe center Ae of the

bi oreactor to p#g%%ﬁ®%%Md§§? aggﬁ%%q“'%“%gg %?%@?mﬂwi {°€5¢ he hydraul i ¢
permeability of the first fiber, and K2 is the hydraulic perneability of
t he second fiber. 40. A conputer readabl e nmedi umincluding instructions
therein for calculating a radial flowrate in a bioreactor conprising

sem - perneabl e fibers, said instructions including the steps of. (a)

recei ving neasurenents of hydraulic perneability for each of at |east two
coaxi al sem - perneable fibers, 29 Novenber 2003 38 (b) receiving
measurenents of hydraulic pressure for at |east tw coaxial sem -perneabl e
fibers, and (c) estimating said radial flow rate between said coaxi al

sem - perneabl e fi bers.



