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3, cell culture. In particular, the present invention relates to devices and processes of making and using

devices for growth or maintenance of eukaryotic cells. One embodiment of the invention performs
15 functions of the human liver.
2. Background of the Invention and Recognition of the Problems
Liver failure is classified into several major types, including acute liver failure, chronic liver
disease, and multiorgan failure. The main etiologies of liver failure are viral hepatitis and hepatotoxicity
induced by drugs and toxins. Advanced liver failure results in encephalopathy and coma, and may be

20  fatal. Treatment focuses on stabilization of the patient until spontaneous recovery of liver ﬁmctlon, or
until liver transplantation. In the aggregate, the annual mortality attributable to liver failure exceeds
27,000 annually in the United States.

Artificial organs, which are devices made entirely of non-biological materials, have greatly
advanced health care. Artificial organs and tissue substitutes, including kidney dialysis machines,

25  mechanical respirators, cardiac pacemakers, and mechanical heart pumps have sustained many people
with desperate life-threatening diseases. The utility of such artificial organs is reflected in their
widespread use. Pacemakers, for example, serve admirably as substitutes for their biological analogs.

The artificial kidney, sometimes termed the kidney dialysis machine, illustrates both the benefits
and shortcomings of purely artificial organs. Kidney dialysis machines are effective in removing urea,

30  creatinine, water, and excess salts from the blood, thus partly fulfilling major roles of the natural kidney.
Clearly, artificial kidneys have postponed deaths of patients in renal failure. However, kidney dialysis
machines are insufficiently selective and inappropriately remove biological components, such as steroid
hormones, that a functioning natural kidney does not. Consequently, dialysis over an extended period
may result in bone loss, clotting irregularities, immunodeficiencies, and sterility.

35 The patient in hepatic failure, unlike the patient in renal failure, cannot be specifically treated.

Renatl dialysis, which revolutionized the treatment of renal failure, does not presently have a hepatic
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UCLA reported that one quarter of their trans
P biological component. qﬂe liver 1s the most massive organ uP the human body, exclusive of distributed

organs such as skin, gut, hematopoietic system, and vasculature. Sustaining a large mass of functioning
30  liver cells in vitro presents a variety of hurdies. At least eight major problems to developing a functional
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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These gradients are controlled by mass transfer effects. Oxygen is the primary nutrient that is limiting in
cell cultures (Macdonald, J.M. et al. NMR Biomed 1998, 11, 1; Glacken M.W. et al. Ann NY dcad Sci

1983, 413, 355). ‘Integral’ oxygenation, or aeration inside the bioreactor containing the biological or

35  chemical material of interest, greatly enhances mass transfer of oxygen and carbonic acid. The formation

of the latter can be used to control pH.
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30 coaxial and some parallel sem:-permeable hollow fibers. The offe desngn allows integral oxygenation

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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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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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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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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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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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.



35 carrying out the several purposes of the present invention. It is
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fibers. Figure 6A illustrates a ersgectlv vi ew of _a two sided enbodi ment

of a b?br FABIo}S ilusiptey A RETsRISHYq Yigistl P 4Pece uspd P ranstBietiniota PiPsHtorsi de of t he

first manifold. 30 Figure 6Cillustrates a detail of the back side of the

first mani D.i | an expl oded view of the first
mani f ol d a%gl et 5'8'?a té%lpefe"edlifmbug’;"%?téure 6E illustrates detail of the

front side of tSI:ieDsfeew mani fold. Figure 6F illustrates a detail of the

front side of tmuz&%ﬁ&@dns@fm,miéamsfph,gmgewésaﬁcmm&towb@.% a detail of the

back side of the second manif
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.



35 Figure 6H illustrates a collar and a detail of the manifold. Figure 61
is a cross-section of the second manifold. 2% Novenber 2003 WO 00/ 75275
PCT/ USOQ 15524 10 Figure 6J illustrates a detail of the2fMsyemseiR03f t he

third manifold. Figure 6K illustrates a front perspective of the third
mani f ol d | L illustrates a back view of the third . Figure
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superi cp€hy3| ol ogical function and cell viability. Figure 13A illustrates
a Cross secti oNiffi-caoidhdibw ﬁ&amo@bcrw %@ﬁ%&for cdmpasihEthres B hérk HRkLRLes a
cross section of an alt }LF enbod t of  a.multi-coaxial bioreactor.
Fi gure 14 P& t“i"éﬁpé?ebtg?]?g A °5'ﬁ"’[éci‘fﬂ%| ment of a bioreactor. 20

Figure 15 ill uwmw@m%spmntedmcmlgWMoﬂ etkiviteO@ittsagk, trive irfirals,
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hol | owl¥ i remstimesayitathimsigalos pea-flpraingting ﬁ?%?ﬂonwbk@ents'pﬁé@mrqh@e é’mmmrc@ of

the presend: RPMEMAL QbswhllParicHah& @t Mt Wrinh € @640), HAQ!IFOW dhi BRlifin
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bi or eact orFAAoRbEBHEREIRT Ses ENEM OB beeo g i MR e
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t he scal ed-up mul'ti-coaxi a | oreact or conpri ses.
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to NMR studies and to studies where access to all ports from one side is necessary.
Outermost compartment. The compartment in any of the bioreactors that is bounded by the
25  outside of the outermost hollow fibers and the inside of the housing, and is connected to two 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.



connected to two ports, the fourth conpartnment inlet port and the fourth
conpartnent outlet port. 28 Novenber 2003 WO 00/ 75275 11 PCTI USQQO 15524
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second?’ t Heanifplds. adj acent, coaxial hollow fiber, and is connected to two

ports, the secanghbisRsmRa dfifRRhrrdnlin@dntidiUdban@BGudPEnbife Gidgral oxygenation 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.



35 conpartnent outlet port. In the one-sided nulti-coaxial hollow fiber

bi oreactor and in sone dead-ended fiber designs only one port provides
access to conpartment 2. 28 November 2003 WD 00/ 75275 PC??%@U@I!B%M3 12
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and infuse sy ntﬁg%;e' N iih?sﬁ!itgsr asscél&l-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 modules 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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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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35 Figure 8 discloses a coaxial bioreactor with iniet port 802 and outlet ports 804 on one side of the
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bioreactor.
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The flow scheme is then switched in the second subunit such that the fluid from exit port 1016
enters second bioartificial liver subunit 1020 through second media entrance port 1022, plasma enters
second bioartificial liver subunit 1020 through second plasma entrance port 1026 and gas enters second
bioartificial liver subunit 1020 through second gas entrance port 1028, A portion of the media flows

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
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1102 characterized by a hydrostatic pressure P, through pores in fiber 1104 characterized by hydraulic
permeability K, through intermediate compartment 1106, then through pores in second fiber 1108
30  characterized by hydrautic permeability K; to compartment 1110 characterized by hydrostatic pressure
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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mddl e fi begsroc@@@wﬁh a second semi-permeable fiber to obtam 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:



The nodel assunes inconpressible and Newtonian fluid, and that the axial

pressure gradient is negligible, and the flow rate across_the fibers was
constant. Deriving this equation for two concentric 25 hé® Noxempeedld3t he
following relationship is obtained. AP=Q 21rL Inralnrd ra, r. K
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within permissible limits, the formula II, supra, relating AP and the radial flow rate Q is applied, as

25  illustrated in block 834. As a result of the calculation of biock 834, more suitable hydraulic permeability
K, and/or hydranlic permeability K, is determined, as necessary S36.
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



enhance cell viability conprising: nmeasuring a first hydraulic pressure
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I n Figyre A s ﬁafrét{oﬁtfbesrtn%&e%ngnn L l:erl ock S20 begins with input of

par ang ers or The B oreactor uding the geonetry and di nensions of the
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limts, the pre erent as shown 26. Then
t he hydr odgnciudg plurshity o fipess 542, a@mdnnamfolds 4, 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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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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DMEM is flowed through the compartment one of the bioreactor at a flow rate of about 0.5 mL/min.

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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biosynthetic products to the plasma to form supplemented plasma. Vital signs, jaundice, and blood level
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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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
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parenchymal cells ?rPFé)Fe{O agnat ed by exposure to hepatocyte tgrowth factor
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i ncl udgy t rGaeOmthd flashih O farehét fsHigh@hn 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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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



the inside of the housing. 20 The serially-linkcd bioreactor and associ at ed
tubi ng and cbnnections are sterilized. Human hepatocytes are isol ated as
in Exanple VJIT and introduced into the annular cell ~ comSaNeYasHes 2003
conpartnents 3, of each of two bioreactor subunits. The hepatocyte cells
are propagateuoe/isiisexposure to nutrient pedi um and gr owt hPEREEWASS2dlescri bed
in Exanple VIII until the cell densjty is sufficfent for treatment of a
patient i nCPysuion afdpepgaiion Wiiealsf i esetibed il AeRTebg Yiilhshitable ofificatioatand of

vi abl e 2%qhivalaits x| be ses@ted ton Balling edthie che Bdpe Sffizuiniesitin. | N use for pati ent
treatnment, patient plasma enters conpartnent nunmber 2 of the first BAL
subunit, through the first plasnma entrance port, nedia enters conpartnent
nunber 4 of the first BAL through the first nmedia entrance port and gas
enters the first BAL through first gas entrance port. Radial flowin the
first subunit is produced by a pressure gradient across the fibers, such
that the hydraulic 30 pressure in the plasma conpartnent is higher than the
pressure in the cell or media conpartnments. In consequence, part of the

pl asma flows from conpartnent nunber 2 through the annular cell conpart nment
into conpartment nunber 4. In the process the liver cells in the cel
conpartment can biologically detoxify the plasma passing through the cel
conpartment. As the detoxified plasma flows into conpartnment 4 the nmedi um
is nodified with a detoxified plasma conmponent. The renaining plasnma then
35 exits the first BAL subunit through the first plasma exit port, nedia
exits the first BAL subunit through the first conpartnent nunber 4 exit
port and gas exits the first BAL subunit through the first gas exit 29
Novenber 2003 WO 00/ 75275 PCTf USOQO 15524 31 port. The flow schene is then
switched in the second subunit such that the fluid (nmedium containing
detoxified plasma) fromthe first conpartnent nunber 4 exit port enters the
second BAL subunit through the second conpartnent 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
nmedia flows radially from the conpartnment nunber 2 entrance port through
the annular cell layer and into the second conpartnent nunber 4. The liver
cells add proteins and other biosynthetic products to the nediumthat flows
through the cell conpartnent” in subunit 2. As this enriched nmediumfl ows
into the remaining plasma, the resultant, nodified plasma is in part
detoxified and in part enriched with biosynthetic proteins. The 10
remai ni ng medi um then exits the second BAL subunit through the second
conpartnent 2 exit port, the nodified plasnma exits the second BAL subunit
t hrough the second conpartnent 4 exit port and gas exits the second BAL
subunit through the second gas exit port. The nodified plasm, effluent
fromsecond conpartnent 4, is returned to the patient to sustain life.
6.12 Manufacture of scaled up multi-coaxW holtowfiber hioreactor. .15 An
apparatus is used to assenble a bioreactor in which a vacuum head, that is
attached as necessary to a negative pressure source, holds a bundle of

hol | ow fi bers against a nmesh for rapid insertion



of snaller fibers. The opposite end of the hollow fibers is inserted into a
mani fol d and placed in a vessel. Polyurethane epoxy is a R}Ied to bond t he
hol low fibers to the manifold and the assenbly of manif oP#Novemsss200and

hol |l ow fi bers 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 trimmed with a saw, The process is repeated for insertion of the next
smal | er S@; ghol low fibers by applying the vacuum gluing the ends to the
next manitold, centrifuging, and trinm ng. The purpose of the above
description antl exahploesctdscdngprisihy; ustrate sorre enmbodi nrents of the 25

Phose of | ogf PRtk d8iherPRLRARAE Mhpd ek P i e o TouPho GRS

nodi f i catfgaena)ixatinilmnsiiattgrdm@ﬂmhgusibg made to the conposition and nmethods in

From the. LS Bt Ao R b SRR B G LR B gl on of 1 he

various etospesitgs of the bioreactor system for exanple, shoul d not be

construed as Lhg. fac cordingl. is,to.be rstoqd that
t he drawi ngs aqf Igb ] egfé: rziu% ﬁoc%trc\’g%:%n ’teﬁchgg}q%{%‘?l e P g @ Lg E‘
facilitate conmlmimstmﬂowﬁbermdmmenhdsdmuamdbahoul d not be constr ued to

i noor por at e b0 ¢ BFERS st o BT BBy aBieleen iR N Shaphad °

advant ages of thhaperinastdoltowdibenrel apparent fromthe det ai |l ed specification,

and t hus, the a end ains to cov all. such features
and advant ages&lg]‘a [H[%%P&I%%c\ilqg% tion (f%neﬁ:b%fifesg/ﬁcqvﬁla?fl“faﬁ@’afertﬁé”e§'bl rit and
scope of the iwiasert fbsms offherplunagity, of soaxzbhaliowdibasandrodi f i cati ons and

variation ose led in t rt. it.Js not

desi r ed t@%ﬂolue Oeéﬁg)!ﬂllpnve |onédﬁ)6/ aé:e‘é’iacthefﬁmﬁb(\?é’ﬁﬁﬁﬁo%%g‘%sﬁﬁt/ 75275
PCT/ USOQ ac85afl by 3 pd)mai&t ofomdilerwiardhapesiag doopridel dtlksbtioat mblt aadfoesdsti bed,
and accor ns and equival ents nmay be
resorted ?%P%%P‘ﬂu ng w t%ﬁa&tf%gﬁg%%co%%?&fnae i nvention. 23 Novenber 2003 33
CLAIMS 1. A bi-or eathedroreagiongficlagn hgvhex(ea)thealoh@mﬁlnat@rdmmmagneabiei nner side
conprising: a gas ifld t he housi n gas
expiration rrea%s [ n%&’?og‘%%} &@Wﬁ%@gﬁeﬁ&ﬁ%@% éér)lersacro lrl1 Va9 ge%allsal ity of
modul es offorite Broup ¢dngjeting of Iroeeulﬂmglobmmmlme,tmbnmmtﬂgqoly&aamomdmem

conpri si n&ﬂul&ée)ace@até’hrgf&ké&ééeﬁ f&ﬁﬁégeal hol I ow fibers, each having an inner
side and an outer | nc an i nnernost hollow fiber and an

out ernost hol 1w flﬁm’oior*(apfpl)ofalam Livédbicinghedforeotpartharentsisesatlept 1S tally: a
first corrpart ngnt dﬁ{ébﬁkﬁgctquftc !l %@Jem%e%ﬂs%edg%pc%ﬂd nnermost hol [ ow fiber;

and (iii) at |east one additional ‘conpart nment ined by a respective
annul ar space het we B bioreactor of claJmS 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



adj acent fibers of the plurality of coaxial hollow fibers; and (c) an

out ernost conpartnent defined by a space within the inner_side of the
housi ng which is not occupied by the plurality of nodul &8 Nopember 3003
housi ng conprises at |east one inlet manifold and at |east one outl et
mani fold for each additional conpartnes#. 2. The bioreactor of claima1,
wherein the hollow fibers are sem perneable. 3. The bioreactor of claim 2,

wherein the hol] ow f.ibers conprise a materjal sele d .fromthe group
consi sting of %ﬂéﬁr%/es?ﬁl} lf'l(%{rpeo,ﬂaﬁo %‘F‘@ﬁ&ﬂ"gﬁfé ,a{ th‘j’/*“ frnd Bgt}‘ie/@é‘f"é?

pol yt et r af | uor Bet hyTlenéreactosdflclainds durthersdoabisingand m xed esters of cel |l ul ose.
4. The bioreactor of claim rein t bioreactor further conprises at

| east 109 cel I%u.cmg.gersrﬁésq%ﬁt%lr%fé)aaﬁwegtm "h?m#uieisﬁ#l&),m“ﬁh?‘%i n the cells are |iver
cells. 6. The Bi or eBetbinreacthr afkclainm Hwhatkie te nticrbfitersitivher comptidest ladseonsel ect ed
fromthe aroup. . €O si&ttilng of Fgr Ci ri?t |iver cells and human |iver cells. 7.
The bi or e56eT0F of PORPET #hiE WRASFEPROSE B°Bast one manifol d further conprises
a flow distriBut orThe®iorehiter diichineh ehekinaf le@t @ic Rbakial Mdliew Gibé isshtutaedsdithone

corrpartrrentrﬂljo%etlrgoenr conprises an extracellular matrix. 9. The bi oreactor
of clali mf V¥ at | east one annul ar space is about 0.2 mllineters to

about 0.8 mi | |i6ret eflgbickctorldfelatnt hrhaeihar lesf oneleaixiul HollowiBr@hah fobsize
bi or eact olressithsaﬁ%qp-isl i zed by a nmeans selected fromthe group consisting of
tny

aut ocl avinig, e efie oxi de and gama radi ation. 11. The bioreactor of

claim 1, wherei’ t HEebnactinodttlatno]l, kberchiabledst diasotial g fib&hasd ok siza
centi net el%ssﬂ%hjoii‘l%q . 50 centinmeters. 12. The bioreactor of claim1, wherein

t he housi ng';S as a 1ifst end and a second end, and 2 9 Novenber 2003 34

where each inl&t pdFtte bnglctead blamul, whtrejpat lbasbsre cadxial lndoW fib&thaeitdreadzet he
housi ng. ] ﬁjana'agx?('?-or eactor of claiml1, further conprising: mcrofibers
substanti‘al'I'y para el" to the nodul es of hollow fibers. 14. The bi oreactor
of claim 13, wher ei Thetblvecactbroaf ofink méberkinmt lagt ore ooppartsent dirthecmtipriene:lls

aeration ﬁgﬁiﬂf&re&“a%%ﬁ?}mﬁ?ﬁ one aeration outlet port. 15. The
of claimT,

bi or eact or erein at | east one coaxial hollow fiber is
sat ur at ed wi t h20. perlfdewba bicmadwnf cldi.]1 tdhredise calédsimliesio prodiessi fonrakinglaer ei n at

| east on i j € size less than 1 0.6 M 17.
Tha b or cagha Ao AR B old Al DR AR R oRb Ao RS flietyetedited M 27
pore si zeoluliestropgiearomparniddt & thd bict@ctorf helletfing theaotpoly andfenddhing biodynthetier ei n at

| east oneprgﬁggﬂoglﬂlgajtﬂugw fi ber has a pore size
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,



|l ess than 0.05 x 10"6 M 19. The bioreactor of claim1, wheréin at |east
one conpartnent further conprises cells mxed with an eé%‘ﬁ\&cel ulﬁ}rg
matri x. 20. Use of a bioreactor of claim1l to produce ce VELDA 4181 s
products for making a nedicanent for treatnent of a patient in need

t hereof, conprising: punping intravenoys feeding solution through a
conpartnent of the bioreactor; collecting the output; and enriching

bi osynt hegij oduct fr.omthe output. . A serially-1ink i oreactor,
conpri si n‘(?:]’heze %%oruglfl% FYOF 636{1875%(5]&"@# mgﬂg%%nfigﬁeaébo@ﬁ O'Xt}f{ IB?%@& Freadubuni t
conpri si ngiditioedl canghagmaitng havi ng an i nner side conprising: a gas

i ntroduction ns integral to th ousi ng;.and a gas _.expiration neans
integral to thén%hou?iwnbéo;qeaftﬂﬁ0%1‘?"5%’5’3”8’1‘1 e‘"é?ﬂ&off‘f‘ it FOPBLeHF hol | ow
fibers, rlesttifodlswithin the housing, each nopdule conprising: (i) a

lurality of cgaxi ol | ow fi ber ach having .an inner side and an outer
gi de, i %cl udi %3 aﬁen%hoé‘?aﬁ%%?gcﬁﬁ?%wﬁ?@ﬂgiﬁCgh&%alﬁercfﬁ]tlser nost hol | ow fi ber;
(ii) a pluralily of Tiediparbneikiin 2o the tlfs ara sdldcted froaasipreRistisadti ned
by the inl-l?ﬂanlhsrérgqls% trI]e iInner st hollow fiber; and at |east one

addi tional conpart nent* detfined“hy a respective annul ar space between

adj acent fi bers. of Thedigptadtoadficiaim 2f, whertix bdbashmk k@ipaftnb® bSeactbitreac{cd) an

out er nost : t ment .defined a ace within the inner side of the

housi ng mﬁ%lﬁ‘g%%?‘s?‘%b P %%"i%%%?ﬁ‘é%f ‘plurality of rodules: and (d) at

| east one conpf:t metite of & bioreectdrioHelamP o preduoeinbibtranstbioed cBRErt fringkihga at | east
one COW@%& @ﬁtfc?rftreaat%nexllt% aStatieOnQe I%'%J;%r t}joreactpr subunit, 23 Novenber 2003
35 where the housing conpriFes™at LEOSHEP et manifol d and at | east one
out | et mani f ol @) iheedueingplasmac@s patientdrto £ bingeautdr SEbNhit of2k serldillg libked bRa@éterof of
claim 21, 4 ezliei n each bioreactor subunit further conprises at |[|east 109
cells. 23. The bioreactor of claim?22, wherein the cells are liver cells.
24. The bi or ea} breingfat ledsba portB ofithe plasmm tb flew eallallg thadugh s edllechpatnfchaithehe
group consi sti . u liver cells and porcine liver cells. 25. The

bi or eact gi&g%&og%g?grﬁtﬁ ?Hrﬂ\%%éoﬂ%?sgor%ﬁ?éggg one conpartnment of each bioreactor
subuni t f urt hel) ivowprinsibs biatanefotnied e fflubni irdy 2 seednd ibjoreadr. sulbimiit obthe biolshodreact or
of claimZ2.to,produce a biotransforned effluent for malting a medicanment
for treatnment of a patient in need thereof conprising: (a) introducing

pl asma of a pafi) fervingiahteast apdptianroé the biotrarsfolundi effluedt t¢ fiev sdinlilyethioygH 4 celted

bi or eact Ocromggmnéﬁl G s8doma 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;



(b) forcing at least a portion of the plasma to flowradially through a
cell conpartment of the bioreactor subunit to form abiNevemsdordaiB
effluent; (c) introducing the biotransfornmed effluent into a second

bi oreactor subunit of the bioreactor 3gf claim?2l; (d) forcing at |least a
portion of the biotransformed effluent to flow radially through a cell
conpartnent of the second bioreactor subunit to form suppl enented plasna.

27. A multi-coaxial hollow fiber biqreac: C i Si ng. . hqusi ng
conpri sing an%?eﬁ’ﬁ’éstmgscf’ﬁ@fs%ﬁhle?% ncgﬁmcgé%’ﬂaﬁg%%%&ﬁ@éﬁdﬁneﬁ% ‘ii ng: at
| east t htleeonpaieats; vierd apesst@eil the bahganierits deais cuckalcelsng an i nner nost

fi ber having i nner sid the inner.side defining a first conpartnent

whi ch conpri sgg at Iggg?dogzﬁeéicl‘lﬁﬁ%tc%%‘}smighl et port and at | east one

i nner nost out lirefodypirptviableaelglints atdnipgrhaént 6thgisitreatriin biclai AT, AindCoRPEy it
defined by .a respective annul ar, space between adjacent fibers of the at

| east th%eg‘mﬂlﬁpggacf’?‘bag?’g,ﬁﬁeﬁ?‘@gfd\pﬂ” at | east one outer inlet port and at

| east one outer outnlappargaaifbr,assahblyef nbieaokor thegpadrktaeit aseobpPrdompssing: f | ow
comuni cati on Jﬂe%ncs bﬁ%age%n th@ respective annyl ar space., the respective
outer inlet péPf "ANERLRS Fadisd o g REP IS TS D ErY MEFE"DAe of the
annul ar &pihedsudnn b aiesigo sturaliojiow ifibers @lhbrs theadrsh i§ affixalto tha harshpSdd 6 helar t nent
defi ned tg%/r a.s cﬁ%e é)etween the outer side of the outernost fiber of said
at | east ﬁ-ﬁ%ﬁ% fOw fibers, and the inner side of the housing, and

conpri si ng at (h)eassel dordolding beyureine epuxe tindxadd of hellvay fiters] east one out er nost
outl et port; Nov,e r 3.36 the housinpg.conprising at.least one inlet
mani fol d and §$ I eé%slfq&(ei)oﬁié)%g%?}?%t“g ﬁ%‘flsiu?pg?nc'lm ?rhuglggﬂla%’?a Cg?ﬂ%sutggﬁﬁfi\epf nts;
wher e at | easta)oinalatifig pliseradionpanticmeinton dednd, edngsisiegtcar yoti ¢ cells. 28. A
met hod of cell culture onprising: .introducing viable cells i.nto a.
conpart ment of the%g?nodrng%%rggrrnpo e‘gtl’ %ﬁv}ﬁgﬁmﬁhﬁgﬁcﬁ’g ?‘nfjmf’?f?frfeilté)ﬁ?’h(aﬁ}fgtﬂ’l um

t hrough coaxi atllsyhegmitj, acent hol | ow fi bers. 29. An apparatus for assenbly of
a bioreactor, the apparatus for assenbly conprisi.ng. a vacuum head,
ttached 1o a negalDuaeat B shilerBRis dhkel BIRLAR ARid i Msicb PO,

hol | ow housi nggdja@ntrrempartmentreettainga livymid, ow fi bers, where the nesh is affixed
to the housing; and.a halder_ for a ifold: and (b) a vessel for holding
pol yur et hane epoxy %ﬂ%@%@aﬁmoﬁgﬁm vrtf/%ﬁl%aen%“gl?”gﬁ?’ A nmet hod of detoxifying
and suppl enen{l)rbcwiugapertpnas e plasmie irsiersg the henubit eqpgpatdent;@ad circul ati ng

pl asma froma i LNt [ Lsi-pa:, (1) ,an_annul ar
conpart nent, ﬁ@?%lg&gggt%ﬁﬁg&?B%%g t%%% g]ag%l%%%e(n%%%largf’m%u gﬁtyoti c cells
therein, (ii)3at | asmethaofclimpl); tnrvenithshe saidjtavesig infacllived)y mkssira sai d

annul ar space BZ.V\’h Efe S@tﬁ&l of claim 30, wherein said portion of the plasma is returned to the

i

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 h(imahé@’i% r des%%&‘ag

annul ar space aﬁh‘dm}im@%ﬂwﬂewﬁbﬂr&mian@uﬂcmoyﬁmllwﬁMI 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%rﬁ W??fﬁ’?‘@{ gceg’BtWI%’c oxified
and suppl enent é@aﬁql@ﬁbﬁﬁoéﬂ@dmwﬁmmglhoh@wmmm 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 as&"e?’rapeﬁg’a‘gﬁﬁﬂgﬁeg’%gaap%

annul ar sﬁ%édlﬁ’é‘mﬁsﬁefsa‘w@“ﬁﬂlbewcgmﬂfollmhﬁbqntanbahiatgtee@.freaiﬁ&kﬁmtm hol | ow
fibers; amgaulihe @ WTRREaa i ned thin the

i nner side of t%eghagﬁisﬁ]g 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‘eé’étﬁ@id?ﬁ?m%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 s hect one or nore radial flowrates so as to
i nprove cell viabil |1rn method of claim37 in which the first fiber
and the seco&g fidpelr Bare c

2nL

O

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 ﬁber, 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,



39. The nethod of claim38 in which the radial flowrate is selected based
on the formula: dP= Qnrb in rd rUr~ 27CLKt K2 where AP_j s the pressure
differential, Qis the radial flowrate, L is the |engthZoNVpRbENBer of
the first and second fiber lengths, ra is the radial distance fromthe
centerline of the bioreactor to the inngg surface of the first fiber, rb
is the radial distance fromthe centerline of the bi oreactor to the outer

surface of the radi a ance fromthe ce! terline
of the bi or eacticefhing aSlrembns d Byl e BAGHR Frdl ELBRSorf DR PFERE (e
radi al di beanee fromthe centerline of the bioreactor to the outer surface
of the second fi K1 .S L h U|IC erneabi Lit he first fiber,
and K2 is the I?;)/ ?Hre{lﬁ |g3:smdﬁa‘eilrapn§°§bl¥fjrb VARG i R e%aer%le%irerfgbmﬁo. A conput er
readabl e nedi umincluding instructions therein for cal culating a radi al
flowrate in a bioreactor conprising sem-perneable fibers, said
instructions including the steps of. (a) receiving neasurenents of
hydraulic perneability for each of at |east two coaxial sem - perneable
fibers, 29 Novenber 2003 38 (b) receiving neasurenments of hydraulic
pressure for at |east two coaxial sem -perneable fibers, and (c)
estimating said radial flow rate between said coaxial sem -perneable
fibers.





