TUBULAR FI BER MEMBRANE W TH NANOPOROUS SKI N FI ELD OF THE | NVENTI ON

[ 0001] The present invention relates generally to tubular fiber nenbranes,
and particularly to fiber nmenbranes for use in artificial renal proxinal
tubul es, artificial kidneys, and bioreactors, and rel ated net hods and
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assi st devices (RAD) have been devel oped and tested, which utilizes
henodi al ysi s hol |l ow fi ber nenbranes. Cenerally, these fiber membranes are
suitable for hemofiltration or henodialysis. [0003] An asymetri cal

m croporous hol |l ow fiber for henodialysis is descri bed in US 4,906,375 to
Hei | mann, i ssiuéd-BMCchHE INMBGTIONf erred to herein as "Heil mann"). The
fiber has an inner barrier layer and an outer foamlike supporting

structur g’&"?ﬂgr is for m?ﬂec%rggerﬁ}yﬁvémﬁ?l%%tgé ggﬁé%t"ﬂ@é iS/qugarf-Be‘? hydr ophobi ¢

organi c may be pol ones such as ones (PES). The
out er sumgorkrangs, sarrdjpartlcelarlyt@ﬂbarpmembragemﬁjmmne avtifidialaesalbgorintalal | y

| ar ger pore, size,.t at of ner barrjer layer, The fiber is fornmed
uel g o SR AGT KihERs, dast bitreador, a8 relefis malpds A Bseshes ved
Septenber 12, 1972 (referred to herein as "Cross"). In particular, a
casting sol ution is introduced into a nozzle or spinneret with a
precipitating liquor. The casting solution contains the hydrophobic organic
pol ynmer, a hydraophilic polynmer such as polyvinyl pyrrolidone (PVP), and an
aprotic sol veRACKERO é)é\? A |WENTK§Sne (NVP). The precipitating |iquor

may contain NMP and a non-sol vent such as water. The casting soI ution and

the precigyoloqt i ng |iquoy ust
and the thrzded fi ber%rts[ﬁ%r ggﬁaﬁgﬂyfegfa&%% %%z"f%sn:éggﬂk?%nﬁe out si de The
ext r udedFér emmple bmsta‘nbza[menalaubalemssg;t bavices\(RADy hialve beppetevelofeace of

t he washin th is rated fromthe eret an a e air gap
0 provriiPet ouiieh SRS reepHRbits BBt TEGBemAaeh aCeBB ey, MFsgof o -
the prechipir AbAbrfyARI < ARG I ReRRIMIAIT\ NerbliagsRath. The spi nni ng
process described in Heilmann and Gross is known in“the art as dry-wet

spi nni ng, or _gel spinning. [0004] US 2009/0209019 to Saito et al., published
August 20003009 (refer vﬁédat’eymmetr@ahrru@opswusd'fgﬂomﬁbﬁflf@rsl@@nadl@ﬂwls| f| ci al

renal ¢ uperEeRHih SR S AP HeH AR SRR M b e DBt e C ot e
wi th renas "HHeibrohan”)e Thetfidlar dlbscel ihaer Fdeichlveeantidpesuterfdanaties has
uni f or rﬂg di st.ributed m cropares, and may include pol ysul fone

pol yet hebYRRGTERG PITUEIS. A, Bdpimeed pEa hydfaoRia O@raawlym&ﬁdTh@ |ulose
acetat e. hfﬂ%ﬁﬁéﬂiu@%@béhﬁb%ro ﬁ%ﬁ m@%@%@%@%*&%h%‘% tHQ:'ghg&héé ber, whi ch

i ncl udes tollagen 17 coll bronect’ Fonectin.

[ 0005] EP(RIE3Y 61ie botdvahppbrtlngtstejcturepm Al supipedirgamem bxéme 2006
substantially larger pore size than that of the inner barrier layer. The fiber is formed
using a spinning system as described in US 3,691,068 to Cross, issued September
12, 1972 (referred to herein as “Cross”). In particular, a casting solution is
introduced info a nozzle or spinneret with a precipitating liquor. The casting
solution contains the hydrophobic organic polymer, a hydrophilic polymer such as
polyvinyl pyrrolidone (PVP), and an aprotic solvent such as N-methylpyrrolidone
(NMP). The precipitating liguor may contain NMP and a non-solvent such as water.
The casting solution and the precipitating liquor are passed through the spinneret
simultaneously and the extruded fiber is precipitated from the inside to the outside.
The extruded fiber is passed into a washing bath, where the upper surface of the

washing bath is separated from the spinneret by an air gap. The air gap is



(referred to herein as "Mabuchi "), discloses a pol ysul fone-based hol | ow

fi ber menbrane with selective perneability. Mabuchi teaches that the
average open pore area on the outer surface of the hollow fiber nmenbrane is
pr ef erably 0 3 to 1.0 pnR. Mabuchi discloses that fiber nenbranes are

fornmed b | t ape extr d|n a nenbrane-formn slut on and an
interior (96’ |%ﬁ?*@§y@wr&ﬂp§ﬁ TP E@Hpgnﬁ'ﬂf%aé 00&&5@8 PMed @xtruded

sol uti onp n Hehgp n an
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devi ces degmibeddn |H19|hna§1ri anceCeaoasrie knptvniis thy priced dryevstesminmieg) @ ged hol | ow
fiber nmepbranes as follows. The |unmen surface of the hollow fiber is first
coat ed WR'H™MEH" ext racel I ular matri x (ECM, and a cell-suspended solution is
next introduced into the fiber lunen. After an extended period (typically
hours), [ooe4gel ls will UseLob®0dogem dfdesit® eaxi tpublisHe@nuaost 20 2008

ECM coat ed_ bottom surface, The fiber needs to be rotated after a seedi ng
period, @efprres\toqergagse Saitor ) dissiages robinartifisialieensl tulnde suit@bledor f ace. I n

h d |1
i el i R Lo R b GTk e Ap fnzed ool
been r eameredahaabvingher innerbadass csatet! atitterehal tubeiarfapithepdlicefls ohe

henodi al not be s |tab|e for reabsaorption or for use as artificial
r enal %Qﬂ%FH %/ gMbEang fap piforly slistribied risEoRYes and @ayinclHdger

menbr ane surface
t han nea?°'?%§f§”ﬁﬂgb®?ﬁ*‘é*émd%3ré’%ﬁgﬁﬁ%"’"ﬁh@ T S i
such as matehyArbbﬁtﬁdcejbllarsnaiﬁxpnay berﬁtacha«ytdnﬁwet halppetibém which imehddeane,
thus clo the Rore r er nce,over tinme. [0008]It has
al so beeﬁ‘glaggpl 7 (Hatgﬁﬁtﬁvm%é‘ﬁn ?5 ”%P '@'&{jggor?er‘?t{?onventl onal fiber

menbr anes using the cell seeding technique discussed above, particularly

wi th fouppoosey ations angH psB4cIeedi MEbieHiie®ds, plhiRheaedsencs, l2ppar e not
distributed uniformy on the lumen surface. Increasing the nunber of

rot at i onéeiggddadwralg reMapietardisslieresa eoiwwelfane-besai hpllew fier |

distribu I Il 009] Thus,
in accor@gﬁ{&éaﬁmg%%ﬂas}q%gwgﬁé%ap h,‘lgy Meaggﬁﬁﬁlgﬁ{:/en ﬁ%ﬁ g"r{éerla 8[9 gw ded a
met hod oforecarss g thefa@@rsur@d&rcﬁnbe hﬁhtbw firet ranlbrtankiig eeefardbilyr3-toot.0i ng
sol ution, definin Jd a coagul atign bath, an neret for
for mi ng &M tu%ﬁ?zhf glﬁglpseg- Ebﬁém%li”' i3] %%?WWQ#] Y:ﬁ‘r'ﬁ}ﬂf Bﬁl?/sol vent, a
hydr ophoBitedaed ¥REmBE Wl
The. congul i o A HEREIRIG PoliGy AR g ey oF oy LA SEN o IARUME' 1
50 v% ofa aorgda- passirgmihe dxieudss snlatien tHrasgmaneaii gap, rmnddheacbagikaking he
coagul att] %nsi [ﬂr}%\lﬁ that an e ttruded material exiting fromthe exit wll
ent er thé1 (9'% |adha%%ef%5\/ﬁ°tlﬁ!ﬂﬂ bei ng exposed to the air. The nethod
conprises co-extruding the fiber-formng solution and the | unen-defining

fluid thiogogh the spi nnetret déveloprhentest drtificialrePbPibRic @éVicds dprextinuded
fiber- form ng solution in the coagul ation bath w thout exposing the

ext r uded gl E%"rai‘#‘@r ishlypicat tn serf eells iRd1lipw fies m@mﬁf@%@%%ombﬂ@r fiber
Menbr an ey, GIPL iRl A Ah A HAABR RS |ssﬁﬂsf'cal€%)é8rmﬁpgn en{féll i trﬂHﬁ‘[x (E@\ﬂ ) ayer.

The concentrations of the solvent and non- so € coaguldation
bat h ar easkbeetlalispendehsoiatiop s resiinesduced int ki fibdrdyreenofAfienanf i ber

nenbrane. Th oncen rati ons of .t sql ve nd t he n n-solyvent int
Coagul at PERNEA Roey (alcaly Bty U6 laiviboeEs dawt Hedeigatage Hath an
aver age ®ahe ECHedited ﬁéﬁoﬁn"ﬁﬂfa%'éouﬁhe7ﬂt5ﬁf‘negﬂi% th WEEOtABH 1P g ddctdirty MY be

selected to control pore sizes in
peried, e.g. by 90 degrees, fo seed another side of the lumen surface. In this
technique, four seeding periods are typically required to seed cells on all sides of

the lumen surface.



| umen | ayer, such that pores in the |lunen | ayer have an average pore size
of about 0.5 to about 3 pm The non-sol vent may conprise water, the sol vent
may conprise N-nethyl-2-pyrrolidone (NWP), the hydrophobic polymer may
conpri se polyethersul fone (PES), and the hydrophilic polynmer may conprise
pol yvi nyl pyrpol i e ol I -form ng solution may conprise about
16 to about Zéem@gggﬁféﬁgﬁﬁgdwggﬁth§IpoIyner, about 8 to about 10 wt % of

t he hydrophilic polynmer, and about 72 to about 74 wt % of the solvent; and

the coagpjoazon bath nmpyhLomEEH fR1I2EOHat idey MePhbriahes SaltysBifoand about 90
v% of the non-solvent. The lunen-defining fluid may conprise about 60 to

about 90heuwdiltratine of blevwmstialysig ndyonet HDswitaie fantreabsarpdion or foy useressol vent .

The | unep: i U i conpris il A lLayer of. hydroagel may be

for med o irE! MR8 B Thaibfar g eoafi ot St B8 e et hod may
conpri sepriniirahes gseein fedbotfiRnMecegsis 4re 1atdep WebPtheCRltbFsli®acy thagh to
the lumen | ayer. The hydrogel may be degraded and renoved and the cells may

be cul t uPedr g inRpriuneansuriasetofibndbayBendiranae ssae maserialaesyaligs | ayer .

[0010] 1 n"Ses SRR c=AF oL HERANR e RGO SnBRET RilsTyodhbTng, o 1 ¢

provi dedparmesaarid fedatinly perfommapeexivaatimeubul e, conprising a tubul ar fiber
menbrane defining a |unen, the fiber nenbrane conprising a nanoporous skin

| ayer an i croporous, |unmen lLayer, the skin |ayer defini an outer

surface &‘O%PEL fiber 80 b f’t”ﬁ%“zﬁﬁjn@_ﬁt WQ?BICGE%P[%?'?@&% Nuren surface

of the fbé}WeriﬁBH’é’lrf?dé?-mérrﬁSré?@s%ihd‘tﬁ&@el?i‘ééqi]ﬁ@r&rhn!@ﬂ% d18MBssBA fHEreage pore
ores In the [unmen | ayer

size of less than about 7 nm and p may have an
aver age p@itisularly avitst four sotatibsiand faunsecdbauperbdsytherssedddoeslisrmaratnohne may

conpri se ersul f.on PES). The artificial renal proxjmal.tubule m
conpr i scd B oXFed Shicty S PE b hpRalTalE: s fedan EurBertE Byianitte my
conpr i sesééding Peri@s ban iMrehise e @ufteshity ©f tBR distiBitionakef alsdhe cel |'s
conprise human_renal proximal tubule epithelial cells. [0011]1n accordance

with a fsvhsiantiallyjecrease theyeeeniagdifte.i nvention, there is provided an
artificial kidney conprising the artificial renal proximl tubule described

her ei n. ]I n accor €W ARENS nvention,
t here isidgré(%i ded a carq-?plg’dlg\géc@ﬁe ca:vta?ri1 %E?@%ﬁg‘?ﬂ@%?@ﬁﬁ%‘pﬁm ng a
fluid 4 thehairbgnoyidedm medhad gf fofmingoafiiber cdneranenTheneethalutlzdsa@n t he

body and.passing through the fluid. chgnber, each _one of the tubular

rerbr anelaiapTneg Sl veruman-fufnufe Bife’ BicopRuRLER Gl dncka FoRERRanes

conpr i sefordomdngRAUBURr ke Tﬁé’ﬂbeﬁf&@n%g{%&bﬁ&?b@%ribéﬁ%&l@fﬁ,ra the skin

| ayer defini nﬁ an outer surface of the at |east one tubular fiber nmenbrane
P

and t he hydreahekigaoles dissrjved inthersadveritaard afhydrephilic pelseerohee t ubul ar

fiber ne : it i, d C nj i 1 I foat ubul ar
1 ber medosiiorP el g R WG s luath bl TR il BpiE 6"
chanber . a Aohigohtert oMt dpinryrebieaan eixi et contabheith Ahd coa@dafion batruéd
communi cation with a first end of the lumens of the tubular fiber

menbr anel$at N SxFYARd oaiglirk xng Bempinsaxiaul! eaterthaicoagdiption bedh Wihowi th a
d f of 5 ; . i d
fourtn congiexebfed HTBRSAIE THe el tthplisel bo BRIIAR e 1BREIAG. ST e

aspect s soidtidreand thes lumfen-tefiping Sleid througinthcospinndilet bed dne eaippardent to t hose
of ordinar

peci 1 CPEHRIANHBARS UL beHa BTG S bl i CePHANPEPAh 81 8EBbrpanyi ng
figures. ¢RIy PSR REY@AW Horthiky BAWONGS the air, to form a porous tubular fiber
membrane comprising a nanoporous skin layer and a microporous lumen layer.
The concentrations of the solvent and the non-solvent in the coagulation bath are
selected to control pore sizes in the skin layer of the fiber membrane. The
concentrations of the solvent and the non-salvent in the coagulation bath may be
selected so that pores in the skin layer have an average pore size of less than
about 7 nm. The lumen-defining fluid may be selected to control pore sizes in the
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[0014] In the figures, which illustrate, by way of exanple only, enbodi nents
of the present invention, [0015]FIG 1A is a schenmatic diagramof a wet

spi nning systemin operation, exenplary of an enbodi nent of the present
invention; [0016]FIG 1B is a schematic cross-sectional view of the fluid
flow during the operatiqgn of th stemof FIG 1A, [0017]FIG 1C.is. a
cross- sek arele HQQ%W%WQV?%W @fﬁéwee BYRS Nave %@Yﬁ{%g%tm%%ﬁﬁe Ojf about
confi gur@kitgnoliP8 141 Fire ndrlsoiferti Fé & i rd a%@rﬁnlea ¥oRiprid8
enbodi ment of Phe %‘?&esent iHV%JI’II\?? or??é‘y( Ona%fFltA% ’ng?,SBB, 3 ,\pagg)fpéiD are
schenmat i N-reethys2-pyoviidorse (NMBWsthethydogdidbiepblybrer nsay cenpries, exenpl ary of

embod ﬂgﬁ‘{g?%tﬁfﬂsgﬁsgg[g?@&its%%:g%@'\%}d‘?é‘bhiﬁggg%ﬂr%say &ompiiBs pafpvirgPd 4D are
pyrrolidone (PVP). The fiber-forming solution may comprise about 16 to about 20
wt% of the hydrophobic polymer, about 8 to about 10 wt% of the hydrophilic
polymer, and about 72 to about 74 wit% of the solvent; and the coagulation bath
may comprise about 10 v% of the solvent and about 90 v% of the non-solvent. The
lumen-defining fluid may comprise about 60 to about 90 v% of the solvent and
about 40 to about 10 v% of the non-solvent. The lumen-defining fluid may
comprise oil. A layer of hydrogel may be formed on the lumen layer. The hydrogel
may comprise fibrin. The method may comprise attaching cells to the hydrogel to
aliow the cells to attach to the lumen layer. The hydrogel may be degraded and
removed and the cells may be cultured to form a confluent monolayer of the celis
on the lumen layer. The cells may comprise human renal proximal tubule epithelial

cells.

[0010] In accordance with another aspect of the present invention,
there is provided an artificial renal proximal tubule, comprising a tubular fiber
membrane defining a lumen, the fiber membrane comprising a nanoporous skin
layer and a microporous lumen layer, the skin layer defining an outer surface of the
fiber membrane and the lumen layer defining a lumen surface of the fiber
membrane. The pores in the skin layer may have an average pore size of less than
about 7 nm, and pores in the lumen layer may have an average pore size of from
about 0.5 to about 3 ym. The fiber membrane may comprise polyethersulfone
(PES). The artificial renal proximal tubule may comprise a layer of hydrogel formed
on the lumen layer. The hydrogel may comprise fibrin. Cells may be attached to

the lumen layer. The cells comprise human renal proximal tubule epithelial cells.

[0011] In accordance with a further aspect of the present invention,
there is provided an artificial kidney comprising the artificial renal proximal tubule

described herein.

[0012] In accordance with another aspect of the present invention,
there is provided a cartridge. The cartridge comprises a body defining a fluid
4



(SEM images of a sanple tubular fiber nenbrane, exenplary of an enbodi nent
of the present invention; [0021]FIGS. 5A 5B, 5C, and 5D are SEM i mages of

a conparison hollow fiber; [0022] FIGS. 6A, 6B, 6C, 6D, 7A, 7B, 7C, and 7D

are SEMimages of sanple fibers; [0023]FIG 8 is a bar graph show ng the

OB ar o SETIgES SR GaHBHE" HPtiePoEiRaas MOUASE o) IRy AUkBABYESy of o
9B are g 1 ; y s y of an
enbodi maRke Rfh hBSIUY BR&Abet, %é%@%n%fb&h@%ﬁ]lﬁ ﬁ%mbé%&g%ﬂ%f@ﬁ&a%ﬁneﬁ?%ﬂ ;mﬂges

of a conparison fiber; and [ and 11 mages o
sanpl e flebsrgnecokihedubnilahfibercnafmbuamts camplisgea nahopetdus, skexleget ang aof an

R SSEIE MM il = A LT
tubular fiber membrane and the lumen layer defining a lumen surface of the at least
one tubular fiber membrane; a conduit in fluid communication with lumens of the
tubular fiber membranes; and a conduit in fluid communication with the fluid
chamber. A first conduit may be provided in the cartridge for fluid communication
with a first end of the lumens of the tubular fiber membranes, a second conduit may
be provided for fluid communication with a second end of the [lumens of the tubular
fiber membranes, and third and fourth conduits in fluid communication with the fluid

chamber.

[0013] Other aspects and features of the present invention will become
apparent to those of ordinary skill in the art upon review of the following description
of specific embodiments of the invention in conjunction with the accompanying
figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] In the figures, which illustrate, by way of example only,

embodiments of the present invention,

[0015] FIG. 1A is a schematic diagram of a wet spinning system in

operation, exemplary of an embodiment of the present invention;

[0016] FIG. 1B is a schematic cross-sectional view of the fluid flow

during the operation of the system of FIG. 1A,

[0017] FIG. 1C is a cross-sectional elevation view of an exemplary

spinneret-bath configuration;

[0018] FIG. 2 is a view of a cartridge, exemplary of an embodiment of
the present invention;



met hod of form ng a porous tubular fiber menbrane according to a technique
known as wet spinning. The nethod is illustrated in FIGS. 1A, 1B, and 1C,
whi ch schematically depicts an exenplary wet spinning apparatus 100. It
shoul d be understood that a different wet spinning systens may be used to
performthis method. [Q028] Apparatus 100 includes a spinneref 102, which
has an i[HPé§] end 104 a%@§n3A£=><$$' %&dafl 8D atgisehematic 152ss-gediongbyiged to
receive I ki |, ii-d i 1, 0@k~ g1 ows of
tho 1 i GaRSg bt by e xoBlar b OB B i of AR bt ABfod D g &
solution to forma tubular fiber, and can be readily designed and

const r ud08@0by t hose skiGSedAj 4Bt 46, and 4Drarei ssanoingtdlectdsysc migoisoopiher ei n.

Sone spi rets described j he Literatyre may be used with. or. w thqut
o 11 AR TEgs i BP e HUGE TRRE A Ay S e ToRB bR Bt CRBAPIRE 1t om
spi nner ehs pessitasRshtion; Cross, I-1u et al., "Cell immobilization in

gel ati nhydr oxyphenyl propi oni ¢ acid hydrogel fibers,” Biomaterials, 2009,
vol . 30, ..3523- 31 (referred to herein as "Hu et al."), and
\/\02009/[@551]38 to Yi ngFrkeSadA, SBUBCi and §DNerecFEM, impges of Bed@mpaibono herein
as "Yi ngS hiouFid,- end 106 is imersed in, and in contact with, a coagulation
bath 110 containéd in a container 112 so that there is no air gap between
exit end 106 and coagul ation bath 110. An extruded material exiting from
exit end00@2] wi | | t husFE3B8ACORIBCA6DORADABLT7Clanwi7tharet SBM intrgespadsed t o
t he ai r;%;ooz lln operation, a fiber-formng solution 114 (also referred to
herei n a&MR¥GIREESI ution") and a lunmen-defining fluid 116 (also referred to
herein as "core solution”) are fed into spinneret 102 through inlet end 104

at sel equeda] | ow I at eSFIGH Wbar gAbh HANRS IOIIMENER b4 B bt 16 to

forma generally coaxial lamnar Tlow 120. T0030] As schematically
i |1 ust r edifferent semgle filgersspi nneret 102 may have a core tubing 108 that
defines a core channel for receiving and extruding a core solution, and an

outer dyghp}l8 that def|gse AR EURIRFhalQl of £SENKIAELEb-A L NG 2

dope solutio [ 0031] To e’preciprtation process, FIG

1B showsa hygragel, @&ixesgitmyaifiat embsdinsat of theepreseptinobnidon;exenpl ary
spi nneret/bath configuration. As depicted, fiber-formng solution 114 (dope

solutio LS, extruded oyt er_ cha .of the spinneret 102, and
ormne adPPRPh 1 u - 178w WK 288 (e &% SEY whtednios PraRarine 09s *Banne
of the spinneret 102. Solutions 114 and 116 are sinultaneously extruded

through [gpeeperet 102 RGSEXA apfd 1B 8re EEOBRIMNJLHT £¥aMPR Wor, E6Bed
| umen-defining fluid 116 flows in the central regl on and the fiber-formng

sol ut i oWith 2 condugnioronelayeieisealls, axeuplary atan g enheiigefaresent116, as
shown ir\n!/:ér%on%B and 1C. As there is no air gap between the

DETAILED DESCRIPTION

[0027] An exemplary embodiment of the present invention relates to a
method of forming a porous tubular fiber membrane according fo a technique
known as wet spinning. The method is illustrated in FIGS. 1A, 1B, and 1C, which
schematically depicts an exemplary wet spinning apparatus 100. [t should be
understood that a different wet spinning systems may be used to perform this

method.

[0028] Apparatus 100 includes a spinneret 102, which has an inlet end
104 and an exit end 106. Spinneret 102 is structured to receive a plurality of fluids
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exit end 106 of spinneret 102 and coagul ati on bath 110, the extruded

| am nar flow 120 is introduced into coagulation bath 110 w t hout being
exposed to the surrounding air. [0033]Fi ber-form ng solution 114 contains a
sol vent, a hydrophobi ¢ pol yner dissolved in the solvent, and a hydrophilic

pol ymer. Coagul ati on bath 110 contains the solvent and a non-solvent. The
non- sol VigriPrigenseallyposxial famainapfipwn ehthe HridsnSrinnsset 104 samBe $Hut i on 114

and the il %.tl% . aydrophilj g, pol yner
in the félig%r%ﬁ gélkr'nﬂﬁrge@%% | ﬁﬁﬁ%ﬁﬁ‘ﬁ‘ﬁf‘gﬁ?gﬁ%‘{“&h&?@ﬁgﬂhe fi I-let?'?f orm ng
sol ut i onrebdldy desigred mthddconstraciaddycibosackiled dathd at iroviebadfithé10, so as to

forma desired tubul.ar fiber nmenbrane. [0034]]n sone enbodi nents, .the
| umen- de ?ﬁﬂ”ﬁgo@ F‘Gf‘%l”-l%%?p'aﬂg'@t%Qﬁ%%(%t}?daméé%@tﬂr%f#if%ﬁ‘fy %P?%‘i%&hi%h can

precipit 5 ' ' i I j : ween
fiber-f o‘?%ﬁ%ﬁ%‘?'ﬂ?ﬂorﬁ i Qi heSbidridtet ﬁ‘ﬁ?;%h?c?%ﬁ%a %W%%%@ For
reasons spinherett disclosed ibEress, Huhe! &odgall animobilizatibn M gelatnt ai ns nore t han
50 v% of _the non-splvent. and,less than 5Q yv% of the l.ven and, en the
aren e R RRns e hidee] Bersn Ahrarias. 2! E8hanr ae:

sol uti ongtaatadbtomereint &arHw 8t 409 0And NEOLOLBAE 18840 VeSS ef AR UMAsHEE of the
non- sol vent . 550036 In a specific enbodinent, the solvent is

N- net hy | Marghy9r 10%oeteedip)hereingshYang ph Bisit engA0pnis imimerpet yiatamndrisul f one

(PES), . | ] [ Lyvi nyl rroligdon RVP).. The
fiber-f %t%%%{?%%dhtﬁ”ﬁ@%??&% (85 1 SforBafdrt{# SBhttiebs PES,
about 8 hwamrbppthet@esh ¥xitfend\VI06 amdlcadpubtior2baie PIQUAN E4trubi&a eiatdhdl. The
coagul atign bath 110 may contain about 10 v% of NWMP and about 90 v% of
vt er . THEIG TR 21t e 406 il inwsieniersgacuAlian pathi 110 WGP ai n about
60 to ab <2 W oLiyNMP and about 40 to about 10 v% of water. [0037]In
ot her e i ments, other suitable conbinations of polyners, solvents, and
non-sol vents nay be sel ected. [0038]1In particular, other hydrophobic

pol yner s[00R8} can be ubedperatipnozlliber-foemingsastion dh4 jalsopefesedi to hergihase

| NVersi ofy rcrll?:)?alejafs‘fio(flﬂtlljorne}) 2hg %qﬁr%en—deﬁning fluid 116 (also referred to herein as “core

solution”) are fed into spinneret 102 through inlet end 104 at selected flow rates.

Spinneret 102 shapes solution 114 and fluid 116 to form a generally coaxial laminar
flow 120.

[0030] As schematically illustrated in FIG. 1B, spinneret 102 may have
a core tubing 108 that defines a core channel for receiving and extruding a core
solution, and an outer duct 118 that defines an outer channel for receiving and

extruding a dope solution.

[0031] To better illustrate the precipitation process, FIG. 1B shows a
partial schematic cross-sectional view of an exemplary spinneret/bath configuration.
As depicted, fiber-forming solution 114 (dope solution) is extruded from the outer
channel of the spinneret 102, and lumen-defining fluid 116 (core soiution) is
extruded from the core channel of the spinneret 102. Solutions 114 and 116 are
simultaneously extruded through spinneret 102 and exit end 106.

[0032] After extrusion, the lumen-defining fluid 116 flows in the central
region and the fiber-forming solution 114 flows on the outside around the lumen-

defining fluid 116, as shown in FIG. 1B and 1C. As there is no air gap between the
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may be used. For exanple, potentially suitable hydrophobic polynmers include
pol ysul fones, such as pol yet hersul fones and pol yneric aronmatic

pol ysul f ones; pol y(vinylidene fluoride) (PVDF); polyetherimdes (PEl);

pol yacrylonitriles (PAN); polyimdes; and cellul oses. Polyvinyl chlorides

(PVC), polycarhgonates, polyam des such as pol yhexanmet hyl eneadi pam des, and
pol ymer se@%/e%aﬁﬁwé&pw@m@%@W%O%Qwam g@*@nhloe@h%ﬁ}d\yl#@%iaﬁﬁ?%ﬂ% be

used in i i : r ve pol ymers
may. al S0 Ee e RRi g kB Baadiughals BarCLid WRngl SRR clbot R AR S £ et e
PVP, pol getrdyridingglrycol (PEGQ, polyacryl acids, polyvinyl-al cohols, and
pol yvi nyl acetates. O her hydrophilic polynmers such as pol yglycol

nonoest e[.s...copol yners _aof pol yet hyl ene ols with pol ypr | eneql ycol ;
pol ysor b@é’g‘?sgchyas pol §9E¥WI @L{{%%aW%B&E%gﬁ?%W%éte or
nonopal Mpb ‘iR d%bﬁedﬁﬁ'th@%@lvlﬁiﬁ{, lamdos Bydtephitid owksers Lllgcf‘ci:(g?lﬁation blath 110

car boxynet hyl cel | ul ose, or cellulose acetate; or the |ikKe may al so be used
in some apprinsdhe sakent ood @ mut-sdiveal. | Thesupn-ablvent olaydre watenc Thge

di met hyl ] .. di met hyl sul f oxi de Q) i et acet am de (DWA),
P or PR oI tre i iitio BB TR Chro Al R ER 8Re " uSed.

[ 0041] Whesiestedat thagtHeheyFbehiic pbFnidr i eha!fBgr-fofmirtesdiatisrRi 1 pilpr ocess,

care shoul d _be taken to ensure that the particular conbi nation of chemicals

sel ect edPE&iPiigivWHER thedbaetarming polutiorilidds axdededinte apd €obtasts ti ons, and
t hat thect?@%dféﬁdrﬂ?atww SoWd b 10RN & AlllbARLEUP BB ERlbrafige M cal and
a r | or esire or he “par

bi ol ogi c operties as require i Cul ar application
in which the fibers are to be used. [0042] For exanple, in sone cases, the

produced[(034¢r s may havresomerambodimanixitds iurhan-dafiringadhuishn 16 Ingay alsout 10
pm in the nenbrane | 1. These nacrovoids . decrease the nechanj cal
T engt nCGHORRCHEAIBIPT SRLAOT MU, Ca DLt ST oG e SHRgPT 1
desi r abl gy BRUGBRrRIce defivbeh MBeRMTRAR 864 9 181 QR drinirid e

blu
fibers. One tactor that can inpact on the formation of the macrovol ds is
t he conbflwidti1®n of pol yners and sol vents used. [0043]For a given
conbi nation of polyners and sol vents, the volune of nacrovoids may be

reduced Ryggsfcreasi ng Hie (LRGN HA di8idbd oY e WA3PItioR bath 110

contains more than 50 v% of the non-solvent and less than 50 v% of the solvent,
and, when the lumen-defining fluid 116 is a coagulation solution, the coagulation
solution contains more than 50 v% of the solvent and less than 50 v% of the non-

solvent.

[0036] In a specific embodiment, the solvent is N-methyl-2-pyrrolidone
(NMP), the hydrophobic polymer is polyethersulfone (PES), and the hydrophilic
polymer is polyvinyl pyrrolidone (PVP). The fiber-forming solution 114 may contain
about 16 to about 20 wt% of PES, about 8 to about 10 wt% of PVP, and about 72 to
about 74 wt% of NMP. The coagulation bath 110 may contain about 10 v% of NMP
and about 90 v% of water. The lumen-defining fluid 116 may contain oil, or may
contain about 60 to about 90 v% of NMP and about 40 to about 10 v% of water.

[0037] In other embodiments, other suitable combinations of polymers,

solvents, and non-solvents may be selected.

[0038] In particular, other hydrophobic polymers that can be used to

produce membranes with nancpores in a phase inversion manufacture process
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pol ynmer in the dope solution, or the viscosity of the dope solution. Thus,
in applications where a | arge volune of nmacrovoids is not desirable or
certain nechanical strength of the fiber is desired, the polyner
concentration in the dope solution should be sufficiently high. Further, it
i s expected that when the nol ecul ar wei ght of the hydrophobic polymer is

hi gher, TRY¥ by yeednoraiamileopoteatialin oiigblewydropbokigaiohsnersipeidehe dope
sol uti on,ingl ' r oy ch as PVP,
hesi zePael S, Sud A7 Rb BRI oS i pole Rl g P Bl R fondd, D os
wher e it polg(vitedidenblflactide) (RYDFY; belyetirgingsidds YREDpolghcylomitiies (WM )ds, the
concentrat,ion of th rophilic polynmer in dope sol ution shoyl d be
suffici emivwﬁs?@rﬁndiggwcrﬁe@h |$rf-?HY\é 7 Orwgﬁdﬁtv}sf PeleaPaRES PPIYETHEPS mer
may i NCrgagead el | R i ' '

hydr ophi lic %opyxgré%wﬁ% Lhy\éérﬁé%ﬁiérﬂﬁ%%,éﬁ&fg@?ﬁ%%ﬁt H]tr(r)ladgrégl @’g?%d? gngont r ol
t he f or nealpgenaitdreadyroensi day iafsa e used ey somE @PLUtStmst | Mieturés oiiwgosol ut i on

114 may be fo d by mxing the desired conmponents to forma m xture and
the m xt'UPE Rﬁiﬁe%%bci"ﬁ inﬁ)é'agf%mlaé'raﬁ‘?oagﬁé'ﬁﬁ eneous dope sol ution. [0045] Wen
PES, PVP and NWP are used in the dope solution, the concentrations of PES

and PVP goroa'e!pe dope solPdgtéialpRYitaBEhydRogHIR pApSess ficirlkomyplS to about 25
wt % (PES) and about 5 to about 15 w % ( PVP) resggctl vely. Suitable PES may

have an Rt¥ethyleneslvsel{RfGwaohmeryl Mgjdsapelywirgbribahoks, end ashaivlit 51 kDa.

Sui t abl e \Y; i e 0 0 h as
about 252t oy B! Bvatptit dhuter A8 honch b BB PR R EHE

di st ri bustf polysthhienBgScolsedith polypepdtregheboltdolysonpateBaveh asnol ecul ar wei ght
cutof f at about ﬁo kDa, so that a sufficiently high concentration of PES can

be di ssoPU¥exyEinyRRSIRIPEARS MANosILate.gNEReIRHEEe PhERanBHRigoMale ze

di stri bugd : 5 L 4| I L Ol t is

i i sci b%%eglﬁd&é@?@%y&zw?gigeg %‘gﬁé%lEgﬂ’gg‘g@bg"&léuét“i“ﬁé ’ EgngedJ%%?g?é%en t he
dope sol aitthedikesnayalvedolisdER, sdwe agplicativRs. or an aqueous sol ution, a

bi oconpatible oil, such as FC3283 oil provided by 3MIm may be used as the

| umen-defianig fluid 116, FC3283. 01l is iomsciple with water. . a , and
nas a del?OR)%or Yoo RErsHIalR Y sodentS rifuck Smihvigt RSl
conveni egingthpseifsdidg(DMSD ) amséthylaebtaniag IDNRK), NV, éd MixturédGhedeenl d be

hi gher than the density of the coagul ation bath, so that the hollow fi ber

formed i \theidokas APEcisofants mamalee geiusethe bath. However, the
| umen-defining fluid 116 should not be too heavy, to avoid exerting an

excessi vggigqjce on theygxddy i d ; ' ensity of
| uren- def i ni ;.g fluid 116 mayéil%gt"?qgﬁ%%éoﬂ?é%ggoﬂatEoggaab@&ﬁ%%%&ﬁ)ﬁ B,
0048] Theroeess,axire phofildt heetdkendo edelirenihad tHd particdla6 cembinationeofr el at i vel

[ ] » b y

| ow, such _as.ip the range from apout 1 to about 3 cp. 049] The,...

| onens derhaiTigadirered 28N A s B Hestianh R Ynesrufdizsuabie conditions,
and that the resulting fibers will have suitable mechanical, chemical and biological
properties as required or desired for the particular application in which the fibers are
to be used.

[0042] For example, in some cases, the produced fibers may have
macrovoids (voids that are larger than about 10 #m) in the membrane wall. These
macrovoids may decrease the mechanical strength of the hollow fiber. Thus, in
some embodiments, it may be desirable to reduce or limit the number or size of
macrovoids in the fibers. One factor that can impact on the formation of the

macrovoids is the combination of polymers and solvents used.

[0043] For a given combination of polymers and solvents, the volume

of macrovoids may be reduced by increasing the concentration of the hydrophobic
9



conponents at a selected ratio. For exanple, the m xture may be a m xture
of a solvent and a non-solvent, such as NWP and water; a m xture of

di fferent non-solvents, such as isopropanol (IPA) and water; or a mxture
of a solvent, a non-solvent, and a hydrophilic polymer such as PVP or PEG
[ 0050] Potentially suitable non-solvents include water, |PA, alcohols such
as et hane®lyBsa it e sQutiom orithe ¥iscpeitisef theddapsaspivtian. oMath 110 may
contain 9 he: vent NMP.  As not ed
el se\/\herée‘?&%gﬁﬁ%h@%rr% ii%ggwoéo $§’(§M°35‘6%§§'s%’ﬁévten H?R%%%gﬁlﬁ IS

i ncr easemhechbeicplosteergitiz oftHanfiidrds Hebiesds thaypolynssreameenifation intthe dope
concentration of t solyent, or the ratio of solvent to non-solvent in the
bat h sho%fP'Ht'%SWWQt%@OGUL ignfht high. fhethesrikisxpectdsinat whendhe W?I?‘Hgarfi bers.

[ 0052] Af \Fvéfghﬁ Betd MRl %}?c?tglbn B%erﬁér‘ﬁb@&r?},tlﬁeesrﬁeeéﬁd GORGAH 8 AR RBIE Wili0, 1t

is contacted by codagu e outside and starts to
pr eci pi tla¢ ematear W Handive tdopematdiorsincludes .a Higheéheortesigflthe ihgdrapdilic | s

sel ected_and confi gur tqg cantrol, the pore sizes in,the skin |ayer of the

For med  + BAST. UGS PR fher g2 ehe \ObTBI ] MG ek RU S REHd  cul ar

Wi thout PRigan khedd RMetLit dedRHe ViRl thE 8REYand YolliheOFRRE hWastrbials when
esence of relatively higher content of the

precipitation occurs in the pr

non- sol viaetconeeatraten pbﬂ’@&)@g@wiﬁfopﬁbmr intiee dbps selhéee sheuld bee| at i vel y

hi gher cgnt.en . the lyen | arger, . t end £ or he ot her
hand, thgﬁ@ﬁéﬂy%gﬂer’q%% WQ?}EHOIB%C&I%SN?@@L%%%F&%Ilfcsp@@?gngﬁ,yous, as the
i nner  suintReRethefoveelt fietdBitp &f sitd dbp@RBolLdidn] Gsihg acoirastilinvbbiyridrevith

| umen-defining fluid 116, which has no, or a | ow concentration of, the
non- sol v@higher molegiggaelghéimat alse el torsanttal thefarmelipR@f Masrewids & any
parti culﬁ{eﬁ%@?ry, it is expected that after extrusion, the dope solution
cormes into contact with both the core solution and the coagul ati on bat h.
Upon on contact, the solvent (e.g. NW) initially in the dope sol ution
starts t[@0dye out of {The fibtepdorstihgisbbnioaridd mey belfermed &ysoixingitba or t he
bat h, and non- sal vent . 0. water) starts tq nove in the opposite

i r ot | oReSTRR STl o Bl S gt it sRBE b AL B i on of
very snehbmBgersod dObe BE@fiohhe i nterface between two adjacent |iquids, and
the formation of |arge pores away fromthe interfacial region. Therefore,

to formsmaller pores in the skin layer and |arger pores in the |unen
| ayer, tI04Sbi nneret a¥hemBESafYR and NMP & sveeddmtng dopg palbtied the al | ow

e out R0 b1 S SRPRVE i oBeb AR 8 QaEPRRE it e P

before the 1 nner sur con with the
core sol aboutrts satwan 2bevt¥h (RES) and abput Hds abski 15 ed% (PViFhaeapectivelych

results Yy e i eved by using a spjnneret confjguratio s illustrated
R G GBS g abareres SoeRHEr ooty A TuneuelEs and o
the spi nges@ts DsheJrabR PYOGR4A) hbvd BRNAWIIS R rdtde & REIRRA0bN® 4,
spi nneret and the bath,
such as about 25 kDa. In some embodiments, depending on the desired pore size
distribution, the PES used in the dope solution may have a molecular weight cutoff
at about 60 kDa so that a sufficiently high concentration of PES can be dissolved in

the dope solution, to provide the desired pore size distribution.

[0046] The lumen-defining fluid 116 may be a liquid that is immiscible
and biocompatible with the dope solution. For example, when the dope solution is
formed of PES, PVP and NMP, or an aqueous solution, a biocompatible oil, such as
FC3283 oil provided by 3M™ may be used as the lumen-defining fluid 116.

FC3283 oil is immiscible with water and NMP, and has a density of 1820 kg/m3 and

a viscosity of 1.4 cp.
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particularly if the air gap is large, the dope solution would then contact
the core solution first and the bath sonetine later. This would result in
| arger pores in the skin layer and smaller pores in the |lunmen | ayer.

[0055] I n addition, as the core solution has a | ow non-sol vent/sol vent
ratio, the sol vent/non sol vent exchange at the dope-core interface is

rel ati vel0p4€] ow; and anrﬁ@wmwtmecessmg;ﬁhaeﬁngl didHmesotefisig fdigi o, the

sol vent ] IRSSRAN SRIENSNAHalieh by G BALNBRBEIRSE sy GEIRSIGUE! ¥ 1 3t

This al so prono ron o a er and | arger
por es i nfilidréotnuedd m ﬂheytmrch wilhéanl ddvenweardlen sné bathhnHowegemtie mméradaﬂrang

non- sol ven initial solvent/nonsol vent exchange at the
dope- cor@éﬂf‘éﬁ%&é@ ng ioplh?gavé{v@naYOA‘F&é?“B‘Sr%eW?SﬁW@ PLHEEP N®er. As now

can be apgheeiaiRy, It Q@m@%rﬁb&;lﬁ‘%%téq é'&%n&'&wﬂﬂhén“@%ﬁh h@ﬂﬁﬁf‘m’ mayso be

tuned by adjusting the sol vent/ non- so vent ratio In or the’core
sol ut i onbe froo6ahAst 100 tgabobréﬂﬁ%hgtm:’e spi nneret and the bath may have
anot her undesirable effect, in that once preC| pltatl on has occurred, the

wei ght preC|p|t edflb rtion in r th her
porti OnOI:S’PE‘Bﬁe fiber ?Vﬁ%’s’%op@ﬁ HREa(e Wﬁ”% 'Ha1l¥41$£#%bﬁi @'B ified,
t hus cau&u\hgu@tﬁe‘éerrrrﬁre Rihgeffrdri@bpaf 3o apdut Hepfi ber, even breakage if the
air gap is too larger. 8057]Wth no air gap, the above effects can be

avoi ded, and the skin Ia er be made nanoporous while the lunmen [ayer is

micr opor|1919§9] [ 0058] A naheﬂwensﬂaflamfka@ﬂﬂﬁrrn@y perdsixtigtofitifereah aver age
pore si Z@orﬂé h&?@ Ie'cqu Pfo. SEGe,85n LiESThe rﬂ%r‘%t?ﬂﬁ be% ur-eh(?f anopor es

in a nanopor ous S my have an ‘aver age pore Ze O ess than about
7 nm Am!mmmdomaohwerencmtcala:sw’rﬂmd atdr, hawixiuae olidéferget mon-e si ze of

| arger th m such as | an about 0, The micropores in a
m or opor BTy wlNas SaRDarLLBR) Aol Bt e BB HBOMEABR 1t | o
possi bl esdiAgt, HA¢BShyiRdpHIk: ?&%e?%ﬁ@ﬁ a%qf\gﬂbrrﬁﬁﬁo'. 100 nmin a nanoporous

| ayer, but the percentage of such large pores uld be very small such
t hat thelr resence does not significantly affect the performance of the

fiber Bhe i n t er nBotsntiahy syitale avsesalyeniainaludg watdiatPAvealcaiwls i | t er ed
through rl m croporous |ayer may have a snal |
per cent a%®%o$$émabﬁg$ﬁ%gaggog%r t%%gﬁ%s the filtering performance is not
substantially affected by their presence. For pores with irregul ar shapes,
t he averf@@81por e si zesTheobgulamian bzt 1ihasedy omtbimefrdrarapest 010 z2@oaf 30

particles th can be filtere hrough the pores. [0059]1n additjon to
adj ust i ngf! 1ie) tag bR RN DML @6%@@@? SISBIVDRES, Wher ec"aaee?a?iveﬁt tat h
and, Opthcﬂ{l%lkrént ihthé et %Wﬁ@re‘é‘%é& “ﬂh@ﬂ;lad(ré‘éﬁz%s |§tﬁ‘é‘ﬂ9§|f rﬁ%y‘i’ﬁéﬂ hsd.actors can

al so affect the pore sizes 1n the resdlting fiber ese factors should
be suit abhys,dke eommtrﬁteoadqulse sdlveot mrﬂn@x;ailotwfeeaﬂwtrt@dopmo@eﬁzemeand por e

por ymer o0 a GURTbe el Sfah EBHIOLAE rot S dReEIERT Gorfonc, the f1ow

rates, the conposition or content of the various solutions and the

coagul atjoos2pat h, the netap tefiberdo prhinghe St 1086ters b@a@.ﬂéﬁorﬁ best MOt of
the fiber nenbrane, the dinensions of the extruder, the draw ng speeds or

the |i kel iskantacies byspagyistionibaiadd0en theeo Widde asdAtargs typiesinitaie

di stri bULiyaRd from the outer surface. As the coagulation bath is selected and configured
to control the pore sizes in the skin layer of the formed {ubular fiber membrane, the
skin layer is nanoporous. In particular, without being limited to any particular theory,
it is expected that when precipitation occurs in the presence of relatively higher
content of the non-solvent, smaller pores tend to form; and when there is a
relatively higher content of the solvent, larger pores tend to form. On the other
hand, the lumen layer of the tubular fiber membrane is microporous, as the inner
surface of fiber-forming solution 114 is in contact with the lumen-defining fluid 116,

which has no, or a low concentration of, the non-solvent.
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[ 0060] However, once the other paraneters and factors have been suitably

sel ected, the pore sizes nmay be controlled nmainly by varying the
conpositions of the fiber-formng solution, the coagul ation bath, and
optionally, the lumen-defining fluid. [0061] As nentioned, the rate of fluid
fl ows maémi n’ﬁ)act on the pore sizes. The fluid flows may be controlled in
any sui t B958] manner knéwathes wards.canskwitheut heing haitad to auk Pagicuamer wi se

specifie I e t
PPher  t ool TS RBeERUIRACH R SRELIAMHE BopE GRR shERYIAR Ensle kliE
f1 ow r at bothehercerd soittien taatiahe gopguktioh batH.| Upen bhmantécbvmegscwyrm(@b

a. unit In a | am nar fl ow, the adj acent fdes

' 2 j.n
Zlmt Rgﬁéﬁhl\/ﬁdﬁﬁ@llw th@d?ﬂpﬁc‘im%tﬁ&ﬂ stapw R Mpvepafithe d PP%@PM@E@” 36iee
transvergal o by fogﬁ %’Qﬁé‘bgﬂ? ndHorl- Q&véﬁ\t(ﬁéﬁfﬁﬁf)%r‘?&obﬁ p@‘?r?t o

adj acent flulds eneral cross-secti iI‘'mensi on of each fl ow of
fluid caoppasie direstibat él'mma a’nitrqnt(}m‘seimentmhadgexesulmnd tH® Grrsdionhdt t he
ext ruded flber

t |l f di | |
Chi Cknos Y[ TtbpoRsahAE "eab T NEACE RSiEa G0 AHiAsenal ddsrand e
fiber- fOdeFn'éﬂoﬁ%‘f !ﬁr%@'boﬂés‘la\%?fr’om |ﬁ€§ﬁd&§é¥9ﬁ:§;bw q’h%i'@‘of@)fo e a ratio of

8:5. For exanpl e, | ow rates may and 05 m/mn,
r espect i ¥eller paes d) thepstidiaygr andtlamgen pprésiattheigmen iavarctﬂnetsmrierbbr

contr o 1 808 P BAf I FRE srbRimREis arERedE AReRull Aoty B e, 1o

appl i cat s@lnton o 8éhifihtel @ntd@math theddtbeidrd ivé Gfhepsuffabe bf Headiofd dneys
t he concent rations of the solvent and non-solvent in the coagul ation bath

may be s&}EEeREORESIMAICOFR@Vilrinerrore RPIvtipRY s &N baenderieodibytiiasse have
an aver ﬁ&ﬁil&ﬂ etﬁé'eﬁ'{e Bk rESSits Eﬁ?gg ev%dbr}g)ultlfﬁg Caaéb Rﬁer@?%rﬁ@hﬁéﬁ&} when

t he ski ayer has poreés size an a humanal n the
bl ood, whs dlstratedanlGe1Bf cabhauttaBlyrmodified rsptnder&ebydﬁmrrmsmgttihm eMigh t he
skin Iayer a ot | umen of the fiber nmenbrane fromthe outer

Pg&nter i B}e
surf ace. €A%ha grinneret fthgqath, ayer may al so be sized to prevent passage
of nol ecul es that have nol ecul ar weights |arger than 60 or 70 kDa. The

| umen- def 005!4?9 fluid methbe @,eelrfema?%@tw@éw fr sPRR&ret bABShe Battie | unen
| ayer, such that pores in the lunmen |ayer have an average pore size of

about 0. Bartisulapyifithe qarr@an s large, e d@pe golutien verdich thexyeontagtdhee@ré er t han

about 0. one e t hr ough
the fi be?OI?r@n%b%(’?gﬁggﬁé Bgl hs?gnl wgg%#qu&&@@@g&g%@h%?%% igéﬂkﬁ%es in
the | umeskih dewesr a@d&amam@roré@mwm@bombn?,am proxi mal tubular cells nmay be
trapped inside the lunmen pores, resulting in clogging of the fiber
menbr ane " .

[0055] In addition, as the core solution has a low non-solvent/solvent

ratio, the solvent/non-solvent exchange at the dope-core interface is relatively slow;

and as the bath has a high non-solvent/solvent ratio, the solvent/non-solvent

exchange at the dope-bath interface is relatively fast. This also promotes formation

of smaller pores in the skin layer and larger pores in the lumen layer. When the

core solution does not contain any non-solvent, there is no initial solvent/non-

solvent exchange at the dope-core interface, resulting even larger pores in the

lumen layer. As now can be appreciated, the pore sizes in the skin or lumen layer

may also be tuned by adjusting the solvent/non-solvent ratio in the bath or the core

solution.

[0056] An air gap between the spinneret and the bath may have
another undesirable effect, in that once precipitation has occurred, the weight of the
precipitated fiber porticn in the air will pull the higher portion of the fiber near the
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[ 0065] The fiber nenbrane in flow 120 is fully, or sufficiently,
precipitated (solidified) in coagulation bath 110, and is then extracted
and wound for further processing and treatnment. For exanple, the
precipitated fiber may be washed or rinsed, dried, and rewet. The novenent

of the fiber in the bath 110 may be guided by rollers, such as rollers 122.
The fi befPifNegygt whFhhas met fikhuselidifiedi Shugcausiog detarmetionet &1e peres asklown)

and may fdae «6le I\Age]\/e%;br??%#é ﬁ%gaﬁ%%gqs tcwfér@élam ng speed nay be sel ected

dependi ng on r ar ‘appliFcation and the precipitation tine

requi red. For exanple, a draw ng speed of about 0.3 mmn may be suitable
[ nt sorr;a [605?]1: men: s.2 Ttrr]héti'mm?td dapb Hresalvmye @‘%thﬁa?mdauurdeﬂiaian:dithe?kmu )
wat er r at |eas ours tor Y ny residyal organic solvent.

[ 0066] AS2¥EHTBY T8RS BAPORUS EIE theyUBENJBHATIMIUESPY Bioduced | n a wet
spi nning process. [0067] The resulting fiber may be cut to desired |engths
for furtfoesg}reat nent Nna‘h%%olr(ﬂ!sela%ﬁé&ﬂéins%ré@maﬁ1haﬁ}€%h3é1}e‘{ poreand a

portion of the hydrophilic polyner may be renoved before or after cutting,
and may $iee pelessdian MPGngh sueh asdess tham abbrutfliObem. Mdebraneposes @re open

| umen. t n-def i ni fluid is not per I hr he f| ber
oo ane Eaeergye SRS ) Bve et elrbe s e e S LAV 0. 14 e

| umen- dehidrbpgrolis tayériceneaies patdsahhOiaiOhn bverigedsdre iz oftIagyes dhareot1 and
the non-solvent, it may be renoved through the pores, or the |lunen, or both

t he por eéMadléch A laraaiinan[abosd Pordhethe BHCroPORSIN BeMidiePgyora dayers nae ski n

| g ) | . .
por for PV ACaAR o 6 it B Bud® A eRe Halin BihaBE S8fe 1 el y,
t Ihe por eparg dargemthanet mMUn@dnémcggrbm@er,djutftﬂtw pemﬁmta&:ﬁa eﬁml_tgaargte
ectroni c_scann m cr oscopi i mages. is also_ possible to
det er m ROPRENBHIER Vo W'ﬁ@ééhf&uaﬁ%we ﬁﬂc%fifoe%ﬁpteé'enﬁfgaﬂﬁf %#I‘ﬁd&iﬁet he
per meat &setdiareabf %ﬁ?émglﬁﬂﬁaﬁ@ﬁ] f@rﬁ%eﬂf‘ﬂﬁ% sliB¥8hée ot H‘bat?ﬁt.'iélb ‘fﬁ‘étgﬁa%t he
abiTity and t

pore sizes in the skin layer control the menbrane perne e

maxi mum ipafikeret dhrosighdhe Iskin laper. plisslariyy @ ngjbropoecoureiayenmay hdve ssmbllest
pores in_the fiber nmenpbrane are in t in layer. [0069]In a rticul ar
P ocess PUaRNARE L sBTEh s S obSsiBeNfing PEfronRon e b B iRt o (or
parti cl eaffdctes by mir ?l%sfehbé.eFQﬁ pbRISONER irtdtfular SHpeREHY ARgagd BBre sizes
conpositions of the feed and the filtrate are analyzed. If the fiber

nenbr aneMay PevBe Ry re dgsed w5t thadagesbsiga o perictrigiiabaen bediireed heowgitiesi r ed
SUbStanCtﬁé’pgirés can be expected that the pore sizes in the skin |layer are
within the deSired range. [0070] The pore sizes in the lunen | ayer can be

determ ned from SEM i mages of the |unen |ayer.
[0059] In addition to adjusting the solvent/non-solvent concentrations

in the coagulation bath and, optionally, in the lumen-defining fluid, a number of
other factors can also affect the pore sizes in the resulting fiber, and these factors
should be suitably selected or adjusted to achieve the desired pore sizes and pore
size distribution in the resulting fiber. For example, the nature of the polymers,
solvent, and non-solvent in the different solutions, the flow rates, the composition or
content of the various solutions and the coagulation bath, the temperature of the
solutions, the post treatment of the fiber membrane, the dimensions of the extruder,
the drawing speeds, or the like, may each have some impact on the pore size or

pore side distribution.

[0060] However, once the other parameters and factors have been

suitably selected, the pore sizes may be controlled mainly by varying the
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[0071] I n an exenpl ary enbodi ment of the present invention, a |layer of
hydrogel nmay be fornmed on the |unen | ayer of the fiber nenbrane.
Conveniently, the mcropores in the lunen |ayer facilitate attachnment and
formati on of the hydrogel |ayer. Know hydrogel formation and attachnent

techni ques may be used to formthe hydrogel |ayer. Suitable hydrogels may
be forme@P'BPOW'ﬁ% Al the ftherdeeninpseiuiion, ther cqagallatigpebathnarsheptiorst thent . t he

hydr ogel ibrin. [0072]1n a further exenplary enbodi nent of
t he presyﬁ?erfﬁéﬁﬂg%’df cells are attached to the lumen |ayer of the fiber

menbrane. Cells may be initially attached to the hydrogel that is fornmed on
t he Iume[ﬂ(lﬁayer The célslrsenmyndzzbﬂwl"ateroéﬂu'mirftbvad inayechpiot en the perat e in
t he hydr he | umen sur

qgel .. 1007311 nbod , h
e onal S984 ARG S0 oW i G Somissed iR SUtBlS BBt RpWhEigge
b1 0deqr adaein BRFENURBEL IR OUAINR), HERBYASEANIEGRN iR dEmRAed

ei ther though the lunen or through the pores of the fiber nbr ane,
al | owi ngta fiew cafes of the tiberdormingssalation and tlhieem-daﬁlnlngdM@ﬁmumeplnoeret

lif I t f
P B0 M AP LR TSR ST oSS o il BEpbSteatitnce
cel | types2iFauneXai®! By a \diRingefibw, tRyadjacdntdpidyamibughnalphipsiex] dedtagtubul e
epithelial cells (hRPTEC). [0075] The hydrogel for coating the fibers may

be sel eci@y f@@v aW@tSDEt:tw%ﬂ@MuraT@m Sone rapavarag wiugipn capsscusabiber at e

ur £ acos M aEb It eBh BB AA MR QU TREREAD SRosth SBBHAN O ) | e
gl ass, odlmehts;dn &keadh fidw péflliddarsemadin lsabstaﬁaallybeomaﬁt afroundiekft enhent

hydr ogel atin For exa | ci um chl orj y be used to cross i nk
al gi nat e’ 1§ @%ﬁﬁ}%@ﬂv&%&erwﬁ aVh AHASIATE)Y WBTTOR diarester 38 Walhk

fibrin iiddnfessn hydrogel . [0076]1n an exenplary enbodi ment of the present
invention, a suitable cross-linker is first deposited on the |unen surface
of the hoIIowflber menbrane, and a solution containing a m xture of a

sel ect ed[0683s- | | nkabl én By@ﬁ@ﬂboﬁﬂ'@fﬁﬁ wﬁtabl@dlcyeraieseﬂﬂ@fémréermmgi s then

i ntroduc lLunen. , The cra lL.i nkabl e pre Cross-|i ked
wit et nosaplida 3 AP R el N B8 et g Refe BBt ot By, EgSoRible: BEn ¢ he
| unen suﬂcﬁmenes\ma%émeo&ﬁﬂ@naej b5 mMimAiPPRSEPeBEVSIS. the hydrogel . The
hydrogel may be alginate or fibrin hydrogel The cross-Ilinker may be

cal ci um hI oride. The seed cells nay be i n- Dar by cani ne ki dney ( MDCK)
epi t hel i 8063¢1 I's, or hiAgReNgNeemHie @QFB’G?H‘P”%@ yhic %ﬁhﬁ'@@?" Meotraene cel | s

di sper seg pubde th¥ HoPd &lzeR R KIS HishBUtbhIRay BB Rfitrolled through the

techniques discussed herein.

[0064] For example, for applications in artificial renal proximal tubules
or artificial kidneys, the concentrations of the solvent and non-solvent in the
coagulation bath may be selected so that pores in the skin layer of the fiber
membrane have an average pore size of less than about 7 nm. As can be
appreciated, when the skin layer has pores sized less than about 7 nm, human
albumin in the blood, which has a size of about 7 nm, is not likely to pass through
the skin layer and enter into the lumen of the fiber membrane from the outer
surface. The pores in the skin layer may also be sized to prevent passage of
molecules that have molecular weights larger than 60 or 70 kDa. The lumen-
defining fluid may be selected to control pore sizes in the lumen layer, such that
pores in the lumen layer have an average pore size of about 0.5 to about 3 ym. If

the pores in the lumen layer are smaller than about 0.5 ym, transport of some
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conveniently uniformy imuobilized onto the |unen surface of the hollow
fiber as a thin hydrogel layer is formed on the lunen surface. Wth a
proper culturing environnment, the cells will slowy proliferate. The
hydrogel matrix can be gradually degraded, to allow a confluent nonol ayer
of cells to attach to lunen surface of the hollow fiber. [0078] Wth some
nodi f i caleYied sHnsEaNGRs Uchesagsdtesibraughithe dibes mamirangmaneeart , the

coating : ; i i ible fibers
na ho TOAEARLRCSLE R bBls ReS BB Bka Felhed et e, of 1 he
hydr ogel albmyt Joemf prowieabiubulze cellsrerayshe frappedirsidaihegduinentfteeprresaltisg

descri bed qrgere_i n wthout filling the entire lumen with the hydrogel. As can
be under i§tQeL0ing Ohit IMeMEATS | I's the entire |umen woul d bl ock or inpede
fluid flow through the [unmen. In sonme enbodi nents, the hydrogel |ayer

formed opogsp | uMen suThaBeF ffbriBrahlliAibe}20 fsTully, GHiickniy) the range of

about 10"to about 60 pm In a particular enpbodi ne the hydrogel |ayer
may haveprecifitatécheeddifibd pinczcagBiatiom bathi1d 0aand isythenrexirictesiand ivoudd to fl ow

t hrough the Lunmen w thout ockage, and thus facilitates | ut e exchange

et veon BRI RoRestR and BRI Hngtie PareShiseling REg
through {BshédiBEANsdd, driedaha® réRes| TheniRehrMontiOfberug e PRIRC AV R1ayof the
cells on the lunmen surface when the hydrogel is degraded over tine.

[ 0080] Asbe geideddnopders, sualk ag rekers 122 rThe fiber flovy 140 may bew@unddincel |'s, it

on”the R HorfipkiEh REEE Lk aiok R 8 HolPs ety R R aR L byt he”
cel I's, ofravhegispatd ynaiegs seledieatdepeseirerdethd pamichlariapplicadioni argl thesui t abl e
substance into the lunmen (for_instance, sodiumcitrate can be used to

: ( .
degr ade PIRSIRARYPASMS Ipuirede NPT exaawls. rudiendng spped of ABOWHL MG MRS s
descri be A : e g@mﬂd n§ae;eg§ | umen surface
uni form% Qgﬁ%lgt])gt%gﬁlﬁ a ?/dlunl %r;ﬁg. e ;}Iblté\% y ine%@%gé\}gnhydrogel S may
be used ti@ionizat (Dhewater ioreatlleasd iR 4shodrade rermhbus ahgcesidualtorggniseetient t he
cells over the entire lunmen surface in a relatively short period of tine,

=pect f1DEB Facel I ul 45 G T AMOBEOt: SR G B BE canras HoRRA e T
exenpl ar y vestpinmipocebst he present invention, the

[0067] The resulting fiber may be cut to desired lengths for further

treatment or use. The residual solvents, non-solvents, and a portion of the

hydrophilic polymer may be removed before or after cutting, and may be removed

through the pores of the fiber membrane or an open lumen. When the lumen-

defining fluid is not permeable through the fiber membrane, it may be removed

through the open lumen. Conveniently, if the lumen-defining fluid is a coagulation

solution formed of the solvent and the non-solvent, it may be removed through the

pores, or the lumen, or both the pores and the lumen.

[0068] To check or to ensure the pores in the skin layer are within the
desired ranges, a solute rejection test may be performed, as can be understood by
those skilled in the art. Alternatively, the pore sizes may be measured from images
of the samples such as electronic scanning microscopic (SEM) images. It is also
possible to determine the pore size by measuring the cut-off molecular weight of
the permeates that can pass through the different layers. In particular, the pore

sizes in the skin layer control the membrane permeability and the maximum particle
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fi ber menbranes may be made suitable for coating a hydrogel together with
cells onto the nenbrane surfaces, particularly the |lunen surfaces, as an
efficient cell-seeding nethod. Conveniently, when a hydrogel precursor
solution carrying the cells flows through the fiber [umen, the pressure in
the solution is azinmuthally substantially uniformand a t hi n hydr ogel

coati ng ©&h thyd ceutmsarttltoatg%yhamrabm@ diessmpbesta@reninthe el re exposed

| umen s [elﬁﬁ)e?ﬁée ﬁ”%gl%km/\{ &bper If the cells are initially well

di sperse dro e cursor solution, they will also be uniformy
distributed in the coat ed hydrogel and on the | umen surface. Such a seeding
process [0968bnveni ent b&nd padicubsr proopdetsetlitibns @ontirihg webytasbes bf peri od, as

d t | hni f i | i tificial
ot PO Eeual Sels MmOt GstATa S Leb G| 56 R A ONGBARS ABAE “of tho
present r‘n@Hﬁ?&hé’"l’Hé%&hEésﬁ@n@Bf ﬁféfe&ﬁ%rt@'thé%ﬁﬁite %‘té”éhﬁg'keti UptEriydH ch is

formed of a tubular fib nbrane. The has a nanopor ous
skin Iayreen‘é;ttaneam)wsdpeuremsubetaene?p ’ewmss thnwgtkbmt Haghsr théafridesised he out er

surface of the fi menla efines the lu nd the
unen_ suMhstaiess. Trenter b T 16 R vrseh Bemsthreehay SRR RReq
accor di ngediedtiaggget hod descri bed above, or anot her nmet hod sui tably

nodi fied fromt he above net hod. [0085] As now can be understood, the

polymeric materials used to formthe tubular fibers should be soluble in a
sui t abl 098Pl ent for pdhedone Aiyes ipHeskbimervByst ean Pamsietermined figmpeEds.

Furt her, njtégg%\éo? Hé'?]lﬂngﬁ %:yrgie sufficient nechanical strength to w thstand

t he pressu ear ce the fibers may encounter during nornmal use of
the fibers in the intended applications, and have high chem cal stability
and heat [OQtTabi i ty i n trhan eaenmllaryaenhmh;dnieht ohthe praseritiibezrgiomg layerofhave

i tabl b lity, f t f h 0086 |
oot hor RESETRAY bfolndd afites \naR et o i ercbdRBi POt n o
cartri dope3ARromsres i Hﬁstiﬁﬁfe‘?\qayé‘r ﬁ‘élc:ﬁi’tata att@@ﬁﬁt'é'nfigﬁd oehdimn o tagner al | y

cylindrical body that defines m ddl e chanber 202 and two end chanbers 204
connect elydregeHaydierKpp hwrorgeb@frrmamamigat@e:@memiecﬂumuama&mtumds 204

Ends of PaBif 47 rREBeFEbt anueo8: TaFRAR ladte mineli Tt abfftbne 206

such t haangnid, ohibiebikes 13 @headrabbditiaht yihedyaesget i Rymedeflfibians of fibers
208 passing through m ddl e chanber 202. Each end chanber 204 incl udes an

i nput/ou port 210, and m ddl e chanber 2 2 has . two input/output ports
5 L ORI ber s 208" IMeTUMETGHETSRBRCTBLPYARTAP! HHeBioREVETAE desor { bed

above | feIRNGefiRRALTR the I@Herplfag% eftfhlgtfﬁ:fet n?&ﬁbtdhecaeésrg e b%Qth.qu
fornmed as descri bed hereln urd flow control devices (not own
may be paitadhéddottbe hyduigal thadislformedran thiel lumenflayev. t Theoglls m:tayﬂqel dge 200.

cultured and allowed to proliferate in the hydrogel and on the [umen surface.

[0073] In some embodiments, the hydrogel, such as when made of
fibrin, laminin or gelatin, may be biodegradable. Conveniently, the hydrogel when
degraded can be removed either though the lumen or through the pores of the fiber
membrane, allowing the cells to directly attach to the lumen surface, and to

proliferate to form a confluent monolayer of cells on the lumen surface.

[0074] The cells may include kidney cells, renal tubule cells, and other
cell types. For example, the cells may include human renal proximal tubule
epithelial cells (hRPTEC).
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[ 0089] Proper sealing should be provided to avoid direct fluid conmrunication
or | eakage between the m ddl e chanber 202 and each of the end chanbers 204,
as can be understood by those skilled in the art. [0090] Each pair of end
chanber 204 and port 110 provides a conduit for fluid comrunication with

one end of the lunmens of the fiber nmenbranes 208. Each port 112 provides a
condui t K087511 ui d commifedwerege! @rapating i fibosanaykerselgcded saithaldt is

t ransporg,ﬂ{?g?{ 0BRSS Pﬂ%ﬁ#@%ﬂt & ; %e ”%?%rigg%n {L‘;E{itJaHfEeI%? CB%téﬁqjﬁﬁrer stood by

menbr anes rough e pores o er va as can

t hose skpdroad membimnearwith ¢0R8aAJsurfavs®, The kubstlateayiafdriale hagmediabriend
chanber 204 to the other end chanb}glr _§04 t_%rmﬁjigh thg_ Ikurrens f fibers 208,
and anot FEAT¢. I POVMRL PRESUYHNRIIHEI Diterarbeiossdpke el ReFeshof he
parti cul I i | F U tSy1k } j .

suf fici eﬁ??ﬁ#g?@dg?ggas an i_;)ass W%’u@%btpﬁg&ggﬁcﬁees% éigé%ﬁ\g%gﬁ fibers
208 and lark@giniate i alpimaté bydrofet, Baddbroenbifilrsdylbe lused do commsplnkeitiren inn each
fluid vvi‘J.I . ren%i n ii n the respective fluid in cartridge 200. [0092] The use
and operHTHWEPIRart ri dge 200 will be readily understood by those skilled
in the art. For exanple, cartridge 200 can be conveniently used to provide

i ncr easefof7eyi d t hr oughpah exemplaryeadisstimehhorthel praséentfihisition], 093] When t he
pores on the inner surface of the fiber nenbrane are sized to enhance the

adhesi onSWibieeross-lioker ierfijat erpasitedandhe dumpe sworrewf thabellawfibeane, the
Fol | ow ngohAFhAL SarPy B%%Sntg gj @Q%Shmﬂ&@%ﬁdof'é‘sé|B8teﬁeér§§§-'|i%b% the pore
tﬁe P [CB T ep an ge pore s as

size on unmen sur face. ar ructures,

ihl Idust r?ﬁ;&ﬂofgeﬂ ﬁb&gsoﬁ&ndmﬁ%e’ﬂ;&d s@at aélﬁ is tthéarh nﬂiddt!i@cbeﬁrvﬁeege ﬂthﬁen.OEhed
ydrogel matr.i nd the nenbrane, As i|lustrated in FI A, large pores

(white 5695%*)'n%@ef%ﬁ%%a%'ﬁcﬁﬁw-hwwgﬂmeaer@,SSvum#ehOHav%W%ew%%ce

structur 1 r t N es and

deeper |t§tsf 8%%“%%‘%'%@??.ﬁ%@é“ﬁ%ﬁ‘éﬁ%b%@?‘?%@%? %Wgng%/aggﬁfjnse ul for

coat i ng the haidnpgelt dhieyiddoggsl mahbe ljginatgalr fibain penegelatTdea erossdinkersmal | er

ores through the |arqger pores, as illustrat .n_FI.G 3B ensel y hat ched
Preey ey B e e ORER 5eBd celis, B Bk DRL B R o ot o
the snal (NMDCRYEPRhSIRN cBM, brilienAPpicsimAndboge el TEsght Iy to the unen
surface. [0095]When the coating matrix has a high water content (or, the

[0077] The cells dispersed in the hydrogel precursor solution can be
conveniently uniformly immobilized onto the lumen surface of the hollow fiber as a
thin hydrogel layer is formed on the lumen surface. With a proper culturing
environment, the cells will slowly proliferate. The hydrogel matrix can be gradually
degraded, to allow a confluent monolayer of cells to attach to lumen surface of the

hollow fiber.

[0078] With some modification, which will be apparent to those skilled
in the art, the coating process may also be applied fo hydrogel coating of multiple

fibers in a hollow fiber cartridge (see below).

[0079] Conveniently, a layer of the hydrogel may be formed on the
lumen surface according to the process described herein without filling the entire
lumen with the hydrogel. As can be understood, a hydrogel that fills the entire
lumen would block or impede fluid flow through the lumen. In some embodiments,
the hydrogel layer formed on the lumen surface can be relatively thin, such as in

the range of about 10 to about 60 um. In a particular embodiment, the hydrogel
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coating solution is dilute), the hydrogel layer is typically thin after
dehydration, and it 20 is typically difficult for this type of hydrogel

| ayer to cover |arge pores. Thus, for such a coating matrix, a |lunmen
surface with small orifices, as illustrated in FIG 3C may be appropri ate.
For exanple, this may be the case when lamnin is used as the hydrogel. As
i |1 ust r de¥er Maypeee aabhickpges of AkoyiHEAM. allds araggement allows Huigrde flewer pore

st uct Ut ehodth the bRl BidkGe Yo il P ANEIeSHRARE R RS Dl e

formed on umen sur nera e ce cterra/particles

encapsul theemtlls enaapsdsteddn ting hixdrogleband tieefllid peesingrtarougheths lurhene lger es so
t hat theg/ are gi[gever}t ed fromentering into the pores and be tyapped
t her ei n.2l8p PESHIPS0 TPHB AL egk FBPPIaYeE of the ¢8lls Jetmerdmeg i eryden-or

exanpl e1thtbgi;y}?ir&é@lq’s,ehé@%d%%ﬁleg?he@ppl y if it is intended that the

cel | s/ bac a are to be rmo zed in the pores, such as in sonme nenbrane
bi o-reactors. [0097] The nmechanical strength of the fiber is dependent on
t he por o¥089] of the fi Berthe Widrogehis yseteaé catriertiolundarmlylseeditbeicrlis,eased,

sufficiept chani cal, strength a he fiber, may b intain even if the
i zes of AT o Racualy BRIl e sescirls BY st b Tiorb @iy e,

[ 0098] TupngmehsupRES. Fof ekafipld,NBe hy&@g;.eﬁeri‘y%‘e%i@%é@*ﬁdé@@yfﬂﬁé)@él%,To@ be
formed to suit different applications, different coating materials, and

di f f er enghareichly degreded &t eygntected imeabye intodusingr apitahle sebstanes ido thus,

apal | cat VB O HeerGr G iee e R BT oxpRdhAdldyal el

organs, nenbrane bioreactors, and nenbrane bi osensors. [0099] Representative
cross- sef@0Bdhal SEM i nhgekeniwitxtbemeadinghmocoss tiebaibatehvdrem)éheacelsshown in
the figures, such as FIGS. 4A, 4B, 4C,  and 4D, as explained in the

Exanpl esmawec%ﬁvsal%géﬁeﬁﬁ%%%g@éumﬁgapg'éfsegu Al pms Sg%?t'alix\, 4B, 4C,
and 4D, §diRnsATPREIatiVES indRIENRRENIS9& BE usEB'Y BbalPYerfifd ey 2

| umen. The srki n Iaael_r_ ?.rllnthe tsubul@g %035'9?@ ngnopor oug. Thee pores in the
ski n | aysirfapee thust facititating |seesling thetaeliposeetite entjyellimen sorfacd i pr ot ei ns and
heal t hy rcfaltlvsly frllﬂ%/ érhr uigth t he Cg{;i n. | ayer i.nto the tubul ar body and

t hereaft Ve ¥ R é‘f)(gge.'m?hﬁu ¢ gb% %pgng’ﬁe?e of the pores in the skin
| ayer is |l ess than about 7 nm The [umen |ayer is mcroporous, and the

inner (I[@o8R) surface Thistdeedingdplozess bxdyddesndtaegeire Baipeciigeni ngs t hat
are suitable to facilitate hydrogel/cell attachnent. As can be seen, the

t ubul ar HERreHaar Mmathe (EENYsPating peeradyir@ls (macrovoi ds) ext endi ng bet ween
the skin layer and the lumen surface.

[0083] Thus, in exemplary embodiments of the present invention, the
fiber membranes may be made suitable for coating a hydrogel together with cells
onto the membrane surfaces, particularly the lumen surfaces, as an efficient cell-
seeding method. Conveniently, when a hydrogel precursor solution carrying the
cells flows through the fiber lumen, the pressure in the solution is azimuthally
substantially uniform and a thin hydrogel coating can be substantially uniformly
distributed on the entire exposed lumen surface of the hollow fiber. If the cells are
initially well dispersed in the hydrogel precursor solution, they will also be uniformly
distributed in the coated hydrogel and on the lumen surface. Such a seeding
process is convenient and can be completed in a relatively short period, as
compared to conventional seeding techniques for seeding cells in artificial renal

tubule devices (see Background).

[0084] A further embodiment of the present invention relates to an

artificial renal proximal tubule which is formed of a tubular fiber membrane. The
18



[ 00100] As these macrovoids can significantly affect the nmechanical strength
of the fiber, the presence of |arge nmacrovoids may not be desirable in sone
applications. As discussed el sewhere, to reduce or limt formation of the
macrovoi ds, a nunber of neasures may be taken in the manufacturing process.
[ 00101] As now can be appreciated, sone nodifications to the enbodi nments
descr i btpestrrnabane hasss NBnepooes BH7 lByehpndaynisrmsdpue isevlayeheThe ber

menbr anes,; ' rel u 2 di H:E_[P%'! a
mechani gﬁaﬁ"{j@%ﬁgﬁﬁ#@%dﬁgpﬁf % @R%g'rbgtse i nl%ﬁrat iamécllﬁg{énplg%‘%eys or
artifi ciddfineeniaé lumex andlthé Winéesurfdde ottiheEeir onembfarieh €THd figgrs may be
conveniently adjusted by controlling flow rates of the feed solutions

during tMEMPENG BRY; Rhiogngdassording feihecprthodRissceibet @osye pisarfiheéhe | unen,
exenpl aryf dagm&g%ﬂ'bg@gg ¥ e RS S Btk dvent i on. [00103] As the inner
e f1ber

(lunmen) surface o i's coarse and porous, a suitable hydrogel can
be conveniently attached to the lunen surface, and kidney cells nay be
cul t ured0P85br on t he Agdiongedn bd hedbssdoad déhe palyneridinatripisidsdd © so t hat

brol i { er1ath 1R (AT TRk SBel P aesol BB 10 A B Bor e RGP TGTRPEGe of ¢ he
fiber caphafs@qhbér%@nﬁabhgéﬂor%ﬁagbgﬁ MArtHer &hegahedidyenprSduticysy - Ki dney

cell's encapsul ated in the hydr gel matrices could proliferate on the fiber
menbr andnapRanicistiepgiviparvithsianed fhepmssaraiant sbear foyce thegibeds maw

event ual f | i 2] LS, - r ' [ | ber
surface.é%ﬁgn@mrﬂéﬁ{orﬁﬁ ﬁ%?@@i‘a @]erg E@*ﬁ%'ﬁ@%@%@f@%ﬁ@%é@ﬁﬁﬁ‘;@ t he sane
Iool ari z?’g%h{gg]a%damseﬁblm uhalhdc?itﬁtalejiﬂity it}/\l}fgl‘ndrhﬁal mbﬁrc@mbitibpr%{ ergb_rfm)tewe fiber
unmen. e cell-layered hollow fibers may be assenbled into

cartri dJeay asochave suitable gi???”ﬁ’ﬁ'&ib'ﬂié’ s Hge perariiEd<IEBNR P UILERRNS. subst ances

in the glomerular filtrate back to human blood in a bioartificial kidney
devi ce. [0086] In another embodiment, a plurality of fiber membranes may be

provided in a cartridge 200, as iliustrated in FIG. 2. Cartridge 200 has a generally
cylindrical body that defines a middle chamber 202 and two end chambers 204
connected to chamber 202 by fiber mounting sections 206. End chambers 204 are
separated and sealed from middle chamber 202 by mounting sections 206. Ends
of tubular fiber membranes 208 are mounted on mounting sections 206 such that
end chambers 204 are fluidly connected by the lumens of fibers 208 passing
through middle chamber 202. Each end chamber 204 includes an input/output port
210, and middle chamber 202 has two input/output ports 212.

[0087] Fibers 208 include one or more tubular fiber membranes
described above. In one embodiment, all of the fibers 208 in cartridge 200 may be

formed as described herein.

{0088] Fluid flow control devices (not shown) may be provided to

regulate and control fluid flow through cartridge 200.

[0089] Proper sealing should be provided to avoid direct fluid
communication or leakage between the middle chamber 202 and each of the end

chambers 204, as can be understood by those skilled in the art.
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[ 00106] As the outer (exterior) surface of the fiber is snooth and dense,
the skin layer at the outer surface of the fiber conveniently provides

i mmunoprotection for the cells fromthe attack of antibodies in the blood,
and prevents serum al bumin and other |arge nolecules fromleaking into the

urine throuah any gaps_in the cell layer. [00107] The structure of the fiber
menmbr anelO988] al so convEArRReinpf eadudEmRestddnandiert gl Pdmoviges Becordbir wal |,

Sur  ace. 1 QYECHTRAPERNERMEe Phd L AR FHAG bR Flnirah P 20BN ey

be sel ecEach pbaddd 2grovides ausridaittfor fuid mdnpmopieatiorewithfchthebel i202r . THene| udi ng

the pressyre drop and flow. rate in the tubules, the response of cells to
shear st'?g'%t,e ratipn of Massiaetwas chamber g2 WGE@@T‘T’%BSH F“P%'W fi ber
menbr ane I WAl t wll be
applied ﬁgﬁﬁgﬁﬁ%?ﬁgwggﬁ g?é)? ﬂ%%fclﬁggg ﬂ}yﬁp ?’%géﬁséér}ggé)gggﬁﬁﬁq gﬁ. It is

expect edthohatskilledrimtiesard. | i near rel ati onship between the Young's nodul us of
el asticity and the col |l apse pressure of a thin-walled hollow fiber
ct th

menbr ane { s rel atiopshi . be upilized to sel i t.abl e materi al
and di mal983h° of *the. T Moar AL Py B IEER ob8 e et AdRR ot
descri beghdehg&nBep2e4 SblaR kit PiensSer fsers 28Bsandhhothet fibRIPay AiBWCONMar ed
to henodi al ysis fibers. It may be desirable in sonme applications that the

r eabsor gtthrwl’f misHle chambree 203. heapearingen thsormidsulee 2gp iqaﬂﬁnn@f@aﬁbm in Ai(_ D,
i aney carmedtite Tl BE NS WA o oty FRBLEERR son PGP IE ) B ™

desi r abl poreban thenwalls ef filhdrs @08| andeaater ito xharfibwiod ki etHeh €lurdenadrgéuibul e
cells forma confl uent ﬁﬁi” |l ayer, which nay be a ponol ayer, on the | unen
surface SIMPHREHS Hrach iYidant remainy indhe apspectiye fuiching gastridgRedPs ur f ace has

gaps, blood cells and proteins in the extra-capillary space surrounding the

fiber mepagbopk into thenbiferaddemstation 899@&&&9‘};@@@% Pe r&syige! | T ayer

during reabsorption, and appear in the urine. 3 may bé desirable
t hat t heundessicogdly obe skiled imtiwpant: Fof exampia, abbtdge 200®akle t hr ough t he

\rNglalbzbr p(%qq}%?ﬂ?ér{tlg u%eﬁ%g %?8&]8}3 LinocrgeeE\)sreooc ﬁ&;é ’thltorﬁ%hgﬂ ,%rs c%lﬁ'rlgaargg V\ﬁ{h atl rs]t%g[e
fiber.

[0093] When the pores on the inner surface of the fiber membrane are
sized to enhance the adhesion of coated cell/hydrogel/ECM onto the hollow fiber
membrane, the following factors may need to be considered in the selection of the

pore size on the lumen surface.

[0094] Deep and large pore structures, as illustrated in FIGS. 3A and
3B, may assist binding between the coated hydrogel matrix and the membrane. As
illustrated in FIG. 3A, large pcres (white space) are formed around lumen surface,
which have branched structures with smaller pores at the terminal ends of the
larger pores and deeper into the fiber wall. This type of pore structure may be
useful for coating an alginate hydrogel. The hydrogel can penetrate into the
smaller pores through the larger pores, as illustrated in FIG. 3B (densely hatched
area). When the hydrogel contracts, the hydrogel branches penetrated into the

smaller pores can hold the coated hydrogel layer tightly to the lumen surface.

[0095] When the coating matrix has a high water content (or, the

coating solution is dilute), the hydrogel layer is typically thin after dehydration, and it
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fiber would face the blood and the inner surface of the reabsorption fiber
woul d face the cell layer. Since the skin |ayer is adjacent the outer
surface, the large nol ecul es (for exanple, albumn) could not penetrate the
fiber wall and could only be carried away by the bl ood fl ow ng outside the
fiber. [00113] Conveniently, the dense, nanoporous skin |ayer can prevent
entry of IStrRIealy dificsiidart tirclypeiot hyHeogs! ygr 19 eaveida@etraras. tThesderifici al

renal tu ; A 0, : (g nment of
e and oot <83nd e, & BRREPHEC TR, Shefiorfieds BHIGEL AR Bl ¢

[ 00114] | mayduet sipgaopristet Fox exampdatthiznaby berthé iclb;se athepnamitinis ﬁmﬁ?aane t hat
has | ar ores near the aquter rface and s ores near .the | unen
surface?t%@g}yéiéo i h‘é%trqt?* 3 ﬁg- ﬁowae@&%ﬁa%fbﬁw%h%am%ﬁ%i es) can
enter thendbher pird bt &P il e 9RdNATFE. Qﬁ,éffﬁ‘mﬁHF ﬁ&dn’égéf I??@r :?159 pRe
trapped inside the small pores near the 1 nner surtace; résulting fn

menbr anefognedgimieduttepesunfeabi | ity | oss. [00115] Further, there is |ess
trans- nenbrane pressure in a reabsorption process, as conpared to a

henodi al }Sias; Pr ocess, e required chani.cal .strength of .a,reabsorption
fiber metfoB81 Fover ¢ halP A B1S CelRBRIP IR DartE as GepsE G 6y RERITY has
been shomatrboshyukibeeardiet treremkl Alfaer Rires gﬁalhatﬁh%af’éibrév@htéuefr@@ I's into
confluent cell nonol ayer along the |umen surface en It is coated on the

| unen su@MtgaBg iMda the ppras and ke tiaperpdhericine Qheevisal thare apggxerptigesdot o
cover thg; | The UESRGE aul: i J.001
exenpl a?@”f@ﬁ%@ ##Eglﬁhergre# rane Ig&ﬁﬁb@@eﬁ@é éP%Q\é{g{; ?éuléfs'ﬁ'?%g]ﬁge};g%gnbrane
cl oggi ngthaththd oglisthertartd brentettie knrabbiligddintheogorebesuainagia sne f ace.
[ 00118] Exe Iar% enbodi nrents of the present invention are further
i |l ustraf& PR DIhESACH B owi ng exanpl es, which are not intended to be
limting.
[0097] The mechanical strength of the fiber is dependent on the
porosity of the fiber. When the size of the hollow fiber is increased, sufficient
mechanical strength of the fiber may be maintained even if the sizes of the pores

on the lumen surface are also relatively increased.

[0098] Tuning the pore sizes on the lumen surface allows the fibers to
be formed to suit different applications, different coating materials, and different
cells/bacteria types that are to be encapsulated inside. Thus, the fiber membranes
disclosed herein are easily adaptable and may find applications in different fields,
such as in the fields of artificial organs, membrane bioreactors, and membrane

biosensors.

[0099] Representative cross-sectional SEM images of exemplary
hollow fiber membrane are shown in the figures, such as FIGS. 4A, 4B, 4C, and
4D, as explained in the Examples. As can be seen from these figures, such as in
FIGS. 4A, 4B, 4C, and 4D, the sample fiber membrane has a porous tubular body
defining a lumen. The skin layer in the tubular body is nanoporous. The pores in
the skin layer are sufficiently small to prevent capillary blood (proteins and healthy
cells) flow through the skin layer into the tubular body and thereafter the lumen
space. The average pore size of the pores in the skin layer is less than about 7

nm. The lumen layer is microporous, and the inner (lumen) surface of the tubular
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[ 00119] EXAMPLES [ 00120] Exanple I A. Preparation of sanple hollow fiber
menbranes with oil [00121] Pol yet hersul fone (PES, average nol ecul ar wei ght
(MN = 51 kDa, BASFTM and pol yvi nyl pyrrolidone (PVP, average MN = 25 kDa,
MerckTM) were slowy added to N-nethyl -2- pyrrolidone (NMP) in a glass
bottle. The concentrations of PES, PVP for different sanples are

li sted iRpdvdiasslargernase @penings t%tsa'?tﬁuf'tﬁé@ tGrfﬁF'l'taée Hb‘ﬁ@@éH@@hs sol ution ;
f
e T

to in an extrusion process urther
descri bgdthdmedwidsfiatterdihg bebmeemtie sidin Roge aBdlthé lunef subfacéor Different
Fi ber Sanpl es Sanple PES PVP NMP Si 18 8 74

[00100] As these macrovoids can significantly affect the mechanical
strength of the fiber, the presence of large macrovoids may not be desirable in
some applications. As discussed elsewhere, to reduce or limit formation of the

macrovoids, a number of measures may be taken in the manufacturing process.

[00101] As now can be appreciated, some modifications to the

embodiments described above are possible.

[00102] Exemplary embodiments of the fiber membranes described
herein have tunable dimensions and can have a mechanical strength that is
suitable for use in artificial kidneys or artificial renal proximal tubules. The
dimensions of the fibers may be conveniently adjusted by controlling flow rates of
the feed solutions during the fabrication process. Kidney cells may cultured inside

the lumen, exemplary of an embodiment of the present invention.

[00103] As the inner (lumen) surface of the fiber is coarse and porous, a
suitable hydrogel can be conveniently attached to the lumen surface, and kidney
cells may be cultured in or on the hydrogel. The hydrogel may be biodegradable so
that when the hydrogel is biodegraded, the kidney cells can attach to and

proliferate on the lumen surface.

[00104] The porous inner surface of the fiber can facilitate tight binding
with a coated hydrogel layer. Kidney cells encapsulated in the hydrogel matrices
could proliferate on the fiber membrane when the hydrogel is degraded and
gradually removed, and eventually a monolayer of epithelial cells can form on the
inner fiber surface. The confluent cell layer on the lumen surface may exhibit the

same polarization as in a natural kidney — with the microvilli facing the fiber lumen.

[00105] The cell-layered hollow fibers may be assembled into cartridges
(see e.g. Fig. 2), and be used for reabsorbing useful substances in the glomerular

filtrate back to human biood in a bicartificial kidney device.
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S2 18 10 72 S3 16 10 74 S4 20 8 72 [00122] A core sol ution was prepared
using a bioconpatible oil, FC3283

[00106] As the outer (exterior) surface of the fiber is smooth and dense,
the skin layer at the outer surface of the fiber conveniently provides
immunoprotection for the cells from the attack of antibodies in the blood, and
prevents serum albumin and other large molecules from leaking into the urine

through any gaps in the cell layer.

[00107] The structure of the fiber membrane can also conveniently
reduce protein adsorption by the fiber wall, as compared to the conventional fibers

with a skin layer at the inner surface.

[00108] The dimensions of the fibers for different applications may be
selected based on various factors and properties of the fiber, including the pressure
drop and flow rate in the tubules, the response of cells to shear stress, mechanical

strength, and the like.

[00109] The holiow fiber membranes should be made to be able to
withstand the pressure that will be applied during normal use of the fiber in the
desired application. It is expected that there is a linear relationship between the
Young's modulus of elasticity and the collapse pressure of a thin-walied hollow fiber
membrane. This relationship may be utilized to select the suitable material and

dimension of the fiber for a given application.

[00110] The fibers described herein are suitable for use as reabsorption
fibers, as compared to hemodialysis fibers. It may be desirable in some
applications that the reabsorption fiber is able to prevent antibodies {e.g.
immunoglobulin A, D, E, G and M, with a molecular weight of no less than 150 kDa)

from attacking kidney cells attached to lumen wall in the fiber.

[00111] It may also be desirable that in an artificial renal proximal tubule
the renal fubule cells form a confluent cell layer, which may be a monolayer, on the
lumen surface of the fiber membrane. If the cell layer on the lumen surface has
gaps, blood cells and proteins in the extra-capillary space surrounding the fiber may
leak into the fiber lumen through the gaps in the cell layer during reabsorption, and
appear in the urine. Thus, it may be desirable that the fiber walls block transport of

serum albumin (60 kDa) through the walls.
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(BMTM . FC3283 oil is immscible with water and NMWP, and has a density of
1820 kg/ nB8 and a viscosity of 1.4 cp. The core solution was used in the
extrusion process to occupy the |unen space, as further described bel ow.

[ 00123] The extrusion procedure was as descri bed above and illustrated in
FI GS. 1A 1B and 1C. The dope and core sol utions as prepared above were
punped i 993 12he ext r udét ageabsaptiompesess. hegaitansrtacefine reabsorption

respectiyel Yoo 9??g§ﬁ|% bcié?#l'%iharfﬁe Wile? S}Jﬁjﬁggb?ﬂ‘lé %s&nteb%P Y nner%cF’\or ma

coaxi al lam nar € core so ron as t ayer
of the fiheveedinaydrheSidopthesshintayen |3aadjebenmelqnm@falrfa(oeutrw largeayer . |
[ 00124] The ex f the extruder was imersed in a tion bath corrpose
of 10 vom%qw;eq(ﬁorv@faéﬂ?p'ﬂe@wa@) 9%%1‘%%‘@%@*%@9%%'9 wal B cealckenigs t he

| am nar i e solution) was solidified
in the btg‘% ﬁéﬁr%’ﬂ%ﬁéﬁgﬂtlﬁ%h?ba q;mgﬁgggfg m%hfg%(?ore solution remai ned as a

fluid so that a core (lunen) was forrred in the tubular fiber. [00125] Snal |

adj ust nel®04138F t he di n@wivenigntiy thaelehsbenariopomeus akid I@yﬂr@anctbranemters and

| ayer thi kne wer r ol trolling, t e vol at i f the

o ect edeBor 6 TeTsR LB drtes s 1 bBRTLE S ARl neA Gl ReCp Bl e

i nj ecti ognd tr@/m@w@mubmaﬁllé{m dapsétHande th@b&gt@hmehﬁéﬁs@m@ww@d by

rollers, and wound é a collection wheel at a speed of 0.3 m mn. Next,
C

t he fube@@da)é@\@aum?éiugé ¢lhlager onbe dmedi thelgsner for at | east 24 hours to
renmove re5| dual organic solvent. They were cut into segnents of a desired

I 'engt h, R “Shed w HtHétC\Svﬁ tatBlnv c?ﬁa{th% cﬁm?é(t?o filse Fn?é%%?‘ar%' in
LY Y

t he flbe [ 0012 e set o eeze rie
char act ehhlat lads IargStEMes{ ﬁ@éﬂ&b/mmem#mtaraf smarrpbm e themvmaad i n a 35

wt % gl ycer ol eous sol ution for re dr 7 h.
These 1| UTRCeRGo TRRIRCUES 6361 KIP BRDE (b4 Blbcizy S ibagiae) gan enter the

sol ut e- rm&q&éap@omrtﬂe%@bg@mg Bhgh& 8l é%fsuﬁ%ee'a%dfaé)ﬁﬁépwms[beexsherénﬁaﬁd

ext ensi vely, and autocl av at 120 C or 30 mn for hydrogel coating and
cel | cul peres.near the inner surface, resulting in membrane clogging and permeability loss.

[00115] Further, there is less trans-membrane pressure in a
reabsorption process, as compared to a hemodialysis process, the required
mechanical strength of a reabsorption fiber may be lower than that for a

hemodialysis fiber.

[00116] Fibrin has been shown to promote differentiation of renal
proximal tubule cells into confluent cell monolayer along the lumen surface when it
is coated on the lumen surface. As fibrin is an inexpensive material, it may be used

to cover the entire lumen surface at a relatively low cost.

[00117] The exemplary hollow fiber membrane described herein can
thus reduce membrane clogging and improve cell-matrix attachment on the luminal

surface.

[00118] Exemplary embodiments of the present invention are further

iliustrated with the following examples, which are not intended to be limiting.
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[ 00129] Usi ng extruders of different dinensions, sanple hollow fibers with
three different dinensions were fabricated. Specifically, one group of
sanple fibers had an outer dianeter of about 1550 pm | unen di aneter of
about 1050 pm and wall thickness of about 250 pm another group of sanple
fibers had an outer dianeter of about 780 pm |unen dianeter of about 490
pm and R9N9Y hi cknessEsAMBERES 145 pm and a further group of sanple

fi bers had an outer dianeter of about 330 pm |unen dianeter of about 240

pm and hi ckness ml?,ﬁg) : ﬁ% r ; j<bed bel ow
wer e perl\fﬁglr'lzgjj on the Egérp e ﬁ'bgfé vvltt'(%{pg e oﬁtée%}@i(fvaﬁn@ﬁe@ﬁ%@gut 780
pm [OO&BAPKI GS. 4A, 4B, 4C and 4D show scanning el ectron m croscopic

(SEM inmages of a sanple tubular fiber nenbrane (52 in Table |). As can be

_th l e holl ' had if Il thick Fi -lik
ooer ovor DO1RAP LS o1 os enFolietidrs i PR SaleOS moikRisy egRt (INISTRL | ren
| ayer, WK]D&TBRSFWWQB{H g@pﬂhﬂbwon@aieaﬂw?,hal\rm@@wﬁ 28 RIS MRreeaned near

the lunen surface,” but were ndt open | unen. The skin |ayer near the

out er suweecgowhdaddrd loelN-methyk2-pyrmolidene 8dVBg e garsubottle. Ake The skin

| von oyl TaRORRaFE LR Pyr AR UEToF Bl SRR R e [P Py | ar e

pores, W hd mituee fagestimed Uriil 8 heniifenkoes &olAlbBg réferes b as ksl dape _
t hr ee- di nensi gnal porous network in the lumen |ayer. [00133]1n conparison,

the out efolgiipmauas ﬁ%tﬁg@dedTh%@ﬁ@@ selbitigr Wasesed g, inAp) extiusiGihRroceshi&P t hat
nanomnmet ef.:Si i LM ayer (frominmages of very
hi gh nagﬂ;?lr itﬁgg?@ﬁ%%ﬁﬁﬁégﬁﬁ%%%ﬁkbsefg’%@éﬁ&] The pore sizes of the
pores in the skin layer limted the maxi num size (or maxi num MAN of sol utes
t hat coul d paJablél digtientsef i Soletion Gni% hior diiffsicté Fiter Qapipletie out er
surface. [00135] The formation of finger-Ilike macrovoids coul d be
undesirable in

Sample PES PVP NMP
S1 18 8 74
S92 18 10 72
3S3 16 10 74
4 ' 20 8 72
[00122] A core solution was prepared using a biocompatible oil, FC3283

(3M™). FC3283 oil is immiscible with water and NMP, and has a density of 1820
kg/m® and a viscosity of 1.4 cp. The core solution was used in the extrusion

process to occupy the lumen space, as further described below.

[00123] The extrusion procedure was as described above and iliustrated
in FIGS. 1A, 1B, and 1C. The dope and core solutions as prepared above were
pumped into the extruder at flow rates of 0.08 and 0.05 ml/min, respectively. The
feed solutions were injected into the extruder to form a coaxial laminar flow, with
the core solution as the central (inner) layer of the flow and the dope solution as the
peripheral (outer) layer.

25



sone applications, because the fiber wall near the ends of the macrovoids
m ght be defect-prone due to reduced strength. [00136]1t was found that
nore sponge-1li ke porous structure could be obtained by increasing either

t he pol yner concentration in the dope solution or the viscosity of the dope
sol ution, For_ exanple, _by increasing the PES concentration in the dope

sol uti of0PA8M 18 t o 24The exitiohéhs Bxifiverayas MeMAEEdd0 & erAAMAIOS RN i cant I y
duced. ' ! 10!

mcr ovol SRR Soir oINS (EHERE (D) Bl 1) Temboreh e EAL AL [yRF of

concent rtatilamirian fiblhe(sdbgmndalluteraposed 6Dthed]ociieesdatiqul)evds sdidifiddninBEranpl e |1 A

are consi red to be suitable for_reabsorption and for use.as artificial
e o e ot BasRAS HER g rETS Coe el o e S SpaRatR] The
tested srBlRintdPShad@embayRthd i@ SidrYoung' s nodul us of about 117 Mra.

It is expected that such a fiber would have sufficient mechanical strength
for reabsorption applications. [00140] Wt hout bei n% limted to a particul ar

t heory, [Q0d@8kon for thealmsiestmgnis ontheotimensiongtolithe filaer (et angported i n

the lite i ressure differ i r

nnm kg S8t Bl BSPEHPRERLNRLT R BLTl odhtind ¥ Ielupg e

renal prepthembjettelidors adu@idpe songtior! sudh g8 b@lddﬁ]&gﬂn\gethwfrﬁpd@ﬂwﬁabl lity of
the renal  proximl tubule cells. As a result, the pressures on the tube

si de andnisgéoBfleMratesde in a reported renal tubul e assist devices were 5-10
mMHg and 10-25 mmHg, respectively. Thus, the pressure difference across the

i bor . WOCaRe] s Cypi cal o "EnTHiO HBES SRR whiPyliBa ByffiZand ki ' o"

st r engt hup byai cadldciion wheebdisospeedof 0 i3lrarmins Neixk éhg fisegnivéiieciemmbénsetléss t han

i filtrati iber. Lt h ted that .f filtration.fiber,
Voung' & d8iatized (b it i an et r St kot Tt cfyrnic sHGRRPT TheFS " °
tested agereciReioesbdniera e atidsiredii@mith MBS AnsKR] with lsefidht DIwdteaRsor ption

applications. [0014I] Exanple IB. Sanple filtration fiber nenbrane
( Conpar i 'es1OVve the 3487 oit vviparfibesiurpenposes, sanple filtration fibers were

[00127] One set of samples was freeze-dried and characterized by
SEM.
[00128] Another set of samples was immersed in a 35 wt% glycerol

agueous solution for 1 day before drying at 70 °C for 24 h. These fibers were then
assembled into cartridges for testing solute-rejection properties. This set of sample
fibers was next rinsed extensively, and autoclaved at 120 °C for 30 min for hydrogel

coating and cell cuiture.

[00129] Using extruders of different dimensions, sample hollow fibers
with three different dimensions were fabricated. Specifically, one group of sample
fibers had an outer diameter of about 1550 ym, lumen diameter of about 1050 ym,
and wall thickness of about 250 ym; another group of sample fibers had an outer
diameter of about 780 ym, lumen diameter of about 490 ym, and wall thickness of
about 145 ym; and a further group of sample fibers had an outer diameter of about

330 ym, lumen diameter of about 240 ym, and wall thickness of about 45 ym.

[00130] Further tests described below were performed on the sample

fibers with the outer diameter of about 780 ym.
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fabricated using a conventional dry-wet-spinning process, with the sanme
extruder as used in Exanple 1A The dope solution and the coagul ation bath
were prepared and the extrusion procedure was perfornmed simlarly as
described in Exanple A, with the changes noted below. In particular, the
dope solution had 18 % of PES a 10 wt % of PVP in NMP. The dope  sol ution
was inj eﬂlﬁbégﬂ nto theV\% u%»r‘*%t ‘gandowisa?wa?ﬁnommmtmmwgs 9. The

core ol EMRR ATBsin0fo thBult §kr PlenMBol 599 Sanif)d Ades g ect ed into

t he extruder extru er exit was placed 10
mm abovesaehrethﬁ sample halgufilzn ed dantornh 0G148ckh &S, BAgeblke BacanadidD show

SEM i filt i fib d di to th
Sbove poGRiEIPReNE th GBaHs Sen I S /o fHE TEppIas Y J0ih Example |
the Sa”%)@erﬁdé?fééné}fallmhﬁ Tr'?e ot \fé)'l(jg §;5[§‘é5re@91"e§r§$él‘tiﬁ’¥éﬂ Surfdt@ pore
size distribution. In particular, Tinger-1ike macrovoi ds were present

bet ween RUievéramsh opad t@tinaawrmn f ‘ﬁh@§ktﬂrlay¢1mearttbe Qute‘r M@nﬁlf@dl Bnallgrt h

| ar ger voi ds n ar th ute ﬁ)éace and t i br anches IP%OI nted to the
anen suEsen i sz RamkEbo i BRF A SRy B S N RBce. was very
snooth (the |lunen | ayer had nanonet er - si zed pores), while the skin |ayer

had | ar Jeo182Fr onet er - szef eosieserveé D AOAPF X a4®| the lumeRrsapacaof ¢ie of sanpl e
hol | ow fi ber nenbranes with water/ NMP m xture as core sol ution

[ 00146] SEATRPlE foEp¥ESHASMAR, Rt tope ¥ese arClaEIIPAgS: Wit ROrp SFe8 M e of
Ex I NIVP.
F00147] A8 % HEP TnESE arhO Bore Brmglil 0k Wi fuihel Bt L helifthin 8 M-

af t er tHemenbdaeyemenbrane was forned, the core solution may be conveniently
removed fromthe [unmen through t he rrerrbrane pores, such as by diffusion. In

| d t |
CPe s h St or MufOEPalshet e Sher shiRtn aPRea el drsldsh 1Sag "0 o
i mm sci bf1e, Wo)h ehS folid INMPhah&Q&EH DR Peresaferariradentah ths skia 141 NVP

m xture as the core
(from images of very high magnification, which are not shown).

[00134] The pore sizes of the pores in the skin layer limited the
maximum size {or maximum MW) of solutes that could pass through the membrane

from the outside through the outer surface.

[00135] The formation of finger-like macrovoids could be undesirable in
some applications, because the fiber wall near the ends of the macrovoids might be
defect-prone due to reduced strength.

[00136] It was found that more sponge-like porous structure could be
obtained by increasing either the polymer concentration in the dope solution or the
viscosity of the dope solution. For example, by increasing the PES concentration in
the dope solution from 18 to 24 wt%, the volume of the macrovoids was

significantly reduced.

[00137] Based on the experimental data, it is expected that a
macrovoid-free fiber can be obtained by further increasing the PES concentration in

the dope solution.
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solution is that the pore sizes on the inner surface of the fiber menbrane
can be conveniently tuned by varying the volune fraction of NVMP in the core
solution. [00149] Test sanples were fornmed with various NVP concentrations

in the core solutions. The NWP concentration was varied from about 60 v%to

90 v% T jzes of th ore ni ngs on the jnner syrface of the fiber
menbr(:ine@(‘:‘ji'I ﬁﬁfeased W fhgﬁﬁmpggbwﬁecﬁa@@?ﬁl‘?%%%s’ﬂﬁrﬁd tﬂiﬁr%‘g@h’ieat ive
SEM i ma ; fi - i1 ) ; 6D, with
The. N EorEbsoiiohAarR] for usB dstartfialapifolcimalhip 8, aeto Heir 16 .00, op

(FI G 6Bjize dBtik94tioRl G 6C), and 60 v% (FIG 6D). The coagul ati on bath had
10% of NMP/water for the sanples shown in FIGS. 6A, 6B, 6C, and 6D. At

NVP] =9 9 he pore eni wer out 1 in diamgter., At VP] =60
Voo 1 he 1087 80bpent noe. TEF SRS stia ot e SrdifboheVeY Bhhgpebor i
repr esendiabol® 14 MP4A e /U bgpadted Ihavduchna fibdlSvodldhalB sufffeierffedHaniodit h t he
NVP concentration in the core solution being 90 v%o (FIG 7A), 80 v% (FI G

7B), 70 simgngth @r reapsorgfien epplicatiorBG. 7D). The coagul ati on bath had 50% of
NMP/ wat er for the sanples of FIGS. 7A, 7B, 7C, and 7D. [00151] Exanple I11.

Sol ute:ripeg on ¢ est SyFAASEL AR H9PCEARLBNARy 1S LidRE: Blg 120 ™M in

| ength S used to tes te re on prope es. was or oughly
fl ushed abdvie &lpeotition i$ thaténimebees reporteddhtoetieraived arsendinesrhetid . A

continuously stjrred agueous sol utign conposed of 9.14 g/L of blood serum
al bunmi n,P'§S l@“egé' ergntighQidwarig tbfe@d’?%@ﬁﬂkg%zé’r%% ?HPHBaR‘?agQ RiRBe&Er9%e f eed,
whi ch i : i {on flowed
through Thg Ou P lspPR 1 e O R By PRSI D ot

t he wat ewat@ngesmneasbilityoifdlos resa! pasdad| tubube galls. has seebuliribe poessores ohe

filtrat he filt | ed it t . it Fluid
pr essar deeBipe oA GpL TR e rop [eratie oL Rl B B et & T0ensor
(40PQO15mHipaRY IBL25 mBhgaRepedtive1eTROS GRE i Sddupd iffre NG AcrolS theed and
the filtrate were analyzed by a Cobas TM C 111 Anal %/Izer (Roche,

Swi t zer | rgaByorplion figs] vawr g mush daes thapthatdntaalypigel filgation Sber, wiithiise
rejecti f I 0 i i i . e
Conposi (TBIENY Sagit ARMANHACTHILbIEIHE rldREhEal SoRimySnibiPii?RR, |
(9. 14 g/repbsorptian [iBel lkkly significan®akeissitien (r0a ARratioh fber. Thdhasdladne
rejection tests were conducted at a tr,ans-rrenbr?ng Eress%:e %NP) of 2 psi
(103. 4 naeﬂaytedﬁmté'er@3&[&@@,%%@.PﬁOHngérraaﬁulaﬁ@ @pelt 160 MEa Wefe used in

the testaidiatd YRS the'sbrfYfiBeldtediddetknetlPo(PReRimans cr eati nine

(113 Da) were us as representative small ecul es. The sieving
coef f i ci mrthawisalddfengéitfcaseslbsorption applicationat e concentration in the
filtrate to that in the feed. QG and X were the flow rates of the feed and

filtrat e[()otlﬁ?]oe(:t vel yExar%%é %.l éam%'lgﬁl?ragggﬁ‘i[){atg'meerr]r%br%%g?b%mparison)

[00142] For comparison purposes, sample filtration fibers were
fabricated using a conventional dry-wet-spinning process, with the same extruder
as used in Example IA. The dope solution and the coagulation bath were prepared
and the extrusion procedure was performed similarly as described in Example IA,
with the changes noted below. In particular, the dope solution had 18 wi% of PES
and 10 wi% of PVP in NMP. The dope solution was injected into the extruder at a
flow rate of 0.2 ml/min was used. The core solution was formed of 10 vol% of NMP
in water, and was injected into the extruder at a flow rate of 0.3 ml/min. The

extruder exit was placed 10 mm above the primary coagulation bath.

[00143] FIGS. 5A, 5B, 5C and 5D show SEM images of a comparison

filtration fiber membrane made according to the above procedure.
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[00144] As compared to the sample fibers in Example |A, the sample
fibers of Example |1B had a different pore structure and pore size distribution. In
particular, finger-like macrovoids were present between the lumen and outer
surfaces of the fibers of Example IB, with larger voids near the outer surface, and
the small branches pointed to the lumen surface (see FIG. 5B). More importantly,
the lumen surface was very smooth (the lumen layer had nanometer-sized pores),

while the skin layer had large, micrometer-sized pores.

[00145] Example [l. Preparation of sample hollow fiber membranes with

water/NMP mixture as core solution

[00146] Sample fiber membranes were prepared according to the
procedure of Example |, except that the core solution was a mixture of water and
NMP.

[00147] An advantage of using H>O/NMP mixture of the core solution is
that after the fiber membrane was formed, the core solution may be conveniently
removed from the lumen through the membrane pores, such as by diffusion. In
comparison, when oil is used as the core solution, the oil in the lumen was flushed
out with water after the fiber membrane had been formed, as oil was immiscible
with water or NMP.

[00148] Another advantage of using HO/NMP mixture as the core
solution is that the pore sizes on the inner surface of the fiber membrane can be

conveniently tuned by varying the volume fraction of NMP in the core solution.

[00149] Test samples were formed with various NMP concentrations in
the core solutions. The NMP concentration was varied from about 60 v% to 90 v%.
The sizes of the pore openings on the inner surface of the fiber membranes
increased with increasing concentration of NMP. Representative SEM images of
the sample fibers are shown in FIGS. 6A, 6B, 6C, and 6D, with the NMP
concentration in the core solution being 90 v% (FIG. 6A), 80 v% (FIG. 6B), 70 v%
(FIG. 6C), and 60 v% (FIG. 6D). The coagulation bath had 10% of NMP/water for
the samples shown in FIGS. 6A, 6B, 6C, and 6D. At [NMP]=90 v%, the pore
openings were about 10 ym in diameter. At [NMP]=60 v%, the pore cpenings were

about 0.1 ym in diameter.
29



S2 14.5 0.34 0.0060.003 0.8820.001 0.9200.010 S3 20.0 0.53 0.0230.015
0.9570.012 1.0180.039 S4 20.0

[00150] Further representative test results are shown in FIGS. 7A, 7B,
7C, and 7D, with the NMP concentration in the core solution being 90 v% (FIG. TA),
80 v% (FIG. 7B), 70 v% (FIG. 7C), and 60 v% (FIG. 7D). The coagulation bath had
50% of NMP/water for the samples of FIGS. 7A, 7B, 7C, and 7D.

[00151] Example lll. Solute rejection tests

[00152] A cartridge containing 15 fibers of 110 mm in length was used
to test for solute rejection properties. It was thoroughly flushed with DI water to
remove residual glycerol before the test. A continuously stirred aqueous solution
composed of 9.14 g/L. of blood serum albumin, 0.19 g/L of urea and 0.007 g/L of
creatinine was used as the feed, which was pumped into the cartridge at a preset
rate. The solution flowed through the extra-capillary space of the cartridge, during
which part of the water and small molecules passed through the membrane fo form
the filtrate. The filtrate was sampled, and its flow rate was monitored. Fluid
pressures before and after the cartridge were measured by pressure sensors
(40PCO015G, Honeywell, Singapore). The concenirations of both the feed and the
filtrate were analyzed by a Cobas™ C 111 Analyzer (Roche, Switzeriand).

[00153] Table Il shows representative results of solute rejection tests of
sample hollow fibers fabricated at various dope compositions (see Table l). The
feed was an aqueous solution of albumin (9.14 g/L), urea (0.19 g/L) and creatinine
(0.007 g/L). The solute rejection tests were conducted at a trans-membrane
pressure (TMP) of 2 psi (103.4 mmHg). Three solutes, albumin, urea, and
creatinine, were used in the tests which were four hours in duration. Urea (60 Da)
and creatinine (113 Da) were used as representative small molecules. The sieving
coefficient was defined as the ratio of solute concentration in the filtrate fo that in

the feed. Qy and Q; were the flow rates of the feed and filtrate, respectively.
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[00154]
concentration in the dope solution resulted in reduced sieving coefficient of albumin.
With a dope solution of 20 wit% PES and 8 wi% PVP in NMP, the albumin

concentration was reduced to only 0.4% of that in the feed, indicating that the fiber

The test results shown that an increase in either PES or PVP

effectively blocked the crossing of albumin through the fiber wall. In contrast, the
sieving coefficients for urea and creatinine were high in all of the fibers tested,
showing that the fibers offered a high permeability for small molecules. At the
same TMP and membrane surface area, a higher PES or PVP concentration in the

dope solution corresponded to a lower filtrate flow rate.

[00155] Example IV. Fiber Cartridge

[00156]

were prepared, where each sample cartridge contained 10 fibers (54 in Table I).

Six sample cartridges, as schematically illustrated in FIG. 2,

For a first set of three of the six cartridges, a fluid was fed from the lumen side
(intra-capillary space) via the porous lumen surface of each fiber. For a second set
of three other cartridges, a fluid is fed from the outside (extra-capillary space) via

the skin layer.

[00157]
and then DI water again after flushing the membrane extensively. All the tests were

DI water was first fed, followed by 25 g/L of albumin solution,

conducted at a TMP of 2 psi for 1 hour. FIG. 8 shows the test results. The hollow

bars represent the filtration rates measured when the feed solution was introduced

to the skin layer side and the solid bars represent rates measured when the feed
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solution was on the lunmen side. As shown, the filtration rates were quite
simlar when DI water was first fed, regardless of whether it was fed from
the skin side or the lunmen side. This indicated that the transport
resistance for the two sets of cartridges was simlar. Wien the al bumn

solution was fed, filtration rates were reduced for both sets,  but
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fi ber nmeadditiorgl resistanceidatieed by medbrapd clagging Mieoihe membranesmeraour

t hrough the cartri dge. The amouynt of al bumin taken, up by the fiber nbr ane
wos | Sos RaiabLERY RE Bl MiRondal Wed e et ReR D e 135 &0 and as
hi gh as SGainhem tredsiay I8 AGUbBRINtIARIOLY FRMtratbh Aste - wadobdvE@WHeh BRSE,
the albumn formed a thin filtration cake on the outer surface of the
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i1 trat D Ree By BRI B e R e LA BEF 10 contrast, “had al bumi n
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Eﬂggosigit eﬂlOdBlb]Jm n tcg fmnbﬂwfe’rgemlp&e cﬁhﬂcljgmnbm@hﬁn%)esrﬁbl@m Wg's)f.lsc? .
159] Exanpl e, V. atin i ber with al ginate hydrogel an idney cells
[ 00160] SAFPREEhANCiFed; todpeasiye pretskt Bla’f%#ﬁ oBhRplitereat ﬁ@?% ok BiackReri n

steri |1 ze@rtlneMAA 2 RG LS BN ABLmRfsOBNGS for BIR AARfagARES Were then

dried in an oven a ours. Upon water evaporatl Cl 2 salt
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coat edI pﬁmsﬁgﬂ_dwmenha\/ﬁltﬁatioﬂhatesalﬂdj)m@kﬁ\iagah&y ll’@:mvl etdth Inugaa ral%tl,rmabﬁ was
cross-linked.into a very thin al ginate roge ayer (typical thickness
about 3o§EH5nwmrfﬁd e e Be@wa@&woulﬁi %?%?%P'titﬁ\%ﬁhlq&‘é%&heﬂﬁpoéﬁ%@i ng

time rangsdndfifi By Qe th ﬁ%ﬁﬁl i iiwAyer thickness desired. The
unbounded hyc]ir oge ywa% fl usﬁe o%ltaﬂgf&%?rﬁteegﬁ“ er with sterilized air.

[ 00161] Exanple VI. Cell culture and characterization [00162] The cel |l -coated
fibers i®0A28hpl e V weExamphelli dteatingdites avithealginatOhEitogepphd kisimegd wi t h
10%feta% | ovine serum (FBS) (@ BCO and 1% anti biotic-antinycotic (4d BCO,
and cul t¥f&d under a humidified at nosphere of 5% CO2 at 37 C. After 5to 7
days of culture, sodiumcitrate was added to the cell culture nmediumat a

final colegdso}ati on of Shmp hollgwdidesd &y peagired én ERamdlaiNake: BysikaDel
within the hol]ow fibers. The cell-coated hollow fibers were characterized

after 1458H{ZEAA0G MmN &rall: splliondere?4 hews. fhhesspmpledizess wese Mereaye’ in
cul ture edi b I i i | i LAGK [
concent r e hoen 8055 “E30 SHRSHS. Jdpeh WRRR APt Shds SRR GRAREe o\,
The sanpbrebotielumeanesid duiesdurfacesofiliedimnsirandBidihe remalcpdrep avithiin theyer
bef ore M studigs. The driged s | es were cut at _an angle of about 45 from
the 1 bamendl St S PerantnAssoberra SR posERe or Sem
fﬂgr ggﬁm CEAgIRI RBeliuh? E3CEINE @RIRE BEERELRAY = 11TB85RgAL) LRBet BotRInUBYET ace of
stirring to form a 2.5 wt% solution. The solution was then sterilized using a 0.4-um
filter. Madin-Darby canine kidney (MDCK) epithelial cells were dispersed uniformly
in the sodium alginate solution at 10 cells/ml. The mixture was injected through a
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PES reabsorption fibers reveal ed that a confluent RPTEC nonol ayer was
formed on the |unmen surface. See FIG 11A, which shows an SEM i mage of a
sanple fiber where the |unen | ayer was coated with a confl uent nonol ayer of
epithelial cells, taken two weeks after initial cell seeding. FIG 11B
shows an SEM inmage of the mcrovilli on the umen surface of the epithelial

cel |'s. ERR¥pE ntgrthapumensf thekollpw feprgs Dusg to the (alh caatedamitstiies ¢ he

| . _ . . ¢ ;
The ol | el B seOlREERTRS oot o er? sGIRIE] fs SRt i 20 ©
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and provizger ﬂm(ﬁek?éﬁi'ésfré’(‘].oﬁg%nl%ﬂage& H?ﬂrdg%i {NIEQWUQHGQBEJ?!)%SWE)%{ Q! ow
fiber. No'mcrovilli were observed on ecells fromthe side of the cell

i n cont agferiligachaithe fiber wall, which confirnmed that the cell polarization
is suitable for reabsorption application. [00164] Exanple VII. Coating

menbr ane ce with dr oge seeding cells .[00165] Madi n- Dar by cani ne
ki dney (@&?fepitheli ag g/l\?ggla(:@ﬁgﬂ do atr%cé[a%%@ (lunmen) surface of
a sanple PES/ PVP holl ow fiber nenbrane, and on the outer surface of a

pol ysul f [oed 6@PS) ( Fr es@naioesitonatdwiibeny i iBxamprevbrarsin(hediatsyrpar i son

pur poses), throu_gh a_h droqel. Alginate was sel ected as the cell-carrying
hydr ogel Presg™esl B RMEMpepRIaR v d 0gs fatplebouing senum B S) (@BE68) sodi um
al ginic i do/ -Qﬁ)(y\g_ : } Loy | -2 concentration of
2.5 wm %%v%?léegr(]:a EC| umﬁt?: P%tﬁd@?éﬁ&?%bﬁgufl S%ﬁtﬁé\/?%l?lhl%f&ﬁ/at er at a
concent r atmaspheod ol 8% G, aB8F B0 dvtes 5eioi N dayd oforultives, soclhire\oitcate wasn

t | t 21 C f{ 20 m n. Bef 1 Xi ith [ls, t | gi t
ol ot o e gl i Delium 2t Biingh Fer bl d A G wdtpal el o
preci pi t d¢@adb RSB iIPAE My m[iﬁlﬂitﬁ@ RN ﬁtk\@r_srﬁ‘ﬁeaé@}-&%t@@hb%f i ber

menbranes were cut 1nto Suitable |lengths, sterilized by autoclave, and
dri ed i nfipergavereshargaienias] aiter 15 days eledlace. dhey merefisstiaeddn2is ber

et ted PR RSN Ee B EURER et eBr e AR h SRl SRR R YD T ber
nMenbr anesicheistng oakczthtriatioh§ €35%8| 50WN70P4, B0% 050! 100%ary ¢00%:yfir.60and t hen

taken out and dried in a vacuum oven. After drying, calciumchloride was
deposi t edlibA2¢he ThRSaERP WEFe Beddrisd inman futosam giifical point dryer

before SEM studies. The dried samples were cut at an angle of about 45° from the
fiber axis, such that part of the inner surface was exposed for SEM

characterization.

[00163] Electron microscopy images of the inner surface of the sample
PES reabsorption fibers revealed that a confluent RPTEC monolayer was formed
on the lumen surface. See FIG. 11A, which shows an SEM image of a sample fiber
where the lumen layer was coated with a confluent monolayer of epithelial cells,
taken two weeks after initial cell seeding. FIG. 11B shows an SEM image of the
microvilli on the lumen surface of the epithelial cells. Except for artifacts (e.g. voids
left by cell detachment in the sample preparation process), the cells covered the
entire inner surface of the hollow fiber and demonstrated the correct polarization
with many closely-spaced microvilli facing the lumen. The dense microvilli present
could significantly increase the surface area of cells, which would be helpful for
reabsorbing useful substances from the filtrate (in the lumen), and provide them
back into the blood that is flowing outside the hollow fiber. No microvilli were

33



[ 00169] A sel ected anmount of the cell-loaded alginic acid solution was
Injected into and flushed through the | unmen of PES holl ow fi ber nenbranes,
using a syringe with a blunt-tip needle. A layer of the cross-Ilinked and
cell-trapped al gi nate hydrogel was fornmed on the inner surface of the
menbr ane. The cell -seeded PES hol | ow fi ber menbrane was then soaked in a

cel | cul *kpesveran g celiymritbe sida of thglcellie confasbwiththe Bbesvalb wiighf i ber
menbr ane, f%ﬁegqﬂgﬁ\gtﬁ%gll %lleﬁ'l ﬁkg Qu&eﬁnge Y@’ﬁ'{:gbg&%go bgllé:ﬂ ncel | -1 oaded

alginic Eci dsol'u perio crosslinked
al gi nate hydrogel was forrred on the outer surface of the fiber nenbrane
wth I\/DCBOOdsu] s trappeBxamplel¥llt lEnaindmgabrarkhsurtadd witle egeddedbbhow fi ber
menbr ane wa alred in cell culture medium (DMEM for cell culture.

[ 00171] TH¥ €'Sseeded on the surfaces of the hollow fiber nenbrane were
cultivated in DIVEMln an incubator at a tenperature of 37 C and a CO2

concent r@pies) of 5% TN%d@r?-Uar%%éMh@ k@@y%mw\@ﬁ) Qg'ﬂﬁéléi béﬂlsﬁﬁ@kﬁced by
fresh medi um every two days 01 show SEM i mages of a

sanpl e reeEsiser tmnnnelb(émmeahs@tﬂam @f‘rﬁ aamalagPE&FéVHmI@yéiber hognzEInel GS

10, o, o OBy BB S P bR ER DR R 5,

can be s@embrahe (fby do@@alisbRparposas), dl@l*o@gh%dh?dr@gblt hﬁgfriab@fma@fsteeécted
dehydration. [00174] Exanple VII1. Coatin er with brin hydrogel and

cells [ O®LIS] mln%amﬂ%avd@g@kan%paicmpé%@getw pegd aefhescoRPTRER  wer e
seeded and cultured in the lumen of a single sanple hollow fiber (S2)

gg?; 5; hkieéj[ my/ - f i BEHRRYSRYIAE GeRlin WiboldE PP waS iREoRed YA 1R EBHUMP
ata concentratlon of 2.5 wt%, while calcium chloride (CaCl,) was dissolved in DI
water at a concentrations of 100 mM. Solution sterilization was achieved by an
autoclave at 121 °C for 20 min. Before mixing with MDCK cells, the alginate
solution was filtered using a 0.4-um-pore-size filter to remove yellow precipitates

formed over time.

[00167] Both the PES and PS hollow fiber membranes were cut into

suitable lengths, sterilized by autoclave, and dried in fume hood.

[00168] The inner surface of the PES hollow fiber membrane and outer
surface of the PS hollow fiber membrane were completely wetted with the calcium
chloride solution. The sterilized hollow fiber membranes were soaked in the
calcium chloride solution overnight, and then taken out and dried in a vacuum oven.
After drying, calcium chloride was deposited on the selected surfaces of the tested

membrane.

[00169] A selected amount of the cell-loaded alginic acid solution was
injected into and flushed through the lumen of PES hollow fiber membranes, using
a syringe with a blunt-tip needle. A layer of the cross-linked and cell-trapped
alginate hydrogel was formed on the inner surface of the membrane. The cell-
seeded PES hollow fiber membrane was then soaked in a cell culture medium
{DMEM]) for cell culture.
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[ 00176] The SEM i mages (not shown) of the inmunostained fibers indicated
that a confluent cell nonol ayer was fornmed along the |unmen surface of the
fibrin-coated sanple fibers. [00177] Conpari son tests were al so conducted on
fibers without fibrin- coating. It was observed that very few cells
attached to_the inner surface of the conparison fibers, as conpared to the

fibrin-dB81EH sampl e fT1RRPS holpgd fsenmembsane withsteposites calsiugn GaIRNHEr ei n

i th " or ' . apy. ,of ' i , i t abl
conbi nar S IpPEH RS thd Bell Wacd Alinic 3o S ok 8 5HE Akl landia P 204 @
possi bl dapdresfendsslioked elingtehydrand! dert formedios the petadf duriice i thafijersubl i st

20 P oG8k A R B, e e ™
[00179] qb_e?%rﬁﬁran%hﬁa@?&é(l@eodﬁst%lﬁl!%ﬂr&ﬁ?&%@%gmw Eoer:?%k %Gﬁgl%. to be

illustrative only and in no way limting. escr enbodi nents are

susceptible to many nodifications of form arrangenent of parts, details
and or ddP0d¥1Joper at i onThabells seaded omthe atifeces ¢fdhé hodow dither omamiranpass al |

such nodification wthin,,ts Sco as . defined t clai ns, T 1S
o e ree iRl BN i R iR Bai et e R & 20 R ARET pr ovi di ng
(i) a fidpkeh@atibmer SA. UtHhoOfelFOIRIrE Fhétbum w84 BERTally fFepliesPBY @RISR pol ymer
di ssol ved in said solvent, and a hydrophilic polyner, (ii) a |umen-defining
fluid; (Medipnaeveradwratdaysn bath conprising | ess than 50 v% of said

[00172] FIGS. 9A and 9B show SEM images of a sample reabsorption

fiber coated with an alginate hydrogel.

[00173] FIGS. 10A and 10B show SEM images of a comparison
filtration fiber, which was initially coated with an alginate hydrogel, after dehydration

in air. As can be seen, the hydrogel layer was detached from the fiber after

dehydration.
[00174] Example VIIl. Coating fiber with fibrin hydrogel and cells
[00175] Human renal proximal tubule epithelial cells (RPTEC) were

seeded and cultured in the lumen of a single sample holiow fiber ($2) coated with 5

mg/ml fibrinogen and 50 U/ml thrombin using a syringe pump perfusion system.

[00176] The SEM images (not shown) of the immunostained fibers
indicated that a confluent cell monolayer was formed along the lumen surface of

the fibrin-coated sample fibers.

[00177] Comparison tests were also conducted on fibers without fibrin-
coating. It was observed that very few cells attached to the inner surface of the

comparison fibers, as compared to the fibrin-coated sample fibers.

[00178] When a list of items is given herein with an “or” before the last
item, any of the listed items or any suitable combination of the listed items may be

selected and used. For any list of possible elements or features provided in this
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sol vent and nore than 50 v% of a non-solvent; and (iv) a spinneret for
formng a tubular fiber, said spinneret having an exit in contact with said
coagul ation bath so that an extruded material exiting said exit will enter
sai d coagul ati on bath w thout being exposed to air; co-extruding said
fiber-formng solution and said | unen- def|n|ng f|UId t hrough sai d spi nneret
and sai cSResificatiancarr et fadlinanyithine eixer ligkig Asmisitendadn Figildy.er 8ayi n
said co t S d m ng sol ution
o the aProlprSfgRtdhiesbe B IEE LN b B b B ™. "R o por ous
skin layer and a mcroporous |unmen |ayer, wherein concentrations of said
sol vent [80d78Ri d non- sOff veotse] mesab@«&omab&uimmmn&r aresiateacieddot o
control pore sizes in sai.d skin |d flg rane. 2. The net hod

of cl ai MELIIUFFRPG oNl¥ aNd e GRARY L’&ﬁi”&n SIS m&ﬁ'éﬁérﬁd

non- sol VeRlohtibIadh fh mafchﬁéhéoafﬁanﬁrsréﬁga%ﬁﬂo A AotIQr AR e d
skin | ayer ave an average pore size of out 7 nm 3. The nethod
of cl ai mfbpsratdrailiednvevitareirathsaiisl intendad theénotmpadd all sudhsmedificatien t o
control e.sizes in d | ayer, such that pores in said |unen |ayer
have an ‘E@BP%&CBB%&‘@EQ“‘%A Hg&fh?l %' {0 about 3 pm 4. The nethod of any
one of clains 1 to 3, wherein said non-sol vent conprises water, said

sol vent conprises N-nethyl-2-pyrrolidone (NW), said hydrophobic pol yrer
conpri ses pol yethersul fone (PES), and said hydrophilic polynmer conprises
pol yvi nyl pyrrolidone (PVP). 5. The nethod of any one of clains 1 to 4,
wherein said fiber-formng solution conprises about 16 to about 20 wt % of
sai d hydrophobi c pol yner, about 8 to about 10 wt % of said hydrophilic

pol ymer, and about 72 to about 74 wt % of said solvent; and wherein said
coagul ati on bath conprises about 10 v% of said solvent and about 90 v% of
said non-solvent. 6. The nethod of claimb5, wherein said | unen-defining
fluid conprises about 60 to about 90 v% of said sol vent and about 40 to
about 10 v% of said non-solvent. 7. The method of any one of clains 1 to 5,
wherein said | unen-defining fluid conprises oil. 8. The nmethod of any one
of clainms 1 to 7, conprising formng a |ayer of hydrogel on said | unen

| ayer. 9. The nmethod of claim8, wherein said hydrogel conprises fibrin.
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10. The method of claim8 or claim9, conprising attaching cells to said
hydrogel to allow said cells to attach to said lunen layer. 11. The net hod
of claim 10, conprising degrading and renovi ng said hydrogel and cul turing
said cells to forma confluent nonol ayer of said cells on said |unen | ayer.
12. The method of claim 11, wherein said cells conprise human renal

proxi mal tubule epithelial cells. 13. An artificial renal proximl tubule,
conpri sinf!A-’élsf ChAIMEDR (Ser nenbrane defi ni ng a lunen, said fiber nmenbrane
conprising a nanoporous skin |ayer and a m croporous |unen |ayer, said skin
| ayer det.i nifhgaticdat orming a dber plemkipaef ¢ayeprisieeibr ane and said | umen | ayer
defining a lunen surface of said fiber nenbrane. 14. The artificial renal

proxi mal tubybeviefin di)aéﬁbéﬁforwnﬂ%%mtim&@ﬁpham@aé Solo&ht) al iespHEIEe an
average pore size of |ess than about 7 nm and pores in said |unmen |ayer
have an aver agdyiper dissplveddn seidcalwdugndahydeoptilisupolgmerdii) alemerhe

i ber  monbr ario ARG LT o Ea it bo st el it o R R BaB e
proxi mal t ubudatverit smaymorethah 50 wonaf alot-goivent; eedlV) S linderetfer  of

hydrogel formed on said |unmen layer, 17. The artificial renal proximal

tubul e of cl dPANHE,a {eialfipesasaid spineRt havBighan §&4 i contagt witly saith e
artificial re‘gﬁ{ i ' ; &0, rising
cells attache gﬁg%ﬁ h%ﬁh?ﬂaﬁgkr@d %Ze[ggrlte%\l@?ir%la.ré)eq&g/l"ﬂ%?tgﬁ?gngl

tubul e of cl atcaglstionttsatkiwitheat beibgldxposedibs ese human renal proxi mal tubul e
epithelial cells. 20. An artificial kidney conprising the artificial renal

proxi mal t ubuteeiuding sarefitdr-fofraingsscldidroardPsaid lumen-defining fluid through
said spinneret and said exit, and precipitating the extruded fiber-forming
solution in said coagulation bath without exposing said extruded fiber-
forming solution to the air, to form a porous tubular fiber membrane

comprising a nancporous skin layer and a microporous lumen layer,

wherein concentrations of said solvent and said non-solvent in said
coagulation bath are selected to control pore sizes in said skin layer of said

fiber membrane.

2. The method of claim 1, wherein said concentrations of said solvent and said
non-solvent in said coagulation bath are selected so that pores in said skin

layer have an average pore size of less than about 7 nm.

3.  The method of claim 1 or claim 2, wherein said lumen-defining fluid is selected
to control pore sizes in said lumen layer, such that pores in said lumen layer

have an average pore size of about 0.5 to about 3 ym.

4. The method of any one of claims 1 to 3, wherein said non-solvent comprises
water, said solvent comprises N-methyl-2-pyrrolidone (NMP), said
hydrophobic polymer comprises polyethersulfone (PES), and said hydrophilic
polymer comprises polyvinyl pyrrolidene (PVP).

5. The method of any one of claims 1 to 4, wherein said fiber-forming solution

comprises about 16 to about 20 wt% of said hydrophobic polymer, about 8 fo
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21. A cartridge conprising: a body defining a fluid chanber, a plurality of

tubul ar fiber nenbranes nounted on said body and passing through said fluid

chanber, each one of said tubular nenbranes defining a |unmen, at |east one

of said tubular fiber nmenbranes conprises a nanoporous skin |ayer and a

m croporous | unmen Ia¥er said skin |ayer defining an outer surface of said
¥

at | east on@PodblP 4% pleaid RudaPaiic %H“@éi&!‘dlﬁhﬁéﬁ7!249@tboﬁb7ﬂW%g0fa | umen
surface of %%'iods@&erllteﬁﬁa mﬁ%?eih% ?%%%L?Igﬁéq ﬁ%fef‘f&ﬁﬁ'&ise% Mgb@% Refluid

comuni cation w I'Unens of sa nmenbranes; and ‘a conduit in
fluid comursaghsoleentvaridhalsaut @0 Vy4iof salthndesolvedt. The cartridge of claim 21,
conprising a first conduit in fluid comunication with a first end of said

| idt | fib b 'S, d it i fluid
communi Gt 1 dhSMBes SRS RRC G Sand e g S dommsesAtPbe
nenbranes, agdnbli 06 vensr A4 sbRerPBAY abS Ut H0 td HbSUICAPUBfGRId AWM t h sai d
fluid chanber.{ .

solvent.

7. The method of any one of claims 1 o 5, wherein said lumen-defining fluid

comprises oil.

8. The method of any one of claims 1 to 7, comprising forming a layer of

hydrogel on said lumen layer.
9. The method of claim 8, wherein said hydrogel comprises fibrin.

10. The method of claim 8 or claim 9, comprising attaching cells to said hydroge!

to allow said cells to attach to said lumen layer.

11. The method of claim 10, comprising degrading and removing said hydrogel
and culturing said cells to form a confluent monolayer of said cells on said

lumen layer.

12. The method of claim 11, wherein said cells comprise human renal proximal

tubule epithelial cells.

13. An artificial renal proximal tubule, comprising:

a tubular fiber membrane defining a lumen, said fiber membrane comprising
a nanoporous skin layer and a microporous lumen layer, said skin layer
defining an outer surface of said fiber membrane and said lumen layer

defining a lumen surface of said fiber membrane.

14. The artificial renal proximal tubule of claim 13, wherein pores in said skin layer
have an average pore size of less than about 7 nm, and pores in said lumen

layer have an average pore size of from about 0.5 to about 3 ym.
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15.

16.

17.

18.

19.

20.

21.

22.

The artificial renal proximal tubule of claim 13 or claim 14, wherein said fiber

membrane comprises polyethersulfone (PES).

The artificial renal proximal tubule of any one of claims 13 {o 15, comprising a

layer of hydrogel formed on said lumen layer.

The artificial renal proximal tubule of claim 16, wherein said hydrogel

comprises fibrin.

The artificial renal proximal tubule of any one of claims 13 to 17, comprising

cells attached to said lumen layer.

The artificial renal proximal tubule of claim 18, wherein said cells comprise

human renal proximal tubule epithelial cells.

An artificial kidney comprising the artificial renal proximal tubule of any one of

claims 13 to 19.
A cartridge comprising:

a body defining a fluid chamber,

a plurality of tubular fiber membranes mounted on said body and passing
through said fluid chamber, each one of said tubular membranes defining a
lumen, at least one of said tubular fiber membranes comprises a nanoporous
skin layer and a microporous lumen layer, said skin layer defining an outer
surface of said at least one tubular fiber membrane and said lumen layer

defining a lumen surface of said at least one tubular fiber membrane;

a conduit in fluid communication with lumens of said tubular fiber

membranes; and

a conduit in fluid communication with said fluid chamber.

The cartridge of claim 21, comprising a first conduit in fluid communication
with a first end of said lumens of said tubular fiber membranes, a second
conduit in fluid communication with a second end of said lumens of said
tubular fiber membranes, and third and fourth conduits in fluid communication

with said fluid chamber.
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