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 partiwolardos7too fi ber menbranes for use in artifici acTsenado/opssoxi mal
tubul es, artificial kidneys, and bioreactors, and rel ated net hods and
processes. BACKGROUND OF THE | NVENTI ON [ 0002] Artificial renal tubule can be

used in renal subsgi } r i id kglagl renal tubul e
assi st devices (R,%Bélz%)\)/‘g%t%g% @E&B@@gﬁ%’gﬁgpﬁ‘g&@a@ﬂwgﬁﬂm lizes
henodi al ysi s hol |l ow fi ber nenbranes. Cenerally, these fiber nenbranes are

suitable for henofiltration or henodial ysis. [0003] An asymetri cal
m croporous holl ow fi ber for henodialysis is described in US 4,906,375 to

Hei | mann, i ssy%?%ﬂr@g:hnqlz I&Q/%%T(Ibﬁf erred to herein as "Heil mann"). The

fi ber has an inn rrier lTayer "and an outer foamlike supporting
structure, and is forned of a hydrophobic organic polyner. The hydrophobic
organi ¢ pd0§eHr nay be pgbkysesdndireention relates geheetlydo tubufarfiber (PES). The
outer supporting structure i upporting nmenbrane width a substantjally
ar ger - porerapizge A ostifugy B B4 embEer TSN aftriom fodf BRoMal or e
using a spubues)@rificd kidneysdesChibfeadtors, 43 rdlaéd mfifodstard pesesdessued
Septenber 12, 1972 (referred to herein as "Cross"). In particular, a
casting solution is introduced into a nozzle or spinneret with a
precipitating liquor. The casting solution contains the hydrophobic organic
pol yner, a hydrophilic polynmer such as polyvinyl pyrrolidone (PVP), and an
aprotic sol venBAOKGROYND Oft THEPMVENTIIANNe (NWVP). The precipitating |iquor
may contain NMP and a non-sol vent such as water. The casting solution and

t he precipj ing |iquor, e pas hr h the.spinneret. si neously
and the e {)é@ed fiber (—\gtﬁ‘r‘gl;aéi)?rﬁﬁgqui%c%’g%u%ﬁg|r} ﬁegfagguttsgltuﬁwgqh%r%gy.de_ The
e>r<]t r udeﬂ fﬁobeka?plepa&aettﬁciaht?a?ttmﬁmSthmvmesmam hiakhe beendevaupﬁace of

t he washin ath is separ at romt. i nner et an air gap. ,The air gap
0 provi dod texedseick bR Sssecnoaei Ganoy MBS mbte o A udeli et or o
the preci fibbainethorahesEre sumhblel foPh&nbRitratidrer NeRbdiagsiat h. The spi nni ng
process described in Heilmann and Cross is known in the art as dry-wet

spi nni ng, el spinning. [0004]US 2009/0209019 tgo Saito et al., published
Aouat S0 0885 (TRt o'y B asymRes e raeroPaR oW RSE TRy SR I 11 G ot
renal tubige§citd inS 41006, 378bi HBipikinn) RI0EH Mdréh BOT990T refehie@as hietdisi al

renal tubule includes _an artificial menbrane having an inner surface coated
wi t h renal@st tslimapnapiThadibpahagan inner bpeieqAves and iaputerdapmdike has

33: ;g{ hme)r/g’gw%'ﬁgg%{rggﬁ?égngﬁ‘gﬁ?tﬁwreidladg% W%ﬁi%f@%?@”‘é’ﬁgﬁ’ ceel | ul ose

acet at e. Aydephobicalrganiapolyaterinxayniog polysulfanesisudh as polyethessultonesi ber, whi ch

Dobars, TELSR28Re bugkAbARSRy Mkl A fhockhgPBbidhe d™ oot ™
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 into 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 liquor 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

aver age openopmseroar ea on the outer surface of the hol |l egrfisichern/ooeobr ane i s
preferably 0.3 to 1.0 pn2. Mbuchi discloses that fiber nenbranes are
formed by si rrultaneously extruding a nenbrane-form ng solution and an

t | ut th | t ruded
sol ut i on_ Prrdirsrea LR aipeBRain ToRoBaR s o R EBrdien | n an
aqueous selatipitited pOIYRRL bbiutioie efRYSIhepIEINIngdbath! tThel spirflin dg prodles$ ubul e

devices reported in the literature, it is typical to seed cells in hollow
fi ber memgpaeriRedds Hqﬂmaé\wsanﬁfﬁr@smﬂﬁwvwnftae@%s Vet SPINBIRS: 0h8F! i s fi r st
coated w TSB nAlhgEXtracel lular matrix (ECM, and a cell-suspended solution is
next |ntroduce§ into the fiber lumen. After an extended period.(typically
hours), the cells will settle down under gravity and attach to the

ECM coat eIPQ:Mﬂt om sur f abl8 20090309949 teSaiie et al. ublished Adgugti2®s 2808 eedi ng
peri od, r%fermﬁ t?)%éi’&‘ﬂraese‘?saltfag &?&gs&rwbﬁ‘éﬁlfﬁla@ﬁr%ﬁ woife é&l@i‘)‘lﬁb fyrface. In

this tech I'que, Tour seeding periods are Ica required to seed cells
on all si GeBtlmfouanerﬂQﬂtEailosurTﬂ\admartlm}MVBﬁai tGFuIEHE:de%ENTI'aMICIpDOW] I't has
been realize fi I nes 3y table fo fil

e &'y ST E havBEns TRE-HTEEE sPAle it bl whERP ebbhEBLESR s 11 ci
renal proxbhed fibemesdranehasahifoemlyedistrivhtead mhﬁoqwesa asidzaay ingludeber

menbr anes used_-in rea ion p oce ses, are Iar near th ter surface
Than noar PPNSUNse PObRREoREH PRNECRIoN s, PObMPYFERerd e CSliRPernt or ai <.
such as heggbfafy, Aheefladeiulay nftriR ridly@ie sitackBy t@metlﬁé"@ﬂﬁﬁbérrwhlbﬁ ingRidysane,

t hus cl oggi ng the pores and reduci ng perfornance over tinme. [0008]1t has

al so beencpiagendeepliaggn IHaminie fibsongctinsardiBronastitonvent i onal fiber
menbranes using the cell seeding technique discussed above, particularly

wi th four[oggsyti ons andEP%348¢€‘i’d N&bgéﬁllé?(éﬁ pltlieh&& fieeh 68 Sgpear e not
distributed uniformy on the | unmen surface. increa5| ng the nunber of

rotations (rsfﬁireﬁetememgn@ér M?dwcbla)ndisral@se&g@o!mlf@m b@#‘»eﬁ helloys fikes) |

di stri but 009] Thus,
in accor dg%?nceb'?\nH% mﬁs%ég:dﬁggF@H@éé’i@%%ﬁﬁﬁ?%@%@%ﬁﬂ% @re Iééqgsao%érrgw ded a
met hod of pbmamag:nathelolu&rsme‘abeaﬁ@e hotiow filber msinbran¢ iszpreferably 38 i ©Oni ng
sol ution, at neret for
form ng aV bu I’ucﬂl %8@?9‘%}%‘#?‘3% ?@B%g\%aaaté—%%}ﬁ% tlg(cso'%p1r:l|a§ee°§'l%a}psoI vent, a
hydr ophobiegtrpdihy aenenibeseHfoedingrsotutien amd\enibteriandoagligtisrogdiutiorcthpmigher .

The coagul ation bath conpri n 50 v% of. t he, sol vent d nore than
50 von of B 9GAPsBRYUN MORYLERR sADeD THAUSR AN & P AN JIRrHCoaH ARGt e
coagul at i gie attorsia gd*@que@us@gu@ﬁled material exiting fromthe exit wll
enter the coagulation bath without being exposed to the air. The method

conpri ses xtrudlng he fj ber-form al utio he | unmen-defi ni ng
Frurd © e BT he'Spi anlor B deNglopmentel Srifdatrepd Bupe davioss ORI Loy
fiber-for fﬁéﬁﬂer%@thr@t itMybi&attB%e%@&ﬂuéﬁih&lbmbﬁdéﬂ rﬁérhl'i@ﬁbs%&ﬂ@lﬁimg THe
extruded fiber-form ngg solutign to the air, form a porous tubular fiber

menbr ane K5ReN PuTang of the Rl Boer isfirsy CP%S?érW'H'h%P gxtraceliblgn matEx (Rfrdh | ayer .
The Concegh? Al del sBén(iébesoﬁﬁ?ﬁdfﬁ@tneﬁpqtrx)aﬁcé?ﬂﬂtostﬂb‘fﬁ@f Iunfer. N&R&GAaQUl ati on

bath are selecte to control pore sizes In the skin |ayer of the fiber
merbr ane. eXtendedpetiod (tupicalshasirs), the ealiswét settiadiommeuntden geaityand atiachhe
coagul at i I ve an
Coatte, R OB e SR SRS CTROMANUES o BeBal ol BUaE = o0,
sel ect ed periodyre.g. Dy gbdegrees e seedtahother siderofltay imerssiwefacehdt thisres in the

| umen | ayer  have ver.a ore size. o about The
non- sol ve e ARYe Bip SPeund eBRtS s SRty . et edB o ailsieR of
N- net hyl - &mm&lgm@g_ (NWP), the hydrophobic pol yner nmay conprise .
pol yet hersul fone (PES), and the hydrophilic polymnmer may conprise pol yvinyl
pyrrolidone (PVP). The fiber-form ng solution nmay conprise about 16 to
about 20 wt % of the hydrophobic pol yner, about 8 to about 10 w % of the
hydrophilic polyner, and about 72 to about 74 wt % of the solvent; and the
coagul ation bath may conprise about 10 v% of the sol vent and about 90 v% of
t he non-solvent. The lunen-defining fluid may conprise about 60 to about 90
v% of the solvent and about 40 to about 10 v% of the non-solvent. The
| umen-defining fluid may

2



conprise oil. A layer of hydrogel may be formed on' the |unen |ayer. The
hydr ogel nmay conprise fibrin. The nmethod may conprise attaching cells to

t he hydr ogel2oixmsatohow the cells to attach to the | unmen lpayscoibeeodydr ogel
may be degraded and renoved and the cells nmay be cultured to forma

conf | uent rmnol ayer of the cells on the lunen layer. The cells may conprise

human renal cells. [0010] I n accordance with

anot her aspect g@'ﬂ““?h@% @ﬁew\h@gt(ﬁ%n there is provided an artificial
renal proximal tubule, conprising a tubul ar fiber menbrane defining a

| umen, th§oadMer rrenbr ahdnasdmepnire:ialrzgdahataﬁb@pmemtsraaks suitabjeforand a

rni cropo us IHgﬁ é Ihe.skin ﬂ%" an out er Tsurface of the
fiber PIREaREn o emmahvsl'sav@vna bF SpiRPIS farHeReQBIaROb ST A 11 ber
menbr ane aftifiiaP f3rs proxirhAldublies. lray@tucmayWQharpoae/g&agm fisgre si ze of less

t han about 7 nm and (gores in the lumen | ayer have an average pore size
of from aB¥ebranes pge E‘d&?bsgpbﬁ’ﬁ P'H?SS‘FEF%@P 'ﬁ'@ﬁbf‘ﬁﬁ'éthwt%foﬁvﬁfﬁpg@a" _
pol yet her%HJar'f t@;@‘?nr(é?'%@nen%‘érfﬁéé bfﬂh%'ﬂ% Fr?e'?ﬁ’draﬁ% \gmisesumagonp“ Sé a
| ayer of hydrogel forned I unen a er may conprise

fibrin. céealﬁml@bomelémramn@m%mawhe tramd lnatpemerrrbr@ngeuhusc gingitbe human
renal prOﬁ?iééaalndtr'é%}flﬁgﬁg%ﬂﬁéﬁc@ <|=,HnSe [0011] I n accordance with a further

aspect of € presen re i's provided an artificial kidney
conprising the artificial renal proxinmal tubule described herein. [0012]In
accor danc{0008]h anot her lthgpaitso. lgfent realizadethehwhemgells arerseedrdire i s provi deda

cartridge,. t i

o ol | oy e Bf e PR SR e B res e P Hn R Pl 488

Ithr ough tbertrbhlarlgl vnﬂheffublerrohtatmgfalndrieurosfbeetdi‘r@ %rwbammeameus gdefnoti ng a
unen, ne.of the, tubular er nenbranes nano or ous
skin i ayefisiiited At Pote BB suaser NG He sk e Tayaer G astelpRoARh out or
surface obeédifg peribda&dn iABREE e aﬁlfcfrhﬁ)@rof%Bmﬁfsﬁ'ﬂﬁltlaﬁcbﬁt%d unmen Iayer
defining a lumen surface of the at |east one tubular fiber nmenbrane; a

condui t i Aubstantiplly ingrepseBeissedinottine-unens of the tubul ar fiber nenbranes:
and a condwt in fluid conmunication with the fluid chanber. A first

condui t npo00RE Provi dedThs, iN8csrdandedgih Eﬁ%sbéét'di’tl?@ﬁi@é@hﬂﬁ%rﬂi&nwm a
first end of the lunens of the tubular fib nmenbr anes, a second conduit

may be pr #ereisgrreyided ungthed atfeming aéﬁemembaa@%c%@ reethod utiizes 8 unens of
the tubul %ertfohﬁfnﬁ%w%ﬁr fuméilde n@)mhéﬁ [ang gyﬂghoﬁeamug\ﬁ&angg rﬁe%td

comuni catl1 on Wt cha 013 er aspects a eat ures of
t he presefar f¢rnve@a|tubulanﬂberbé'cherﬁbeatmau@soluhprt ewpprisss aselventrg skill in

the art UB?OoBﬁgﬁlgg Re%%%s%@ehqmq%sasaﬁ{)ér%a% %pdr%cppﬁ&!%% e)jnllgr Od' ments of

t he i nven nNinc unction wth
DESCRI PTI &aﬂatﬁﬁmmwmﬁﬁ&s{ [éa@idl'}amm % dif ithe lselsrenwmd:hnoré thasnt&Oa\t% of by way

themat | caaPRPlE The FEPhesthar 4] By ERbterWEN He Bsad Mo baln3o 1A 1© @
that an extruded material exiting from the exit will enter the coagulation bath W|thout
being exposed to the air. The method comprises co-extrudlng the fiber-forming
solution} and the lumen-defining fluid through the spinneret and the exit, and |
précip_itating the extruded fiber-forming solution in the coagulation bath without
éxposing' the extruded ﬂber—lforminvg solution to 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 Iayer of the fiber membrane. The v
concentrations of the solvent and the non-solvent in the coagulatlon 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



operation, exenplary of an enbodi nent of the present invention; [0016]FI G
1B is a schematic cross-sectional view of the fluid flow during the
oper at i orwof20ts7®yst em of FIG 1A; [0017]FIG 1C is a ecoss2ewobisonal

el evation view of an exenplary spinneret-bath configuration;

Is a view of a cartridge, exenplary of an enbodi nent of the

| nvent ! ONiymeffagd €0 drhaP borelitrdh 5’?‘(}% el

are schenma 08S-sect VI ews I’UC

[0018] FI G 2
pr esent

(e gt abigye and 3D

ures, exenpl ary

of enbodi ﬁrértb:about 3 pm. pTresport- solnemwhapoombﬂﬁéoz]at%rﬁﬁe sbNentlB;ayétﬁmpamé 4D are
robr ane, NERERY SPYTOICaR (ABoaH Ao P Y BB AT AR Pon: [ 0021] Fi GS
5A, 5B, 556lyétﬁdrsﬁl?oﬁé P E5)Vah 8 WeE By dtbpHili€ pERATdr $8HY comprise polyvinyl

pyrrOIidohe (RVP). 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 wt% of thé'solvent' and the coagu-lation bath

may comprise about 10 v% of the solvent and about 90 v% of the non-solvent. The

Iumen -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

comprlse oil. A layer of hydrogel may be formed on the lumen layer. The hydrogel

may comprlse fibrin. The method may compnse attaching cells to the hydrogel to

allow 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 cells

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

cells.

[0010] In accordance with another aépect 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 um. The fiber membrane may comprise polyethersulfone

(PES). The artifi ciaI renal proximal tubule may comprise a layer of hydrogel formed

on the lumen Iayer The hydrogel may comprise fi brln Cells may be attached to

the lumen Iayer The cells comprlse human renal proxmal tubule epithelial cells.

[0011] o In accordance with a further_ aspect of the present invention,

there' is provided an artificial kidney comprising the artificial renal proximal tubule

described herein.-

[0'012] In accordance with another aspect of the present invention,

there is provided a cartridge. The cartridge comprises a body defining a fluid -



hol I ow fi ber; [0022]FIGS. 6A, 6B, 6C, 6D, 7A, 7B, 7C, and 7D are SEM i mages
of sanple fibers; [0023]FIG 8 is a bar graph showing the filtration rates
measur ed woemxisffoer ent sanple fibers; [0024] FI GS. 9A amdTSB2an®0BES | nages
of a sanple fiber coated with a hydrogel, exenplary of an enbodi ment of the
present invention; [0025]FIGS. 10A and 10B are SEM i nmages of a conparison

w th & contPUBED &R arh B et o ents (RAGSe G ol BB mi posihg e o
present i nmeughme ﬂlDEElﬁuams@r [SaBRishEeof the {UBORF Memisreasp dafining allosleneat  of

t he present inven es to nmet hod of formn orous tu ar fiber
e e T DB MY b SeE fier hawBraas Fomriner SuTar AP ryR SKTL onet Sibea 6

i 11 ustrat egcigpofusFumtAlaykB, tharkiniGyerdbfinihgsaemat s&?édeyoﬂﬁ@bﬂe‘és%he

exenpl ary wet. spi nning apparatus 10 It should be understood that a
di f f er ent tyRilarshien mampbraps magdheriimenlayerdefininga lyraemsuniace ofdbe ghleast

[0028] Ap p%rn@ttb'@ula%ér'?ﬁed-ﬂ%ﬁea SEIHANR irfhuid @8 mnitHi EdlioR ARititim dhls & 1R d

tubular fi fber_membranes, and a conduit in fluid communication with the fluid
champer. A first conduifmay be provided in the cartridge for fluid communication
with afirst end of the lumens of the tubular fiber membranes, a second conduit may
be prdyided for fluid com'muniCation with a second end of the lumens of the tubular |
fber membranes and third and fourth conduits in fiuid communlcatlon with the fluid .

chamber

[0013] Other aspects and features of the present invention will become
apparent to thosev 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,

[00_15] FlG'. 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.1Cii is a cross- -sectional elevation view of an exemplary

spmneret-bath conﬁguratlon

[0018] FIG. 2is a view of a cartrldge exemplary of an embodlment of

the present invention;



104 and an exit end 106. Spinneret 102 is structured to receive a plurality
of fluids to formgenerally coaxial |amnar flows of the fluids. Spinneret
102 can bwoanwe/suiotabl e spi nneret for Wt spinning a solPaTiSGaot®mod40s m a

tubul ar fiber, and can be readily designed and constructed by those skilled
in the art in view of the description herein. Some spinnerets described in

the liter may be AL Loy M 4 L i on.. For. exanple, the
spi nner et ﬁrgééfbe adapt ?ﬁ@#ﬁgﬁ$|3§3‘ab$§§§%?%ﬁgbgaﬁé CPI Ssa'fag@graﬁiivﬁan 0ss, Hu
etal ., "Cef possibi@fibér staictuves, exeggiaryiofieyrtiodiny@ite oy ther mresentiicventiod; hydr ogel
fibers,"” Biomaterials, 2009, vol. 30, pp. 3523- 31 (referred to herein as

"Hu et al ., and WO 2 ‘ 138 ta Yi et al. ubl i shed March 9. 2009
(ref erred[oto)&%erei n asoﬂaél%%% aaﬁg"lifé ﬁcghpﬁﬁﬁj%ci@nf%m'céﬁf"ﬂ? cont act
with, a c(SEM)miages diatdaniple tesurdrefibee thenibrane Oelemplaty of b embddiment dere i s
no air ga&ﬁbet ween exit end 106 and coagul ation bath 110. An extruded

mat eri al RFESRPUIRVGRIERi t end 106 will thus enter coagul ation bath 110

wi t hout being exposed to the air. [0029]In operation, a fiber-formng

sol ution fob21fal so ref eFIGS] 50 58256, AandSD' SRBEMAMAGE9Bf & caMPaAson
| umen-defining fluid 116 (also referred to herein as "core solution') are

fed into BYJlovhER&St 102 through inlet end 104 at sel ected flow rates.
Spi nneret 102 shapes solution 114 and fluid 116 to forma general |y coaxi al

l'am nar fjop@2f20. [O0030¢I6S. s)ema6iCs8b! YAl FBUE! ahE DI die SER iMdBgesséri nner et
102 may have a core tubing 108 that defines a core channel for recei ving
and ext r utAmpledibette sol ution, and an outer duct 118 that defines an outer
channel for receiving and extruding a dope solution. [0031] To better

i 11ustratgoRBp Preci pi tAG, 8Ns BIHF §Psph SHdWwind hetiRuforfrdted tedburea@mt i ¢
cross-sectional view of an exenpl ary spinneret/bath configuration. As

depi ct ed, diffptsst sa®ple fikgrgol uti on 114 (dope sol ution) is extruded fromthe
out er channel of "the spinneret 102, and |umen-defining fluid 116 (core

sol uti on) gog4pxtruded fEi@s, OACarPIB FEBENEIm&ed 81 SHhPBTHEE cddtdd will uti ons
114 and 116 are sinultaneously extruded through spinneret 102 and exit end

106. [ 0032hpdrogel, exemplanyaf an pembpdimsent @éthenpregentinyentions f| ows in the
central region and the fiber-form ng solution 114 flows on the outside

around t hgobgjen- def i nifgs hgadnklfoB af § W%érg%g%fgclo@aﬁ@gn ¥Ger; %ﬁdt here

is no air gap between the exit end 106 of spi ret and coagul ation
bath 110, the extruded | anm nar flow 120 is introduced into Coagul ati on bath

110 wi t hol®026ki ng expofd6S: d14RN1AB armaFMymages of a sample fiber, Coated
with a confluent monolayer of cells, exemplary of an embodiment of the present

invention.

DETAILED DESCRIPTION

[0027] An exemplary embodiment of the present invention relates to a
method of forming a porous tubular fiber membrane according to 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. It should be
uhdéréfood that a different wet spinning systemé may bejused to perform this

method.

[0028] . Apparatus 100 includes aAspinneret 102, which has an inlet end
104 and an exit end 106. Spinneret 102 is structured to receive a plurality of fluids



[ 0033] Fi ber-form ng solution 114 contains a solvent, a hydrophobic pol yner
di ssolved in the solvent, and a hydrophilic polynmer. Coagul ation bath 110
cont ai ns wbeosqlsywat and a non-sol vent. The non-sol vent pomscherowadss. The
conponents of the fiber-formng solution 114 and the coagul ation bath 110
are selected so that the hydrophi l'ic polymer in the fiber form ng sol ution

114 will cipitate when the .fib r fo |on I s extruded into
and cont agcfg’"@cﬁfé‘& 'tyrctﬁ’ﬁxﬁlr b °V£So°f§géﬁﬂ'd 'H‘ea%ts FNRBAMr fi ber
nmenbr ane. s(itdbié bpiinstorevil@ginmiy & solubien tofoeR-LIRbulir ABef, bt @ahbe may al so
contain a coagul ati on solution which can precr&éate the fiber-formng

sol ution ![@”Vﬁ’%‘@@ﬁd £Ad ceRstayated BY trasgskilediim e adimyiay Qféﬂ‘%t i on 114 and
the | Unendggérg‘ﬂb@%eﬁérh” %oﬂnjeﬁsprr[n%éé]d:é%n é‘@ﬁqné I|¥&at??eﬁ4 & o

t he, coagul at | cont'ai ns nore 50 v% non- sol vent and
| ess thanWBbowtOmedlf@at@nsd?cxraxarnpémdhe emenerehmawmeeadaw&d of mgdifiedifioni16 is a

coagul at| Rt hBBuoLih EARELYAL B, R LA BARS Fllgayar o an SO V36 of

t he solven €ss non-s
speci fi c_bpdimdymmmylpromemsdcrderrogel IRbeest, TRibrizterials, 2006 o, :Q(NMB) 3523re

hydrophob' I I S hersyl fo he. hydr phr olyner
i s pol yvi r(%g%ﬁ%{" %fg) z"?h)e PH&X&%@#H\@B%&? 8{’]%%32 ont ain
about 16 mr@rbgtrzodm(rwe%efto REfin a8 oYihgl. ExitanaUt06l imkn¥rsdd iRVihd ﬁhnd about
72 to about 74 wt % of NMP. The.coagul ation bath 110 may contain about 10 v%

of NVP anEIO’H%tLW'"D@ cRgfatianbath 140 gontainer in arconianerriTd 1 EbiheES iScont ai n
oil, or aﬁ%&%%éiwé@r%ﬁrt 8Rd 486 3h'toagalish BANNR. HfloaRia Miera about 10

v% of wat er er enbo I nent3, other suitable conbinations of
pol yners, e&lbnwnmsexna@nﬂ Hwilldhve aoter @aggtﬂetheba;tbﬂée wr[mu@rgaqelng particul ar,
ot her hydgﬂﬂﬂggq tﬁ9g¥ners that can be used to produce nenbranes with
nanopores In a phase Inversi on manufacture process nmy be used. For
exanpl e, tentially suitable hydrophobic pol yners include pol ysul f ones,
such as PEWQI her sul f onlesopenatiqmo yfiberfarminmseitiien pi4 (alsa fefereed to herein

I P u il
00,4 YL St 0l NP ML Rl asrdan 11
pol ycar boaei'utmm ') prd fxednmtdmrmecét H2 tp:dugheulatremmyoeaeweaemﬂdws'ateﬁsnd

I f di.f.i.ed I ted -

Gscd i n sSREPR IPESHAGRY s«'»l‘rére"’lrf e I%&rc%sgtéﬁlaﬁunsé’rm

may al so hewuged.

[0030] : As schemétically 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 solution) is .

: exfruded from the core channel of the spinneret 102. Solutions 114 and 116 are

ssimultaneously extruded through spinneret 102 and exit end 106. -

[0032] After .e'xtru‘sion, the lumen-defining fluid 116 flows in the central
region and the fiber-forming solution 114 rows on the outside around the lumen-

defining fluid 116, as shown in FIG. 1B and 1C. As there is no air gap between the



[ 0039] Potentially suitable hydrophilic polyners include PVP,

pol yet hyl enegl ycol (PEG, polyacryl acids, polyvinyl-alcohols, and

pol yvi nylweeeixisems Ot her hydrophilic polyners such as peorgsghy®mbosos
nonoest ers; copol yners of pol yet hyl eneglycols with pol ypropyl enegl ycol ;

pol ysor bat es such as pol yoxyet hyl enesor bi t ane nonool eate, nonol aurate, or
nonopal m t at.e; er, sol ubl ul ose, deri vat | suc

car boxymatq)ﬂ;Ieé‘g%uﬂfgggne{)erﬁ(?glqn&lC@?@“?ﬁ%‘? Q?@‘ *%f%tg%gxtwq}éi RRAQY be used
in some apRoiisaiticd0sed [Na® 464 dendtrmt baah Y10 swiihoabbéing expésddstoithe ! ude

di et hyl f or mam de (DMF), di net hyl sul f oxi de (DVSO), di net hyl acet am de (DMA),
NVP, or niSKfrgHeding@ér eof . Ot her pol ar, aprotic sol vents may al so be used.

[ 0041] When sel ecting the chemicals to be used in the fornmati on process,

care shouljgdo®s t aken tOFﬂib'i%rﬂnh@abluh&mmebh@LHsaé s6106MY Bdlytphebiccheni cal s
sel ected can produce the desired pore sizes _under sui tabl e condltlons and

that the rP@!:)U”PQﬁdrh@qu‘{elﬁiéﬂéhW<P|VeWa9'éd 3 lydeaphdicpobyiaer (oagutationikath 1304
bi ol ogi Ca'con{a?rpf{h@s%ﬁ/e%aﬁ@gwoh%wn 3543?69 -soRfent hfag%r\két%l’” fhe 2PP! i cati on

in which the ers are to be used For exa in sone cases, the
produced fopbmosnemswfmm/&bemfommg|sols1tl(md|1dsar1drtae caagulamrgbathtﬂ&rarabout 10

) engt 'SP RbffrbfYekibiatk a8y AR OB e Ra G PR 00 °

desirabl e pﬁ-@cmu&delwhemthé r hert—fotmmgrumlidlran 104 isiexzuddd imée and contacisn t he
fibers. One f can i the for on _of . the macrovoids

i s-the coﬁ’B?ﬂ '?fhbﬁtpai?(?l §ﬂ@?gg§ﬂ el W Hgahber['ﬁﬁﬂ@f%'b‘? a given

conbi nati on of polymers and sol vents the vol une of nacrovoi ds nay be
reduced byoo34]reasi ng thesmé@mﬁddahéms bk Itrhenfiefiniogflold t1@olayratso i n t he

dope solution, or the vyiscqgsit f the do e, solutipon. Thus, .in applications
where a I&P@@'W/BI%ﬁ%“'ﬁ?or?rﬁ‘ﬁ\‘m%wgkchlc?nr%? B'&%‘FF%héefJP”E'thsg,%'oﬂggﬁan| cal
strength QﬁrohPﬁ td PeSrfdce bR EeRberlBiRgISHIltibn A3aGRI thalirRendefiiihg dope

sol ution should be sufficiently high. Further, it is expected that when the

nol ecul ar it - of the hydrophobic polymer is higher, the size and vol une
of macrovoi ds will be smaller. Wwen the dope solution includes a higher

content ofjosds) hydr ophi FbFréH%bMWbealé%bsébﬂ Y&, theodigartigngatroi1gme of the
macr ovoi ds may be decreased. Thu in cases where it is desirable to limt

the size &egtaing mate tb\fant&%/%@étwruwvwear@dﬂ@seWna‘iq v ohthe $RVeRtdr ophi i ¢
pol ymer %nhhﬁﬂ (E;rfe I%ﬂ4 L*éjfﬁo"ﬁlm#& 418 %Lg&bﬁdﬁ Sdufbrlftne ﬁéaéhlzﬂlo%h

mol ecul ar "wei I ncrease t over al |

vi scosity sofutmhe:odtgms woteaithao b0 \(%|0ﬁg10asdi\yejﬂ@pdll¢88cthpol59nvé’p ofvihernan-hi gher
nmol ecul ar V\IR/I gBt may al so help to control the formation of macrovoids in
the fiber$ F 44] The fiber-form ng solution 114 may be forned by m xing
the desired conponents to - forma mxture and the m xture may be stirred to
form a hof@egbleous dopelrsalspemﬁc[en'{bOdmﬁr\Mtba sel¥ent _Wrmeethylrvpyreslidoneed i n

the dope ?IQMIH) e hydrophoblc polymer is polyethersulfone (PES) and the hydrophilic
-polymer is polyvinyl pyrrolidone (PVP). The fi ber-formlng solution 114 may contaln
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 rhay contain about 10 v% of NMP
and about 90 v% of water. Thé 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, 6ther 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 nanopores in a phase inversion manufacture process



concentrations of PES and PVP in the dope solution may vary in the ranges
of about 15 to about 25 w % (PES) and about 5 to about 15 wt % ( PVP)
respect i WeDp012857t0abl e PES may have an average nol ecul aPCRSIGgOo/00Mp5 above
30kDa, such as about 51 kDa. Suitable PVP may have an Mv in the range of 10
to about 400-kDa, .L.ich as about 25 kDa. In sone enbodi ments, depending on

t he desi t

e’ ol QAL e SR ey U5 T RO BE TR ALt on oy,
trapi eBESiJGt'eas ethesnlfores amd pblgmeo biit palgsulfon de th

EZQFEQJ‘;’,‘”;’“ ) it Qge{’;”y 004 g‘%hepl’ﬁ Pdetining fLu &,g%gmy be a

ot - PEPFENfeft Bhde b SBE Svebe s S TP EN Bl dntuth =4

exanpl e, bbb, dhebseliaRisesi Palyvimyf cHldmgbsPVRESpolFddtbonateb\blyammides

aqueous sol ution, a bioconpatible ojl, such as FC3283 0|I provi ded by 3MIm
may be us&HCHES Pﬂ'&hﬁmﬁthu@ﬂﬁmlﬁaquear and pglymergobmodified mgnyligacidsiande wi t h

wat er andp f v 4 cp.
WO 2012/ 05%1PCT/ g@% 0/ 00 4%%5[%612%]8%3?8@%%5%??3pm%tgiéssltdrfé\?gto}he

densi ty ofmarestipediavaipelymersiniayialéo Seaised- be hi gher than the density of
the coagul ation bath, so that the hollow fiber formed in the bath will fall

downwar d (fbggze bat h. "b&f’e\ﬁﬁélgéd’i‘t‘%bléﬁ%‘? fid Paipdefd iHbilad Pypshoul d not be

t oo heavy, void exerting an-excessive torce on the extrudéd fiber. In
sonme embogplyethyteneglyeold i)t polgacryianids, efyivitiyhglcbhalis daridigolyréipyloe f rom about

1000 £ ahoutic0 0kt iBophOABLANE: WaraehNalo S dEE dELIMAY 1 Ui ¢

116 shoul rel om a 0 about 3

cp. [ 0049])ﬂ'ﬂsx$yéthwenegig¢olswrtg p‘dlyprabylérﬁegimpl tpmlyﬁorbatesjsmmés di ff er ent
conponents at a selected ratio. For exa m Xt ure, nma e a mxture
CPTRone I B e RN unPiod e, MR rath & P e o

di f f er ent sglaBressivioBé @Ien%t%s%&clh 28 r@émp@ietwld%ﬁhloaé dorvadiiglose @E:e@téﬂ xture
of a solvent, a non-solvent, and a roph| lic polymer such as PVP or PE-G

[ 0050] Pot ehﬂ“iea{!kwn%\ﬁ?'ﬁﬁ@leéﬁ%dﬂ §B’I‘“§é’rﬁ’tp§9¢ ¥®ude water, 1PA alcohols such
as et hanol and butanol, or the |ike.

[0040] Potentially suitable solvents mcIude dimethylformamide (DMF),
dimethylsulfoxide (DMSO), dlmethylacetamlde (DMA) NMP or mlxtures thereof.

-Other poIar aprotlc solvents may also be used.

[0041] When selecting the chemicals to be used in the format_ion
process, care should be taken to ensure that the particular combination of
-chemicals selected can produce the desired poré sizes under suitable conditions,
and that the resulting fibers V\‘Ii" 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
macrovouds (voids that are Iarger than about 10 um) in the membrane wall. These
macrovoids may decrease the_mechanlcal strength of the hollqw fiber. Thus, in
some embodiments, it may be desirable to reduce or limit the number or siz.e'of
macrovoids in the fibers. One factor that can impact on the fdrfnation 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



[ 0051] The coagul ati on bath 110 may contain from about 0O to about 30 vol % of
the solvent, such as NWP. As noted el sewhere, when the ratio of solvent to
non- sol vewo 20re/asiwibat h i s increased, the pore sizes i nPChSGRIto®OGIOSAY

i ncrease. Thus, the concentration of the solvent, or the ratio of solvent
to non-solvent in the bath should be limted to control the pore si ze

ent er s coBgAMer iR oy B Vechbi PEneicBPE salliBh MRSl 17110 on tne

out si de aaﬂplwaﬁbm§wherem Etgeivblatme ofmacrdvdids s idielesinalte of ceftaine. As t he

coagul ati on bath | C nd. confi control the re,sizes in
Cheakin MyBang! SieBoi o e TDabBIcEreeHRe PabsT SRECSRFAIORN e R °; <
nanopor ouselutiéh BREUId B8 Isafficiantly MYH. MatHeg, it isrexpestedqnhatr Whdétphel hsleallat heory,
it is expected that when precipitation occurs in the presence of relatively

hi gher coWeight OBWetWéfQRS\QBmQhéﬁﬁf isdyigherethesizesand wlameef madgrevaidsiwihen
there is v, tend to
form On tgﬁeS %} VWRéﬂ?H&Bﬁpe Eﬂ%ﬁprc@fg?g%ﬁ Iﬁée”%ﬁ%uqt oa{r%%gg?%ﬁ%rane is
m cropor ogelyms sueb asiié?, thasizeandofolde of tHeomatneyoislsiroay be dedréased.i n

Concont raf P Fabd AT bt b 3B 5Bt i BsBmPrbite

[0053] In tbtehmgcemratmn afrtde Wydidophllic pelyngerlin thet dubet solation srauld bell ar t heory,
it is expecke hat - after extruysiqn, th pe,sql ution cones into contact
i th° bor heiigeaty oo s wah s woBL R SHHEbIE AR gRR Lont act . -t he
sol vent (mpceeashivad ol/éklalllvfshlcbyty&théﬂoﬁ@l@@luﬁ@h uislriq;a%zafdpﬁlllb(pom\’@vﬂtﬂ of the
dope solution and into the core solution or th and non-sol vent (e.g.

wat er) stahigher HTWFW?'Q'FM"BY)E@|W 9 ¢osdrol the forrationsefi masrereignins ol vent
exchange f_sifets 1N the formation of very small pores at or near the
interface between two adjacent liquids, and the formation of |arge pores
away fromthe interfacial region. Th erefore to.formsmaller pores in the
skin | ayel004dl | arger pHrefiberforniagisghutian1agenay baforgyedhyeiNngihg t he bat h

in this egqlid&Mpdrentd IbHFS rﬁ&%ﬁ‘é ﬂWtﬁé‘ﬁnﬂMa?‘B@fﬁﬁ@d% fdrfig dope

solution to cone into contact wt he bath before the 1 nner surface of the
dope sol ubdmagensnss dopesobdionact with the core solution. As can be
under st ood by those skilled in the art, such results nay be achi eved by

using a s ret conf '\g'ﬂéﬁtlﬂéﬁ‘ lf’\?P'ah& Wﬁ%?&gﬁé'd‘i{ﬁhﬁd é@so%oﬁ fhgi tably

nodi fi ed p|n eret, Imrersing.the exit en pinneret In the
bath. [ ooem]dehtratmeeof I%E&andHVFgmphbeimeenlutlhe sy vafenretheﬂadgesmf bat h,

articula I t, cont act
Itohe core é%ﬁ){utl té@‘fﬁoﬁgs%ﬁ%([?ﬁ )%Eg%bggpgf 28 tiﬁevw g?écfn/%e/sult in
I[ g(r) gg ]r | poSgngablel PESmal(have apaverye matetuler wptghe(slvlwm abdme Bmkm]/sluebes
n it e solution | ow no vent ent
Fatro, tnabetaIdha. nstetin BZRmET bl 98 MiF T fhe anat SEAT B st YR <
relati vel yué'nl MabANP5aD4. e d@&iéweﬂnaadlméwtgfdeﬁ@ﬁdlﬁglow&né/deglrew relsitd o t he
sol vent/non sol vent exchange at the dope-b interface is relatively fast.

This al so 'EF@HB?%sth?&Erﬁa't'?%“dhe dpae ﬁ@'Pt'%F@hWet%@OWWW S | ar ger
pores in Lhe,d WEBRDL96that YREH: crerﬁﬁy ﬁ@heco%‘éleh'ﬁ’étfaﬁ SHESS BAYG b@%"gs%h/éd%‘y

non-sol vent, there is no initial solvent/nonsolvent exchange at the
dope- coretherdwlef%)diélonr@erpt/idﬁgjh%deﬁrﬂchlp@f@r&mletﬁlbuhon he | umen | ayer. As now
can be appreciated, the pore sizes in the skin or lunmen |ayer may al so be

tuned by apiggpting the HQl NAUIH-OGRIRPIYE 6L Be h”iqhi&%?ﬁ%*}nﬁ{sdﬂl@ core

sol ution.
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/ms‘ and

a yiscosify of 1.4 cp.
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[ 0056] An air gap between the spinneret and the bath may have anot her
undesirable effect, in that once precipitation has occurred, the weight of
t he preciwotat2ad7foiber portion in the air will pull thePhirgceoloposss on of
the fiber near the spinneret which has not fully solidified, thus causing
deformati on of the pores and the fiber, even breakage if the air gap is too

| h f ded d th

ki 1 ay=fotag ngé’eafé;n%%m%“%ﬁ?f%swq‘?gff T TR

[0058] A nampmmwSelwmrmammmSppoemetdoaguhambam 3y ¢hiztgiee pomvsu ze of
ores |

| ess than_10 s, than about nm. . The na

nanopor oue e GdRe fath wilje) davRyerigne bRl Houewr. NetameranTaBeut 7

nm A m clig@anesholiRt beAbs Rbavy, RO ERSId dkakting i eex@RsSVE FctEE oRME Si ze of

larger than 0.1 pm such as | 'ar ger than abouf.0.3 pm The nicro ores in a

mi cr opor o@¥rydegidioeralp $RI0R egibpdiments,tha WensitooHumentdslining fluic i s
possi bl e B@ hmt%ﬁ1mté)sb?iﬂ Eqﬁbﬁﬁ3 | arger than 100 nmin a nanoporous
t suc

| ayer, but e percentage o arge pores should be very small such
that their presence does not significantly affect the perfornmance of the

fi ber ment®04Bk in ter nsThs viseasity @bthednmencdefimingfuidi 46 shewld bgyrelsdively| t er ed
through tpg ?5&Wa+ t% raﬁ% rcﬁr%%utﬁ‘tg‘apﬁﬁ’@cgﬁ.us layer may have a small

percent age o s as-long as tering performance i's not
substantial Iy affected by their presence. For pores with irregul ar shapes,

the averal9@4Bbre si zes walumnnd-;efmumfuﬂd)dsﬁmambe aemk@r@efsdlffereme of
part i cl s dhindiilaPe sttt | PP AIBENBR Sfire HIGARI 4 Ruddrd bf.on 0

adjustlng Ven non-so VEN |ons I n the coagulation bath
and, opt i sotesrityndiandrisolvemtesucheds NMiRyarfd water, armxt[meof differehbmon-f act ors can

al so affect et;_geeso ée sizes in ug@% esul ttl ng fi be G factors shoul d
be sui tabﬂfv P @Sd?%{af’?&‘t )Gn é’YﬁERI ?H@'X 330 ad|%%as and pore
si ze di stgolNaitj snd & Aydfophiiepelymergsuth BePVFor F.’EK;’zlme e, the nature of the
pol yners sol vent, and non-solvent in the different solutions, the flow

rat es, 05|tion tent, of the various, sol utio adthe

coagul at i @Hgﬁgp the t q}ﬁrét}ailygpga@e PR lﬁ”ust inglyde water, ;!Fo‘%t q??h%? nent of
the fi bersumrﬂy@tﬁgnonafma blitAN SoraRs liké. t he extruder, the draw ng speeds, or
the |li ke, nmay each have sone inpact on the pore size or pore side

di stributj [ 0060] Ho par ers and factor ave
been sui t@BB ] sel ect ed, %@%%mgt"f&?my‘ad&% &"BW RPYAtA| H€3€ar yi ng
the corrmﬁ%tdfczné s@rf/efuheuéh HeNMPr Kk Rgtetobiséwioste, When anagiibaF senehabh, and
optionally, the-lunmen- def|n|ng fluid.

non-solvent in the bath is increased, the pore sizes in the fibers may increase.

Thus, the concentration of the solvent, or the ratio of sol_vent to non-solvent in the

bath should be limited to control the pore size distribution in the fibers.

[0052] After the fiber-forming solution 114 enters coagulation bath 110,
it is contacted by coagulation bath 110 on the outside and starts to precipitate -
inward from the outer surface. As-the coagulation bath is selected and conﬁguted
to control the pore sizes in the ESRin layer of the formed tubufar_ fiber membrane, the
skinlla'yer‘ is nanoporous. In perticuler without being limited to any particular theory,
it is expected that when preC|p|tat|on occurs in the presence of relatlvely higher
content of the non- -solvent, smaller pores tend to form; and when there is a

relatlvely higher content of the solvent, larger pores tend to form. On the other
hand, the lumen Iayer of the tubular fiber membrane is microporous, as the inner
surface of fi fber—formlng solutlon 114 isin contact with the Iumen defnlng fluid 116,

which has no, or a low concentration of, the non-solvent.
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[ 0061] As nentioned, the rate of fluid flows may inpact on the pore sizes.
The fluid flows may be controlled in any suitable nanner known to those
skill ed iWO2RR/QR7T01 Unl ess ot herw se specified, the fl oRCIZCRE0IDEOYsSsed
herein refer to flowrates of the fiber-formng solution and | unen-defini ng
fluid through spinneret 102. A flowrate refers to the total anount of a

f1ui d 11 ofdsagvi ng L1 oelinail e &a WBolbeirh ifttda tol dfy pdfelal 2 nar

flow, the adjacent flui hough i n physi cal” cont act ow at
respecti vthebhow is akpactedthat afteaextusicn thalidégaisolotorceomes ido cantachwith

interface on _bet ween t adj ace but al

cross- secP {’t@%g? cHiGRY ognar\f)&) thgaéé)ﬁgi"ll%w &#{hr %'iﬁg?tgﬁﬁa %ﬂ%%qtéﬁﬁi' ally
const ant BMR)ngitigli i tee dopd Golution staats to heovexdut uﬂﬂ'da dddwioll\mdnl arftbivi a
substanti al 'é/ uni f or m di anet er d wal | thickne s 062 sorre

erbod menfie, CeasplAPROF Ieatia: el Bon eokier (5d SEMAvEIR M4 and

| umen- def bmd&xefd.ﬂébﬂoril1ﬁh|§%|vaﬁt/ﬁorasdsleémcexeﬁar8ge5resﬁﬁé |rf'3‘thé'mﬂn‘i’atlo'fnhﬂ flow
rates may be 0.08 mM and 0.05 m/m respectivel y. tc}“T'Dependl ng-on the

appl i cat i ¥ery smaliparenat erendaries 'nﬁ%rfﬂpﬁdmwegntvmaéagg@dlqu eafdthe si zes and
si ze di st ssed
hlefel nI @6@%{@3&lg%ngﬁg,g%%&q?ﬁ&e}:@ﬁ?%%%lrérgrﬁart|'$%Pg strg%@ﬁuprom mal
t ubul es osmaH&n fares bl thiiskimdgger-artlddargen peresriatthe hsnest Iayﬂe theospiemeretind

on-sol vep t LS LN t he
oty Bt 46 i P8 bR ™ Ao 8 BBl S Bl Syl oSt o
aﬁout E nmll;ﬁm tbacﬁlbnb@m@mrﬁactanmdthte\r/]ﬁmhglbtefogemmnlra]astﬁfh adezxﬁftrp@de;fse S|bze;:I I7ess
t han about n umpn al buni n_ i e bl oqd, i ch ha si ze, of abou
o ot LIy ED i Catary et ghce SeRAH o b8 /coA b RIEEROPAPY ke | e
of the fi8anedithe anesddhridstifemayibRr achidvied s usiitfa aﬁTnﬂéret@ohr@réﬂfdm layer
may al so be sized to_prevent passg%ﬁéof nol ecul es t have nol ecul ar

wei ght s | 8 Yeptratedin B15.0\B. 0 A odifipe APipRershi ANy IMmeraingdle K¥itsel ect ed

to control,deff sgpm &tin #hepdtHmen layer, such that pores-in the |unen
| ayer have an a\(/ae agerporr]e s?ze of about 0.5 to about 3 pm |If the pores in

the lumen | ayer are smaller than about 0.5 pm transport of sone desired
subst ancel084Lh as sol uf there i Hugin 9eR befwensy thespiingret anghthedatl.gni fi cant 1 y

hi nder ed. %%*Elﬂamrfﬂﬁ’é)éﬁlgﬁg@%ré% thé'8o &E@Utlé@?@ﬁldﬁﬁ@n lcBh@E theltare about 3

pm  proxi ar ce e tra I ns I'unen pores, resulting
i n cl oggi sQjuiidn firstamd tt@rbaﬂmbm@tlme I{BMGBTWSWEOLM b@ﬂultr‘reﬂmarrmorealrﬂh@vv 120 is

fully, or ysu J e?éﬁgltsh%g%'g‘gﬁég E)'rSH‘ %ﬁé dified) in coagulation bath 110,

and is then extr er processing and treatnent. For
exanpl e, the precipitated fi ber may be washed or rinsed, dried, and rewet.
The rmverriﬂ%S])f t he fi beradditionhas bt ¢ore Bolutiay hae aqudm $qlve'r’¢4$bkyeet such as

rollers 122  The fi I | u eel
(ot - snowro- T et aPanc e Fahen t B ibbe Bt Midtads Bdsiefiol Sty e
sel ect ed d&pa@tﬁm@atbmahlw'\@hhbh@olv@htlampém&aﬁa ahe aoldentrrpsaeepi t ation tine
required. For .exa a draw n eed 3. .mmn be suitable
| sone. FiRENaBAL Do dore-Ge0 rerp R Raclatyelh St TBIa ProredEs e O )
wat er for oﬁémél%@%bré’s“mhl%léﬁntléyerr%ﬁﬂ\{&géﬂg ore€%h tHealimehdayere \Weéry gial -

can be under st oo afib e continuous produced in a we
[ 0066] As b d t ood f t I d d t
spi nni ng ggrgc,sgg.glon does not contain -any non- solvent there is no initial solvent/non-

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

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

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

solution.

[0056] . ' An ai|: gap between the spinneret and the bath may have
anothér undesirable effect, in that once precipitation has occurred, the weight of the_

precipitated fiber portion in the air will pull the higher portion of the fiber near the
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[ 0067] The resulting fiber may be cut to desired I engths for further
treatnent or use. The residual solvents, non-solvents, and a portion of the
hydr ophi IWo 2p/osmen nay be renoved before or after cuttiPag/SGasid/onwmys be
removed through the pores of the fiber nenbrane or an open |unen. Wen the
| umen-defining fluid is not perneable through the fiber nenbrane, it may be

remved ¢ 5ANGR LARNIRRN I koG ALE Bhlng HEid-BsbH BPRIRTEOLAD 1 U1

is a coagulation soO € SO0 € nhon- so ven it may
be rerrovedwetﬂb*em,ug)entbreakngeerﬁtheoarrgé‘;ersltumlmgeror both t he pores and the
| umen. [0068] To check or to ensure the pores in the skin layer are within

nder st oot hose ol T iFbfie F Pob b T BBFVOREE g 8ol "y

be neasur myef Imagbierragés nafiofdreusaivi e [BMEN |ageras aiéropdiiousscanni ng
m croscopic (SEM images. It is al so possi ble to determ ne the pore srze by

nmeasuri ng cut - of f | ecul ar ht of.the pe es at _can

Thoouoh CIOSEI £t ont 1 RBREbSToHE Ty balpins PorRE AT e b BReragRhdhe Sy |

| ayer consizelof fdae trﬁ@rrrbmonm pecHBa skithan éﬂ%httmawrﬁ&%mbpbﬁeb@ﬂ\a si ze that
can pass t-hrough the rrenbrane the snal |l est pores |n the fiber menbrane are

in the skNANARLYRYS SiiplRysT Maydiaysan aNerage perseaof I8t ianAkouE &AM Ai ng

subst anceﬁ,,(% &bﬁé fd}%%oﬁmln%cp&ré‘é thofe hQVé an %%ra@érﬁdré LB edf -'t'é’réer R oPe
filtered throu h the fiber menbrane. The conpositions of the feed and the

filtrate HiMeSk ﬁ?@é@ﬁrthﬂn?h@qu Beam. nﬁhorrmreponerson@ rdiegposRLsslapentaates to
pass thro C t hat
the pore g?\;z.éeg%s ﬁ{)ﬁﬂ %%lyrt B%l %tﬂg?%gée V\P tlﬁ%%r leés{hraggﬁrrang%%%@%] The
por e si zeportien larger thanet®0l raoy @r amanomrodelayem bt thef pmmeﬁ}ﬁgbiaﬁage‘slaoge t he

| umen | ayer. l.1n an | ar nbodi ment re v

| ayer ot RyspshentRg ety sFiETReR et AP PlaBRcs does REoTE e éEithe . ane.
Conveni enpénjornidnee roif me)mtmreﬁembrahben tetn’erbfltl@e' errbétamd ot rAbterialsttagtwapt and
formation oﬁgthg |ydro%E g ero formati on apd attachnent

t echni quele filgreAdhrougl %S'f"o efh 0B ENCIORQERUS IAYRTRRY BAYR/APBEEl s may
be for medpércehtageiof smliel petes asll é‘éfhefFPt"enh?%eHbﬂ?ﬁand&s%B?s@g’t@rﬂiaﬂ?nt t he
hydrogel is fornmed-of fibrin._[0072]1n a furfher exenplary enbodi nent of

t he presedfegted by theinpresenges %qr@oa@q with tequiarshappstba avalage rRore sREST i ber
menbr ane. I g%, péég.g rmed on
t he Iumenm ybIS?“ rQ@b?f‘éd bﬁmeﬁlg?%éu&tg %r@g)ébgngikgltpgvre l’?%)ﬂrrt)ér}% tréugt?e I n

t he hydr odj¢lpasesl on the |umen surface. [0073]1n sone enbodi rrents, t he

hydr ogel , -such as when nmade of

[0059] - In addition to adjusting the solvent/non-solvent concentratrons
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 oe suitably selected or adjusted to achieve the desired pore sizes and pore
size distribution in the resulting fiber. For example, the n‘ature of the polymers,
so|vent and non-solvent in the different solutions, the flow rates, the composrtron or
content of the various solutions and the coagulation bath, the temperature of the
squtrons the post treatment of the fiber membrane, the drmensrons of the extruder,
the drawrng 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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fibrin, lamnin or gelatin, nmay be bi odegradable. Conveniently, the
hydr ogel when degraded can be renoved either though the |unmen or through

t he por eswofwide7forber nmenbrane, allowi ng the cells to @crsehbioaddech to
the lumen surface, and to proliferate to forma confluent nonol ayer of
cells on the lunen surface. [0074] The cells may include kidney cells, renal

t ubul | 1.s nm ude
i e B b8 SSFLorh Ry o B fich i S BNl
2012/ 0577 iboF4&REntg ,i@00405 [ 0075] The hydrogel for coating the fibers may

be selected so that it is suitable for coating on different substrate
nbranes wi.th curved

materi al s sui tabl e ati on_,por.

surf aces. [%cehsubst r at el‘?rﬂte@??%?(gq%{/atgéﬁﬂﬁﬁr OWs gy %ﬁ’%?‘ Blt &PPE pol ymer,
%l gss Ior sizbs trhéﬂuudtﬂotnfsaﬁawbeebﬁe?|+dd |ﬁ|{a$|lr3;|&‘sutf§!(yjlebﬁamdn6ﬁ7h é@itﬁd‘ser ent .
ydroge Q n r cal cium chl ori de .may be used to cross-lin
al gi nate ?"Hﬁéd qﬁee Mﬁ?%@hewﬁww%mﬁﬂ%@eseﬁww hergingrefary
fibrin ing ﬂdw tﬂe@%ﬂh@%br-fdrﬂﬂ?q?i&lﬂh&ﬂaﬁd(Elrrm:lrﬁﬂéfr rﬁ‘f@fﬂﬂ& 'W%Bh F?E inRergtr esent
i nvention, a suitable cross-| Is first deposited on the Iurren sur face

of the hoﬂﬁ%mAfﬂOW@tmﬁéﬁ@emaan@mtof adni Bowing dhrgugh spinneredt a
sel ect ed 449855 LhiRKAR! §n BMQ@E%?%W ﬁﬁ“éoﬁ% ﬂHndé%‘ltﬁ&ﬁ@#mS&%c%P&é aS then

i ntroduced 1'nto the lu cross e precurs I'S "Croess |nked
wi th the maydlow atmkspeative flow rhtese Sane trans,vetrsnlfddﬁxstam ¢ay\obcrmgebt tnetri x on the
the hydr The

| unen surf see e de

s ogol " iifase Yabitn baRuSE Tt flinder DR S WSdd b NGety PhaRRu e

calc |hu|m ctljihmn:sldm ofEaeR fleachfdlald @rnmméhg sbhstamd]l@rdwitg?namma leslr7n eyd ﬁ I\/DCK|) |
epithelia e ,. or n, pr oxi tu ar ce e cells
o epor soa106 SorBatPasitnew Paer Wl Bave srupetante BRI ety
I mobi | 1 zggbkpes® the | unmen surface of the hollow fi ber as a th| n hydr ogel

| ayer is formed on the |lumen surface. Wth a proper culturing environnent,

the cells wiil slowy prolifera The hdro matri x can be gradual ly
degr aded, I‘WEZL | ow a cdﬁfspmtmttmm%rs B@b'gﬁpwsratee Athatheriomagen

surface ooltifish 14 AeMumMdedefidifPAdH WsmapRBve R dtid 6F:5 OFor %rﬁﬁleWh'e' be

apparent to those skilled in the art, the coating process may -al so
appl i ed tﬂpmy@eeg@y%%ﬁrﬂ@iaﬂd%$mllme feispestvelyn a hol | ow fi ber cartrl dge
(see below). [0079] Conveniently, a layer of the hydrogel may be forned on

the [0063] Depending on the applications in which the fiber membrane is
to be used, the bore sizes and size distribution may be controlled 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
coagulatlon 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 _
apprecuated when the skin Iayer has pores sized Iess than about 7 nm, human.
albumin in the blood, which has a size of about 7 nm, is not Ilker to pass through
the skin fayer and enter into the lumen of the fiber membrane from the outer
surface. The pores in the skin layer mey also be sized to prevent passage of
molecules that have molecular weights larger than 60 or 70 kDa. The lumen-
deﬁning fluid rnay 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 pm.. If .

the pores in the lumen layer are smaller than about 0.5 pm, transport of some
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| umen surface according to the process described herein without filling the
entire lumen with the hydrogel. As can be understood, a hydrogel that fills
t he enti rwol2areens7soul d bl ock or inpede fluid flow throughTiSieeotownems | n
sone enbodi nents, the hydrogel layer fornmed on the |unmen surface can be
relatively thin, such as in the range of about 10 to about 60 pm In a

i cul ' : ' f about 30
o i o St cldtiiHoos siEn 2K SORAR pnoShe TRk AR frdnd MR BIEUS hout
bl ockage aigdifichntly lindérdedt Ween thel pdre sizes v ttgelubenveyer aredarget than
I in the hyd I the fluid i th h the | B
o posarbrd Ty BratrasdeRveCadls ontr HotpPRidne diRe Bretneesi g |

sur f ace whretlogdigg by thediber memislageaded over tine. [0080] As the hydrogel is
used as a carrier to uniformy seed the cells, it may be gradually degraded

whil e the d cells arge cultured and .prolif.erate on the |upen surface. For
exanpl e, [ipggﬂydrogel nﬁk\}e ﬁ%erﬂpsmaéad}edgélawb 'ﬁ_él."&yePr §‘,‘f$'8'F" henical |y
degraded piechitatdde@bRdlfiéd)T® cbigilAfidroBitRi1M0, andid thaklektrastbs laaBwounat o t he

| umen (for i.nstance; sodiumcitrate can be used to degagade, t he alginate

hydr ogel ) for ffter pregaskiig, and Y9ptmest. serieagRie.dbe piediitied fleer may BEn, the
cells nﬁyw%hé’@&b’t}?r(ﬁ)ﬁ&?%é‘%éﬁ?%@eﬂnTﬁ@ﬁwdeH%ﬂt éf‘tﬁ% r HhEYath Y10 Ray

substantially unifornly. latively I nexpensive rogel s may be us
coat the b@guidedbyrretersusdcicas rollanssia2acihe fikarifloy B20mapdetweunsedp s over t he

entire l“P%Hg%Epﬁ}l?&ﬁ)ni ‘Dh| r{gﬁé)taéhiomi,yaarﬁigrﬂé%gggr%]\ﬁﬁa?é qshitgﬁe SBE%@.C?ﬁ?Ln a few

m nut es.’ S see proces 0 ot require a spe
ext r acel | ditaavingrapeedimaiG)setaxitd depgndingeoiuthe pdro0831 dpplisatiomamdk tepl ar y

enbodi nents of, t.he,present ention, the fiber nmenhrane be nade
S bl o bracbitgho e Ratnd, S Ao g g e A St aegt O PR P
sur f aces, b@auitabie irasdrie ehbddim@its s ThE aarmd fderamag el igintdtbed #l | - seedi ng

met hod. nveni y, when a hydrogel precursor. solution carrying the cells
flows t h?@%ﬁ@ﬂl@ﬁ@%iwﬁéﬁir fP[lﬁb’ﬁ?gtt%g?Hréé% (RTBOYARMESKR PTA3RIG O tnut hal | y

substantially uniformand a thin hydrogel coating can be substantially

uni f or m y[odies) r i but ed oAs 4 benindersteth aFR@r Iyt sdHthasesipbrédieed® | ow
fiber. If the cells are initially well dispersed in the hydrogel precursor

sol uti on, @aMWFRE$PIRNING RIPSRSShe uniforny distributed in the coated hydrogel
and on the lunmen surface. Such a seeding process is convenient and can be

conpl et edjgos7f rel ati verhye RtQItingRiBel Ry bRScUt @oTBasIRE [eAgheTyEfthenal seedi ng
techni ques for seeding_cells in artificial renal tubule devices (see

Backgr ound§atnendgnyse-f e FrsiduakselypRenfomsolvatspard aportianitbeon relates to
an ar ; 'n fe { ﬁ#ﬁgpﬁiﬁé‘%lyﬁ{ei?mé%e ferfdel BB foraftet e&tﬂﬁg, &Hd Ray BR4EAOvEH ber
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

| splutio_n form’ed of the solvent énd 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 so]ute rejection test may be performed, as can be understood.by
those skilled in the ért. Alternatively; the pore sizes may be measured from images
of the samples such as electronic sca'nning microscopic (SEM) images. Itisalso -
pbssible to determine the pore size by méésuring the cut-off molecular weight of
the permeates that can pass through the differ_ént Iaye‘rs.‘ In particular, the pore

sizes in the skin layer control the membrane permeability and the maximum particle
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fi ber nmenbrane has a nanoporous skin | ayer and a m croporous |unen | ayer.
The skin | ayer defines the ol der surface of the fiber nenbrane. The | unen

| ayer defwoesizdserohunen and the |unmen surface of the filper/Sceotoroanes The

fi ber menbrane may be formed according to the nethod described above, or
anot her nethod suitably nodified fromthe above nethod. [0085] As now can be

under St 90Gze i B AGUGRUR! hekibraiREhe SmbAEbis e, {1 bers shoul d

be soluble 1n a suitable solvent orm ng ase I nversion
f abri cat i oenmbraceae infoe skierlayerhey shoul d provi de sufficient nechani cal
strength to withstand the pressure and shear force the fibers may encounter

duri f the fi ' i nd N ' ' d h hi gh
i 9 MOl V=2, O, L d gt Brobbes OGRS Bbifiiesfd Pore PO
fi ber s nagiffetent nivde@ilanweights¢obparticesitesh maytbe fillereditheoagh thetfibler ci al or gans

for humans. [0086]1n anot her ‘enmbadi t, l.urality. of fiber ranes may
be provi d@&"{ﬁﬁa’ée-cféﬁ%’%%‘” 5’(5‘6%?359 @B@Fﬁﬁ?@ﬁra\?ﬁa %ﬂa'%edcﬁrﬂf‘gﬁg%e 200 has
a gener al menfrhh@ dlowdediedysubbtdncestd tArdighthe brdorstaes uRdssiregd two end
chanbers 204 connected to chanber 202 by fiber pounting sections 206. End
chanbers ?@lﬁt‘%ﬂ‘-‘@ss'éﬁﬁfﬂ ke exraeigd dhatithe Petestizes Wdhe Sb'ﬁdﬁiﬁé’@"?@'ﬂhwhﬁnunt i ng
sections d0&redFaH§e Of tubular fiber menbranes 208 are nmounted on nounting
sections 206 such”that end chanbers 204 are fluidly connected by the | unens
of fibers_ 208 passing through m ddl e chanber 202. Each end chanber_ 204

i ncl udes E7Phput / out puthegeere sizes, in ihrilumendpyectambrdeteppingd SromSEM

i nput / out R fttt?'el% E0887] Fi bers 208 include 'one or nore tubul ar fiber
merrbranes‘prﬁ!‘egscﬁrlI bed éﬁegve.g In one enbodi ment, all of the fibers 208 in

cartridge 200 may -be forned as described herein. [0088]Fluid flow control
devi ces (K971khown) mayinme exesnlayenmbpdiragnl efitee arrpenbimventior, @daverfafow

t hrough card L I ' oW : voi d

v oot 1 | aPReliay?h forrSe ol B dibn 1R oF e Koo e bR e
each of tthe reiccbporesindhe luraen layer tagilitaie attadementcud foymatimsef thei | | ed in the

o AT R SERAARY S8R AREn RASRERHnPchn Bl by iR 204
to form the hydrogel layer. Suitable hydrogels may be formed of fibrin, alginate,

laminin; or the like. In one embodiment, the hydrogel is formed of fibrin.

[0072] In a further exemplary embodiment of the present invention,
cells are attached to the lumen layer of the fiber membrane. Cells may be initially
attached to the hydrogel that is formed on the lumen Iayer. The cells may be

cultured and allowed to proliferate in the hydrogel and on the lumen surface.

[0073] In some embodiments, the hydrogel, such as when made of
fibrin, laminin or gelatin, may be biodegradable. Conveniently, the hydrogel when
degfaded can be removed either though the lumen or through the pores of the fiber
membrane, allowing the cells to directly at{ach to the Iun1en surfac‘e,'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 (NRPTEC). ' ‘ |

16



for fluid communication with one end of the lunmens of the fiber nmenbranes
208. Each port 112 provides .a conduit for fluid comunication with chanber
202. Therwoi2s1dasmioted transportati on of nass bet ween ch&EhSG2@0D0@S t he

| umens of fiber nmenbranes 208 through the pores of the fiber walls, as can
be understood by those skilled in the art [0091]In use, a fluid may fl ow

{1 ber s 20B98hd anot ner 79 (rdeRefor BaatPEinERARRThar e SblUERd bighite™re ©

Dependi ngsmtatﬂénﬁ)rmaamg:m drffeeepmlwbaﬂ'atemnatenaibIandcsmnabieriorscoaungm of the

fluids wth sufficient S ca h.the pore

wal 1 of PPBESMDR MR WilUved s bS8 soBr R deele TFRLPGIotrEr gor
conponent gerafi€atastic] polfmer,|dlagse BRiHe like. DiferensBrResIlinkert Intydbé Dsédfdrr | dge
200. [0092|]ﬁ‘ he use and operation of cartrl dge 200 will be readily

under st oofTEieNt hydrogekeqatipgsi ot exaraple, C‘?*B‘P"bqﬁ?ftﬁ%mabfé?ﬁtqﬁeéid‘écm can be
conveni ennﬁwaugm%fbh ﬁaeélr%régyrrm%%wrﬁa;Béegg@w&msg-ﬁnm Red with a
single fiber. ™[ 0093 ] en thHe pores on the inner surface o

menbr ane ﬁbrm bydzeaelt o enhance the adhesion of coated cell/hydr ogel / ECM ont o
the hollow fiber nenmbrane, the follow ng factors nmay need.to be considered
in the se on of th : ]-Deep and

| ar ge porgdbgt uct ures, eugg?{ﬁez@ggt egﬁé‘tﬁm%ﬁ@\h%iﬁ%@?w&ﬂ% aggm st

bi ndi ng bewitﬂ@@cmae-llolwueﬂrswdp@sg@ld aretheilumengutface okthirwtiew fiker i | | ust rat ed
in FIG 3 re e f Qr surface,

whi ch hav@ B*r@% a?n%s $?JI(&: ur‘téogntéﬁﬂﬁﬁ n%{t reocf ”?eq%&éé"&{}%g Iwzgt%enal ends of
the |ar gehyqrogdaaramﬂsmeled:téd stae céilebnerthavainltrodifbecﬁmtqtbe lofepoTae

structure_ma seful for coati.n nat e .h The hydrogel can
enot r at o PRFANEAHLS Bisrss? i 608 IRRGOUR 176 B oPHBRAT QaPELumES SRR L r at oq
in FIG 3@ fbﬂﬁmdyogah@tﬁﬂommwmémﬁdcbewhwm@g@éd EMtFRHLE indidie

hydr ogel branches penetrat ed into the smal pores can hold the coated
hydr ogel Qh%)gﬁdrngbh{rh? V@roﬂﬁlemPMP@@'Q‘U?ﬁe&ébr'[‘(ﬁugag\%eﬁh? REOSERESMg mat ri x

has a hi ghg %I&L‘PfﬂtdﬁlﬁndéorThetéFedmg'rﬁ}ﬂ/ @M'éﬁinolﬂaﬂb? (th\‘étk’?ane)} he hydrogel

| ayer is ty |caI thin after dehydration, typically difficult
for this W[SGK(bﬁpﬁwlﬁbgﬁélls pelyeman Ormélrtubdﬁgée|bdh8§CSThus for such a
coating matrix, a lumen surface with snmall orifices, as illustrated in FIG

3C may be[no%l??]"opr' ate. TiRd cakmideod B e MR Ha%ups%%eomfr@mcéﬁ ninis

used as the hydrogel. unen yer has
smal | er amvgnwnﬂmwarforpdy enmobilizedipeto the lumen surfagecef the hpllaw fiser amat hi nner

hydr ogel {hﬂ%’ﬁ% rgQ%(II QIR ¢ an?u S E f\fvftﬁa prdfaPl enRgal Iy, the

cel | s/ bacter icles encapsulated in a coa
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

hqllow fiber.

'[00728]5 ’ With some;modiﬁcation, which will be apparent to those skilled
in the art, the coating process may also be applied to hydrogel coating of multiple

fibers in a hollow fiber cartridge (see below).

[0079] _ Convenientiy, a layer of the hydrogel may be formed on the
lumen surface according to the prbcess 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 léyer formed on the lumen surface can be relatively thin, such asin -

the range of about 10 to abouf_ 60 um. In a particular embodiment, the hydrogel
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matri x should be larger than the surface pores so that they are prevented
fromentering into the pores and be trapped therein. O course, there are
except i onsot01dsi®1Igener al gui del i ne. For exanpl e, thi sPguisdebioneoddpes not
apply if it is intended that the cells/bacteria are to be imuobilized in
t he pores, such as in sone nenbrane bio-reactors. [0097] The nmechani cal

strength gf fi_ber e t h r.osit e fiber., en t he
o ver ot Biet (By baVE bR EBALL 26 b T RR R RhbmEh AR R T o

t hef fi berthm;glrbmemreh gwiﬁhledt l_ﬁmekagjefartglhug Eﬂcgﬂgrt@é sblute Emmgerbd_;t\heedvurrenh

surrace are al.so relatl vel I NCr eas . uni n t he ore sl zes on the
en sur I IS RrbSRSHAET i tne B crebe and e it paoug ek Srckmen: Tt R

appl i cat i 9188 podsibleab Him &8 Bhfllht ASrRIdyRY Bf thR6tIId iohftRE Rither® SliksdedRRé®r | @

types that are to be encapsul ated insi'de. Thus, the fiber nmenbranes

di scl osedthedveregehissdeaiaded owerdifebl e and may find applications in
different f i:elf:ds, such as-in the fields of artificial organs, nenbrane

bi or eact ofgpgppnd nmembr ageH r@%‘?&@éﬁssuse{ooé)sqgkgﬁ%ﬁ'%ﬁﬁi?&mly%éd Peselisct i onal
SEM i mages of " exenpl ary hol | ow fiber menbrane are shown 1n the figures,
such as Fit @Ry bergradpallyidegrader while the seed) cellaare rultured apd anglifergte @& can be
seen fro fdl Sj y‘&{% ' . [ npl e
fiber m%\%ﬁﬁ@%ﬂggﬁgéﬁorgﬁs Jﬁ‘?ﬂ tgg h&é@e&ﬂ‘éy#ﬁ%o;&gpbfryn}g_bﬁngtcgﬁsl,?l ayer
i n the tuthdnsicalhodisgradechaha pelectes.tinfdhby mimodscing a suitable substanee irtodhe
sufficiently smal.l to preyent .capillary bl pod, (proteins _and healt cells)
low ¢ hr oere R astpfod spURR AR srrid uereB dnsods e Dol elhe T uen
space. The average pore si'ze of the pores in the skin layer is less than
about 7 nf@08The | unmen |Rytter) withtherseedingusrocessddédeebed hereirf,|thereel)s sur f ace

f the tubul body. has | ' t hat itable t
Paci 11t ot Dok DRonLetenfi seletin BRI A8 SUHACK wh BRkw. F sEbRERHIE, ‘body has
| ar ge fi ngeformhaRelativly mekpansiay Bydicgel€ xiBsk 0ged®t sek the Bitire kimeh ayer and

the lunen surface. LOOlOO As these macrovoids can, significantly affect the
mechani cafU™$ eﬁkj‘ﬁﬁ

gftating seeding the ¢ells ovesibignting lumepRITASEBRoi ds may not

be desi r afhfively sHerEnerdR!df Gifle, 806h adth Stef Hisads el sewhere, to reduce or
limt formation of the macrovoids, a nunber -of neasures may be taken in the

manuf act uri ng process. {00101 As now can be appreciated, some nodifications
to the ent998fhent s deschhipegeding procsss ajsgdges not f;‘f%tfffcﬁz_f@@éﬁ?pl ary

enbodi meng,grfbibilembtEECM QARG Hrotesrd bed

[0083] R ~ Thus, in exemplary émbodimehts 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 ef_ﬁcient cell-

| seeding method. Conveniéntly, when a hydrogel precursor solution .carrying the
pellé flows through the fiber Iumén, the presSure in the solution is azimuthally
sleSténtiaIIy uniform and a thin hydrogel coating can be substantia!ly uniformly
distribUted on the entire exposed lumen surfécé of fhe hollow fiber. [f the cells are
initially well dispersed in the hydrogel precursor solution, they will also be uniformly
distributed in th'e coated hydrogel and on the lumen surfacej Such a seeding
v.process is conyenient’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 présent invention relates to an

“artificial renal proximal tubule which,v is formed of a tubular fiber membrane.- The
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herei n have tunabl e di nensi ons and can have a nechanical strength that is
suitable for use in artificial kidneys or artificial renal proxinal

t ubul es. Wheotiosergi ons of the fibers may be conveni ent PgT&ERUDIWUODY
controlling flow rates of the feed solutions during the fabrication
process. Kidney cells may cultured inside the |unmen, exenplary of an

enbodi mengpGf mélkﬁﬁré?{e@?a%né n'éﬁwlfgi%%éjgkin ﬁag%%gﬁhéjrn%g Jr&rkefugegngo &) 1y face of

the fiber s coarse and poro Sui't can véniently
att ached skintayerdefiees therdidercsurfacd of thanfiber ceérhibramay The lgmknlayed i n or on

the hydro . The hydro be bj odegr,adabl e so, t hat t he hydrogel
I s-bi odegggmec?,tp? MXW aﬁg@e{;@he& %ﬁ%?ﬁt‘_’?gﬁﬁ' o) "%ﬁ‘[HbWSI i%&nﬁ)teé on the [ unen
surface. Moid4nhd heayhes fotraed ABedrdiidrtb ake nthdd@eddribed abave,forainbtHent e ti ght

binding with a cqoated hydrogel |ayer. Kidney cells encapsulated in the
hydr ogel W&Eﬂr%%gtaﬁlmeg'g?g PPetN§30o%R MR- ber nmenmbrane when the hydrogel
i s degraded and gradually renmoved, and eventually a nonol ayer of epithelial

cells canym‘s]h on the iAsRbWidahee sntdrate6d, thE polaidricurateriar!Usedayer on the
| umen surface may exhibit the sanme polarization as in a natural kidney -

wi th the MAErBeihylaribernghaud beispbible inrbpuitgblinadsintier REfArCINGRr ed hol | ow
fibers mayhRe AgsRHRI BokddtbA préddds] F’Gﬁﬁerﬁﬁ‘%@tlsﬁogld,pﬁbﬁde%hgﬂc%@ be used for

reabsor bi ng useful substances iIn the glomerular filtrate back to.human
bl ood i n &negharicalistieopthl tolwithstanditbeipcessure\and shearfercedhedibesaneay 0/ 000405

00106] As t er: ' of, 1 i S d :
the ski n_ Par®hng Rbhfibl e ot 1853 Rind PleridedSotisa®ifadh e 302
i mrunopr ohigbtchemidab stability aed heatf statilitly lire theet naralal ase aonditiart. eBhe fibdrie bl ood,

i ne. ¢ hr SR spaepl B REBEH I e L A ARt G5 PAPEMST the 1 ber
menbrane can al so conveniently reduce protei.n adsorption by the fiber wall,
as conpar 086 t he convernothexlenibdadimentyvatpiuralitylof fibéayiembadneshaay baer
surface. provided in a cartridge 200, as iII}ustrated in FIG. 2. Cartridge'200 has a generally
cylindrical body that defines a middle chamber 202 énd_two end chambers 204
connected to chamber 202 by fiber mounting se&ions 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.

[0;0'8713 ‘ Fibers"2083include 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 Ieakage 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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[ 00108] The di nensions of the fibers for different applications may be

sel ected based on various factors and properties of the fiber, including

t he presswoeotyisproand flow rate in the tubul es, the respeonse20ifoooebss to
shear stress, nechanical strength, and the |ike. [00109] The hol | ow fi ber
menbr anes shoul d be nade to be able to withstand the pressure that will be

xpect od T8 nor i o EoR kalna® et bk 20 pfF RbATIRABGUEER Bhubu LS o

elasticit yorammbl toranemidatips evithrangsendeofahe durhdnsefithe fibdr inehibeands 208.

menbr ane. relJationship nma lzed to eI ec he suitab mat eri al
ona. d non Eegh Por A PAproraes Bty frdule SBimubialion wihshaTERTRAS T Theies

descri bed |§1Iﬁﬁ?éd‘tr§rﬁ§boﬂé'tlbﬁlaf ea%eheﬂﬁéere@warrﬂ%?%mddqﬁeﬂmheﬁ%f fferconpar ed
to henodi al ysi's fibers. be desirable in sone applications that the

r eabsor pt imankrapes 208 ﬂHQP@hﬁlﬁ prres ehthedier madlp eas ¢an be undersiesgiBbul in A, D,
E, G and | ar weight of no | ess than 150 kDa) from attacking
ki dney ceMoss\edaétk???h fﬁﬁl umen wall in the fiber. [00111]1t may al so be
desirable that in an artificial renal proximal tubule the renal tubule

cell's for9®donf| uent lfelll$e lecfliuig maytflowHromypneeeng ehamien28d to dhe ether | unen
surface of B'&ﬂfa{n'bQ?E fhe Ih?cneb of i ,Jséo%ysa? ?Hoﬁm@?ﬂunﬂrﬁ?és}/ﬁéwface has
gaps, bl 06d pro ns I'n € extra-capillary space surrounding the
fi ber may threagh middle chambeb202.] Depending ondine panelcglapapplrcatlhe, sradll | ayer
during reabsor tlon and th n | rabl e
Chat "tne FPERPRoWER off ot BN b BT Simpl Riscah pBt KEEYIT Ridhioh t ne
wal |'s. V\DpBE&th@Eﬁamu%ﬂﬂ%&Qm@/aae%% intoQAd Abrof ghe ethies Aidt iLargegrr ocess,
the outer surface of tag rg l? tlon fi ber woul déIace tg 3' od and the

i nner sur C9PROBENtE R eREH A regheinin e igseeciveflid ingarteidas 20 yer Si nce
the skin Iayer i s adj acent the outer surface, the large nolecules (for
exanpl e, géd8afi n) coul dTn@hseenetdpemlohrwcénb@gem bvmaurwlresa@uyd only be
carried avvaﬁ t he bl ood fl(g out i de th Ti ber 001131)Oonven| ently,
the denseln %"ﬁ\éi%’ (hosg siille w&%émp (FBFidees 200,683 PPed subst ances
in the bl %ﬁvédn&Wyﬂ&e@%%k&lﬁdé iﬁ%re%rsbdfﬂlj@' tﬁl-odgﬁﬁéi a%%méﬁrecﬁwh angle

m croporous | unen | ayer can enhance the attachnent of ECM and cel | s and

allow a chénuent cell layer to be formed thereon. [00114]1n contrast, with
a conventional henofiltration fiber nenbrane )
[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..

_[6094] 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 pores (whlte 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 rﬁay be
useful for coating ah alginate hydrogel. The hydrogel can penetrate into the
smaller pores through the Ia:rger pores, as illustrated in FIG. 3B (densely hate_hed
area). When the hydrogel contracts, the hydrogel branches penetrated into the
sma‘IIer pores can hold the coated hydroge‘l layer tightly‘to the lumen surface.

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

coatlng solutlon is dilute), the hydrogel layer is typically thin after dehydratlon and it
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that has |arge pores near the outer surface and small pores near the |unen
surface, large nolecules fromthe blood (e.g. al bum n and anti bodi es) can
enter thewDi2beyosvwmlll fromthe | arge pores on the outer ®daTiS&GeE0ANEHDe
trapped inside the small pores near the inner surface, resulting in
nmenbrane cl ogging and permeability |oss. [00115] Further, there is |less

trans- menfry ESRS
henodi al ggl 2& &:@E@Hﬁ&retnlrsg}a%l re n&%% ca st réarg ﬁ%p‘%goa reaf)sor ption
fi ber maysleh da coating matnix; &dameén sudadeswibhl saiaysarlﬁcés lasrillustra@tli6 [AFGbBCN has

been shown t%| rormte d| ferentllat on_of b 3Bal grmi m'fll t ubul e aells into
conf | uent "¢ ﬁ?ﬁqﬂ;%r 8f S)ﬁﬂ“? fie '\'%W@K SUP? 52 WHER 'FPINESHUFEEER on the
| umen sur fheceydréyelf ABriliustratedain FIGE3PeWAEN theairin 1ayer tids smatlidpandsed to

cover the entire lunen surface at a relatively | ow cost 0117] The
e a1 SIS PPIRT TS Sa b Rated IS HEr S Hhnber IvRHRS! BT A RED: ane

cl 0ggi Ng kel BATtAY furkiéh LaM@dd | x attachment on the |unminal surface.
[ 00118] Exenpl ary enbodi nents. of the present i nvention are further

illustrated with the follow ng exanples, which are not intended to be
limting. [0086) 2012/ 057@@W?"B@@EGVWW/P@@@E]W@@["DBPQG]"B(arrpI e

I A PrepapaihOdhdiid 5&HEG&r thah i sdriRe pdtBERS #tt Shey are prevented from
entering into the pores and be trgpped therein. Of course, there are exceptions to
this general guideline. For example, this guideline does not apply if it is intended
that the cells/bacteria are to be immobilized in the pores, such as in éome

membrane bio-reactors.

[0097] | The mechanical strength of the fiber is dependent on the
porosity of the fiber. When the size of the hollow ﬁb.er is increased, sufficient
mechanical strength of the fiber may be maihtained 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 hereiﬁ are easily adaptable and may find applications in different fields,
such as in the fi elds of artifi C|al organs, membrane bioreactors, and membrane

blosensors

[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 explaine’d in the Examplés. As can be seen from these figures, s'uch asin
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 capil|éry blood (proteins and healfhy
cells) flow through the skin layer into the tubular body and thefeafter the lumen
space. The average pore size of the pores in the skin layer is less than about 7

nm. The lumen Iayef'is microporous, and the inner (lumen) surface of the tubular
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with oil [00121] Pol yet hersul fone (PES, average nol ecul ar weight (MN = 51
kDa, BASF) and pol yvi nyl pyrrolidone (PVP, average MN = 25 kDa, MerckTM

wer e sl owyp 2athgdzoio N-net hyl - 2-pyrrol i done (NVP) in a gcasg200ibéses The
concentrations of PES, PVP, and NW for different sanples are listed in
Table I. The m xture was stirred until a honbgeneous solution (referred to

as the dope,spl ution) obt ai ped. The ol.utipn, Was used to in an
ext r usi onopbRetlergd nelf RpBitht M ars i B BR) B rdB8EI Gescr | bed
bel ow. Tabitachmerfomsasainsbeosedn) five fablikar body hué ¥rgé angdd-sHapedoidsi ber Sanpl es
| e PES PVP MP S1,.18 8 74 S2 18
Sanpl e (Smacrovéids extending between the skin layer and the lumen surface.
[00100] As these magrovoids 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] . Exerhplary 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 preximal tubules. 'The.
dimensions of the fibers may b'e:conveniently adestéd' by cbntrolling flow rates of
the feed solutions during the fabrication process. _Ki'dney cells may cultured inside

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

[00103] As the in'nef (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 aftach to and

proliferate on the lumen surface.

[00104] ' The porous inner surface of the fiber éan 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 thé
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 cartridge§
(see e.g. Fig. 2), and be used for reabsorbing useful substances in the glomerular

filtrate back to human blood in a ;biovartiﬁcial kidney device.
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10 72 S3 16 10 74 S4 20 8 72 [00122] A core solution was prepared using a
bi oconpatible oil, FC3283 (3MI'm. FC3283 oil is inmscible with water and
NMP, and weor/idernsity of 1820 kg/ nB and a viscosity of PCTAGe0/00645 cor e
solution was used in the extrusion process to occupy the |lunen space, as
further described bel ow [00123] The extrusion procedure was as descri bed

above and[dol1bgjst rated ag the outer (exterior) surface of the fiber is smooth and dense,
the skin layer at the outer surface of the fiber conveniently provides
immunoprbtection for the célls from the attack of antibodies in the blood, and
'prevents serum albumin and other Iarge molecules from leaking lnto the urine

through any gaps in the cell Iayer

[00107] o The structure of the fiber membrane can also cbnveniently
‘reduce protein adsqrptidn 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 hollow fiber membranes should be made to be able to
withstand the pressure that will be applied during normal use of the fiber ih the
desired application. It is expected that there is a linear relationship between the
Young’s modulus of elasticity and the collapse pressure 6fa thin-walled hollow fiber
membrane. This relationship may be utilized to select the éuitablé material and

dimension of the fiber for a given applicatioh.

[00110] The fibers described herein are sUitabIe for use as reabsorption
ﬁbers,:as compared to hemodiélysis 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 Ie_S's 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 tubule 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, bloqd cells and proteins.in the extra-capillary _spabe surrounding the fiber may
leak info the fiber Iurhen through the gaps in the cell layer during reabsorption, and
appear in the urine. Thus it may be deswable that the fiber walls block transport of

serum albumln (60 kDa) through the walls
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in FIGS. 1A, 1B, and 1C. The dope and core solutions as prepared above were
punped into the extruder at flowrates of 0.08 and 0.05 m /m n,

respect i Webyo12fise7oieed sol uti ons were injected into thePEXISGAE®000405f or m a
coaxial lamnar flow, with the core solution as the central (inner) |ayer
of the flow and the dope solution as the peripheral (outer) layer. WO

2012/ 0577 (34 SG2010/ 008 X e I rsed
in a coagﬂfdjt | gn bat h c@?rab%s%b%&g%' 8@ %Sgﬂn mk/ﬁq{tenrté\kgf Sétof tﬁ%eaggé? gg(;)r,;nr]e

t enper at ufieer Widndd faﬂeethelbebqo&famf thehiendresurfaee of tlmmeebsdrpnmfbeﬂquulctmqeos ed of
t he dope I on S S I fied.n the ofo bul ar fiber body.
The core Eﬁ‘iﬁﬁl I@ff’? ﬁ%ﬁentg&s I Igye |5|agja§8n{)tﬁ§tou ercsé’f'%c?'ﬂﬂﬁiqf? €was formed in
t he tubul aiolddulr (forléXaAphd, AMBIrhinfebua NBEPésethite thefiskrvenisdrnsoutd ohlhe fi ber
(inner and outer dianeters and layer thickness) were controlled by

control | i R§ caRied\ayayRy W&th"ép%ﬂo"t"ﬁg ouieetheditesr e and dope sol utions, such
as by adjustinhg their respective injection flow rates. [00126] The resul ting

hol | ow flpmg q3pere gui d@dmlfasmérmly!l fleSdendB dnARBPoFoMPsKRY lafef 8an BreveRn Wheel at

a speed o 3 mmn. Next, the'fibers were immersed in_deionized (Dl)
wat er f or eairy phundesyad gubstanees indhe blooddiowingeutsidgdhe artifisial esnal t i were

cut into | DI water
o remove hensorduf R R e FOR shchled the iatniIoR EBM Bha L8R 1 e
freeze- draediatbavdamaﬂwt@elliaa@rlb;/bsmvme[dGDQ@hAnot her set of sanples was
imersed in a 35 wt % gl ycerol aqueous solution for 1 day before drying at

70 C Lor fbatiay These Tl ernuniet GuhhERrSAETR dmiuauA Tbed gDy testing

solute-re n properties 'S se was next rinsed
ext ensi vethat has tirgeiporEsanead thet odiEOst@de@ranmsmalhpér@s ﬂe;adﬂtegemeooat i ng and

cel | cul t%'&r?ace[ %(r’g Zﬁ'lopscu?e% f%(r% 'rt#éj Blro%d% gd'af(bu i g%d (zja'n{mond'S esC} can e%?émhg hol | ow

fibers
fiber wall from the large pores on the outer surface and be trapped inside the small

'pores near the inner surface, resultmg in membrane clogging and permeab|llty 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
pfdxir’rial 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

illustrated with the following examples, which are not intended to be limiting.
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with three different dinmensions were fabricated. Specifically, one group of
sanple fibers had an outer dianeter of about 1550 pm | unen di aneter of
about 10580pm2/m@nmiwal | thi ckness of about 250 pm anot RET/SGraWPIGH0S sanpl e
fi bers had an outer dianeter of about 780 pm |unmen dianeter of about 490
pm and wall thickness of about 145 pm and a further group of sanple

fi bers ha uter di about 330 pm |lunen dianeter of about 240
pm and \/\Qoqu?ﬁl cknessalg?AaP(I)'u 45 pm [00130] Further tests described bel ow
were performed on the sanple, fibers with the outer dianeter of about 780
pm WO 2[90120F7701PCT/ Saronle/IA0 G4emarptia afigamats hollgw fiber mé@baankesiD show
scanni ng @%Elron m croscopi ¢ (SEM images of a sanple tubular fiber

menbr ane % “I'n Table. 1). As can be seen, the sanple hollow fiber had a

uni formwal I thi ckness. Finger-like nacrovoids were present in the fiber
bet ween t[0912#] n | ayer Roigethbesulfone (PESyareragdhimolecelar svedght (Y8Wes ail | y

radially. gh st voj ds eared ﬂﬁ?ﬁthelu _Sigface, but,.were not
open to tlﬁ%a’%%ﬁqg P&LWM@@@"%% Heavgﬂ?%erﬁgﬁr_ ?%Eléﬁ?.‘j\ﬂerg I)I er pores,
\[M;)E) 2325 zgmtvaélgwyaéwwb t&@d-ﬁi&hyT—lg@)&&dllligoﬂl@WF\)\ﬂﬁa gtatssfbs)mng?d ihke. |

can be observ rom , the lumen surface o anpl e
fiber mscwngﬁmsrefr%ﬁi% é\ﬁé’r@‘{/\ﬁw ford er%[}téé"}?dﬁse%’?al\ﬁeﬂ‘n‘”ﬂl&biezi zes up
to 0.5 pnThdhfRErd WasSti&d @stil aidBegehebls 88nbRErefdrritflo £20he\§ppBet work in
the | unen I&a/er. [ 00133] I n_conparison, the outer surface appeared rather

dense (setolpian) was)obtainedadhe slgpe spltien wasdiredde i an extryzier pragess tor esent
in the skin | 8 i 1 ification, which are not

shown) . [%@Téﬁ%%belﬁ%ﬁg}E?@%?o@ﬁ?%ﬁ%gﬁggpga%e skin layer limted the

maxi mum si ze (or maxi mum MY . of solutes that could pass through the

menbr ane from TAbleduContants off DepmSelution (W) fou Piftasent Hiberi3spaies f or mati on

of finger-1like macrovoids- coul d be undesirable in

| Sample PES - PVP . NMP
S1 18 - 8 T4
S2 18 10 ' 72
S3 16 _ 10 ' 74
S4 . 20 - 8 72
. [601221 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 illustrated
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'rﬁ|’/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 fhe .ﬂow and the dope sdlution as the

peripheral (outer) layer.
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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-bida7mer ous structure coul d be obtai ned by ipagrseasiongosst her

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

| uti 8 24 %, VOl ' Lgni fi tl
educed, [P sased offs kit Bk adiip et RinSRELH  SaglBRaR bl 3 Y
macr ovoi debmpesdd dfet0 wal? NMPoihtveatereH,By at todrh eemperatierasiThg dube 1&FS of

concentration in the dope sol ution. 012/ 057701PCT/ SG2010/ 000405
60358] Thinedamitas oySHEStaRTasY erRTHosed o i donrsakiion was PAdBes MRy ¢ or
reabsor pt bgih t8féhni tubiisr fder BolY.f TRé 8bre lddorPiemding ad Hifuleso thdvg to their
pore size distribution, [00139] The tested sanple fiber was found to have a
Young' s nBegl(lnesy) wasdaemed in thpdubylai fbesxpect ed, t hat such a fiber woul d
have sufficient nmechanical Strength for reabsorption applications.

[ 00140] W tgpags] bei ng | i Sink# ddjultrReMa ol tHeldiflenbiRRR0Y theib?PABr Ay the above
expectation is that it has been reported in the literature a small osnotic

pressure @Uter dieaptergiangrlaygidhickness) serercanydigdipoconirelling dag delemedage onot e

| arge i so I G i ' i : : o the very
hi gh di ffﬁg@%éﬁﬁ/éttbgrcgbéeﬁ@egg‘?‘f %?'99%45‘??'%“ raéﬁg|daﬁjr‘°‘3§‘<¢%"e'ieﬁg§?8’%ce| ls. As a
resul t, timgegiordlewrreteson the tube side and the shell side in a reported
renal tubule assist devices were 5-10 mmHg and 10-25 mmHg, respectively.
Thus, the ure diff f sarpti RN fi.ber. be much
| ess than[o:bhgﬁfi n a typ‘ﬁie:{b(\sﬁ ltﬁérhg)ﬁ ?vg?]ﬁlﬂg Ts[)‘ggl% %@%‘%8’(5‘;“{35%"‘8% yﬁgbout 100
mHg. Theupbyaeollettnelode @it aslpest o€ O h/miagbiext the fibers wead somptsedrinf | ber
Is likely; signifigantl ess, t ina filtration fiber.. It ha en
eport ed faafiope (58 Natdr pEIEANr A 6 ket e¥Roal Penisioat THED e
was adequatee cutlntd seghensadoid eeditdadength esiciushied wixpaarficient DI wateeto
sufficient nmechanical strength_for reabsorption applications.

[00141] ExERAVE t B.F‘%%ﬁ’%loé' IR the fibgrilyRen; ber nenbrane (Conparison)

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

aquebus solution for 1 day before dryihg 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 extensiVer, and autoclaved at 120 °C for 30 min for hydrogel

coating and cell culture.

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

330 ym, lumen diameter of_abouf 240 pm, and wall thickness of about 4‘5 Mm.

[00130] Further tests described below were performed on the sample
fibers with the outer diameter of about 780 um. |
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[ 00142] For conparison purposes, sanple filtration fibers were fabricated
usi ng a conventional dry-wet-spinning process, with the sane extruder as
used i n Bxarpi2estA1 The dope sol ution and t he coagul at i ®ATIS&Ré10eI465
prepared and the extrusion procedure was perfornmed simlarly as descri bed
in Exanple A, wth the changes noted below In particular, the dope

sol ution Y 8}fh‘é"t Oe/‘;(?]; u@'é%.% ,4%0 4&%0010 %\P{Fw%mﬁrﬁ; %Tmroﬂ%ﬁro%%ﬂi#i on was

injected I'n er at 'a flowrate o n Was use he core
sol uti on (M) ionages affa skdnple tWbutdr fiePmembraneS2 anTabled).i Ag eah bd i nt o t he

extruder at a;flow rate of 0.3 m/mn The extruder exit s _placed 10 nm
Shove t heSs s SRR (I8 Bie” BA A Uriord A ks Fidger-HE TuBkdudfs now Sew
i mges of warecorggarit if @he fibériedveentHd $kat layerbndithe (omen Iagstowdichg to the
above procedure, WO 2012,3&57701PCT/ S&2010/ 0004%? 00144] As conpared to the
sanpl e fi BEFRIeq,0enelall @djally. The largrpl ids Brpeared neanihsemes sHHace,

di f f er ent ppQh&reSiot BpEN EStHRNIMBAT T he! sk [AY St hddp#hé Biter SHFAR! hadshalier
finger-1ike nmacrovol ds were present between the |unen and outer surfaces of

t he fi berBOrgs, WiAigee beBW ahaut 10anyelhe skindayrrayas thus sperge-tia.f ace, and the
smal | branches pointed to the lunen surface (see FIG 5B). Mre

| mor tant fggqgbie | UTen AYESRGE MESLE TETPPROE, (O Rime BRI ind ad

nanonet er - si zed pores), Kin yer arge, mcroneter-sized
pores. [ ovadBipibenpile not smpethpandthese were szanyllardeqidresy Vithopoerersizeisrumes wit h

b cpar o S BPHnTfRes Bhd GREt K fibd S iRl bRl FRRRR T T

sol uti on heendayerxt ure of water and NVP. [00147] An advant age of using
H20/ NMP m xture of the core solution is that after the fiber nenbrane was

v ough (S8R5 ane. pofeeiensin ARE KSR Rhimde BEPRHEE cuEboe (S8R, o

i s used aEIG.[#®)c drweasfountitieat, nanbmetertsized pdres were presest inl thelskith laydér Wi t h

water after the fibe%r menbr ane hfad .been fornmed as oill was inmscible with
wat er or (4B images of very high magni lcatlon,whlph are rzéts own).

[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 |

SigniﬁCan_tIy 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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[ 00148] Anot her advant age of using H20/NMP m xture as the core solution is
that the pore sizes on the inner surface of the fiber nenbrane can be
conveni erwbyotnsgmwiby varying the volunme fraction of NVPCIT/$GRom®/00@HE
solution. [00149] Test sanples were formed with various NVP concentrations
in the core solutions. The NMP concentration was varied from about 60 v%to

90 V% THRoTEES O | NOPRPLEnORIBERIR BRI A BREBaidAA % BE sttt Der

menbranes 1 ncreased with i1 ncreasing concefntration o resentative
SEM i magefor odatisbheptwargniddofl useas adificiat temahpioxinkal @hulésy, dugBp tb€r pared 6D, with
the NVMP cgncentration in the core solution being 90 v% (FIG 6A), 80 v%
(FIG 65)?'2‘%3'%[&%“:“&1‘6 6C), - and 60 v% (FIG 6D). The coagul ati on bath had
10% of NWP/ water for the sanples shown in FIGS. 6A, 6B, 6C, and 6D. At

[ NVF' ] =90[00%89] he por e Tipetestegissangple fihbowas fiduingrto ihaveiaaYimingy's matulubVP] =60

v% the po openi re abopt, 0.1 pmip dia r. . .

S0/ 057 SR S DR OB bepectiu el miha B nTa Baie aiiicient mephanisal 1 are
shown i n &tdagth fohreadbBorption cdtidonswi th the NMP concentration in the core
solution being 90 v%o (FIG 7A), 80 v% (FIG 7B), 70 v% (FIG 7C), and 60 v%

(FIG 7D coagul atjion bath had 50% of NMP/wdter for the_s | es of
FIGS. 7A ["Pg{gbc, and !"q‘flé HRitg oA P?’F'PU/%F &Y 3fe8eeh Eﬂﬁaﬂﬂn%sts

[ 00152] A gridvierdxp@6tation isihat fead bebh Peioredfin IHLIit8rathre 4 sidl Bsi@icused to
test for solute rejection properties.- It was thoroughly flushed with D

. L1 C Y
wat er to Pregee diftereatipd of hyg tocthige m&sHYkO Ha@ wassadequaie i premate 1ajaet i r r ed
agueous sg@ } : f : ; | } 19 g/ L of
urea and |8{)%%9ﬁ’%‘1}ﬁﬁ_8(‘§?ﬂ§§6ejrgﬁ rﬁ?ﬁgﬁﬁg@%gjebéﬂdgﬂgﬁg%%géﬁ tﬁ\/\#l cﬁu\%gg punped
i nt o the water pedgeahbility af {hegeaal praxinal Whaleclist iAma fésultethet pressuges bhe

el T Pl RB308 (AL T A s Rl ol R e ioRd wklies M o7 2"
L i :c trate Zvaﬂ-]!gsammhwﬁ ramétg, gespfebtbvely.aﬂeué’,/eﬂe%aﬁes'sum differetice Blrdss tive eg s % eSG

ter the. ‘ . s (40PC015
R Y e S
wer e anal ﬁyFi@dII)bé(b@t@Ob&ﬁmW. G hktéfod) hey ARcharmiesigrengid fegairé@ia -

[00153] Tabl e Il shows representative results of solute rejection tests of
sanpl e hdlerBoerption filkerris fkely sigpHicantly less Hian .'B@p@trém&qrt il t(%eé'e Table I|).

The feed \asrad 2 GUBraMOHib&Na YourbRURbAUIDoftdbdllt 4bo MPBEFaE0- 19 9/ L) and
creatinine (0.007 g/L). The solute rejection tests were conducted at a

t r ans- mengsteanateyr Bsuthe sanwlp fiserstegted qre @speactaditg havaauffieiesbl ut es,

al bum n, o At ni - Jn.the tests which were-four hours
in dur ati@%%H%gq?gg&@;fépg%gs%ﬁéf?H?Iﬁ%tl% [3 Da) were used as
representative small nolecules. The sieving coefficient was defined as the
rati o of 98141k concent@mpie IB.nSanwld filfratien Eberanembrane{Gomparised) Qb and
& were the flowrates of the feed and filtrate, respectively. Table II.

Si eve Cogpphgrent ~ For comparison purposes, sample filtration fibers were
fabricated using a conventional dry-wet-spinning process, with the same extruder
as used in Exémple IA. The dope solution and the coagulatibn bath were prepared
and the extrusion procedure was performed similarly as described in Examblé 1A,
with the changes noted below. In particular, the dope solution had 18 wt% of PES -
and 10 wt% 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 wafer, 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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Sample @ (M /mn) & (mM/mn) ALB Uea Creatinine Si 12.0 0.40 0.0250. 004
0. 9100. 007 0.9710. 041
WO 2012/057701 PCT/SG2010/000405

[00144] _ As compared to the sample fibers in Example IA, the sample
ﬁbers of Example IB had a differént pore structure and pore size distribution. In
particu'lar, ﬁﬁger-like macrovoids were present between the lumen and outer
siJrfaces of the ﬁberg of_ExémpIe IB, with larger voids near the outer surface, and
the small branches pointed to the lumen surface (see FIG. 5B). More importantly,
the qunen surface was very smooth (the iumen layer had nanometer-sized pores),

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

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

water/NMP mixture as core solution

[00146] ‘ Sample fiber membranes were prep.ared according to the
prociéd_ure of Example I, except {hat the core solution was a mixture of water and
NMP. | | |

[00147] ,  An advantage of using HZO/NMP r;r-1ixture of the core solution is
that after the fiber membrane was forfned, the core solution may be conveniently
removed from the lumen throﬁgh 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 H,O/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. Th_é 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
fhe sample ﬁbers are shown in FIGS. 6A, 6B, 6C, and 6D, with the NMP
concentration in the core solution beivn\g 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
openihgs were about 10 ym in diameter. At [NMP]=60 v%, the pore openings were

about 0.1 pm.in diameter.
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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 $4 20.0
WO 2012/057701 PCT/SG2010/000405

[00150] . Further representative test results are shown in FIGS. 7A, 7B,
7C, jar,_ufd 7D, with the NMP concentration in the core solution being 90.v% (FIG. 7A),
80 vv%:v(FlG. 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

[001521 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 te
remove residual glycerol before the test. A continuously stirred aqueous solution
composed of 9.14 g/L of blood serum albumin, 0.19 glL of urea and 0.007 g/L of
creatinine was used as the feed which was pumped into the cartrldge at a preset
rate ‘The solution flowed through the extra-capillary space of the cartrldge during
which part of the water and small molecules passed through the membrane to 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 cohcentra;ions,of both the feed and the
filtrate were analyzed by a Cobas™ C 111 Analyéer (Roehe, Switzerland).

[00153] Table Il shows rebresentative results of solute rejection tests of
semple hollow fibers fabricated at various dope eompositjons (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 to that in

the feed. Qp and in were the flow rates of the feed and filtrate, respectively.
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0.29 0.0040.002 0.8990. 003 0.9950. 030
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only 0.4% of that

in the feed,

or

NIVP,

[ 00154] The test
PVP concentration in the dope solution
resul ted wo 20ed§¢®d si evi ng coefficient of al bum n.

bl ocked the crossing of al bumin through the fiber wall.

si eving coef figif

ﬁtllS Sidve (%6%

results sho

In contras

wn t hat

W t IrCa/Sdopw/os@iosit i on of
the al bum n concentration was reduced to
indicating that the fiber effectively

t, the

igmd creatinine were high in all of the fibers

tested, show_ng s offered a high perneability for snmall

mol ecul es. ]t the <>an@bTI\/P an@f membr ane surfpce area, a higher PES or PVP
concentr at i pBample hgmﬁr\%ﬁs },Itl n col&sponfed Weaa | owelrehtihiheat|e fl ow
rate. [0015p]-Exanpl fi Hg tr| dge [00[56] Si x sanpl e cartridges, as
schemat i-cal lust ry r epaned 1] npl e
cartridge contgjiI ?(? )ers ?84 : ;a'bq}(ﬂ 8'@&%0'3&? rgg?g‘goi t hree of
the six cartrl 44 Ul ] bIFosaAi |1 ary
space) via gg rous 4Iéum?n surfa,e oél?adc(%e b§§§+o§b‘? a(s ggcon et of
Space) ‘“vi“? | ﬁiéérk: IR | @8%; [ G048, LASpTAp L 8?‘%#?8?@“ by 2%
g/L of al bumn_soluyti md | i f e
nenbrane extendtve 'y.Z%R?I th% e51 ?Q@@@ Dgndﬁggggéhﬁé q'y/%g]‘o(?g%d fgsi for 1
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ges was siml ,
sol uti on Wb ar@pe $q|lllttquf|2§)rwt°/ai°£§ g 8 Mﬁ%dﬁ\l@c!h NMP Bbe albsimis,

3 H g Ral A Hld e
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i rrever si gHowvisd re@thdfisdrs bﬁerewbugarp%rmaﬁh@um smblehomstildserAtithem t he | umren

| ayer.

same TMP and membrane surface area, a higher PES or PVP concentration in the

dope solution corresponded to:a lower filtrate flow réte.

[00155]

' [00156]

were prepared, where each sample cartridge contained 10 fibers (S4 in Table I).

Example IV. Fiber Cartridge

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

[00

skin layer.

157]

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

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

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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[ 00158] Anot her sanpl e cartridge containing 35 fibers was al so prepared, and
used to neasure protein uptake on the different sides of the fiber

menbr ane, waf2bevosfioiit eri ng a 25 g/ L al bum n sol uti on for PORSGaG9r0a4as ough
the cartridge. The anount of al bumin taken up by the fibei nmenbrane was

| ess than 1% when the feed was fed by contacting the skin Iayer and as

high as 9 %@p ﬁf?ﬁ% NQ <t u t case,
t he al bum S/BI Vr\r’égggqt r?ﬁ'jlraa&sostrq'%\édgk{eﬁ%(r)rrll%{ﬁenqggese\}rv&seu ace of the
fi ber, whwbén ms\uiterenbs ﬁrsstadermdlewthhetherfnMnasrfemg‘otrhtdaeeskamdenosol uti on.

After the,al/b S|te outer surfac t he
F11 e at o QR Bidr AT bEfcaREL bef o et o 85 BntR Forgh P R BY ol Do n
Snt er ed :j oémgig@e vsfasbﬂrmf nla\lju?IWhen &hd@lbhdnb@ol?r%cfrf waglféd, tfuragubusbte@wmfet he
eposite umn to u recove he ne r nea

[08159] Exf?HP% {pr et get ﬁgg‘f i85@pC "éh‘%ﬁﬂaf? frﬁvﬁﬁ?\ed\émeaﬁwﬁ(ﬂaﬁé@ﬂ@e| I's

[ 00160] Saéﬂlﬂlﬁ‘om%é?é’térﬁéé?&étﬁseﬁ%y%éﬂﬁéﬁé élBg&PigmN‘tSr e M@ﬁﬁraﬂé@‘w&e' n
sterilized 200 mM Cad 2 solution for 24 hours. The sanple fibers were then

dried i n @feosively ushesl, the erigigaltftiation r@tﬁ)wam%rpreéwdmlatwaw wese® salt
was deposj é?ﬁ’frB t‘ﬁ%t%gdlgp%r‘m%sfmgf |o§yrnf (g]é QSFvEg uﬂﬂe‘i’. pn the
er um a

smal | pore ep arat I na

di ssol vedwater Mstfed:egals fromal tfe Iemdﬁatgdi@ ®erted1reuar$|m®wgq|@g uttb\se

concentra = 1000 erecont L NUOUS stlrrlngtoforma25wt%
sol ution. 'I'I‘Fﬁ"e’rgrb‘? ¥P@%t&% ﬁerff%Pll @gberhlgye]g a 0.4-pmfilter.

Madi n- Dar by cani ne ki dney (MDCK). epithelial cells were dispersed uniformy
in the sof@0d&8hl gi nat e /&ujthlen sampie cafifdgetordaiming Ihfbers mtasratsovas i nj ect ed

througha needl e into t he w T e Cad 2
con od orPreRar fad ik 1o Fenbehiplei UFgltR an dt% BB sifRE e R i ace s
cross-1i nﬂnedwblraﬁeq a&er/ﬁltenntgm 25 gllgalibainth Suldticrofer ohayweur thrywdtcike t hi ckness
about 30 n which s were uniformy inmobilized. The coating

time ran r\erS qjé‘et%“%””éo ABYEHR 3G P e éF‘e(”PPr@Rﬁé@ %“‘e%ﬁhlaﬁd The

unbounded pydi&oek fé‘@éwfahlféd‘S? cemfacm%thlaeskid lagér, Whil isHigH hé bZERheh
[ 00161] Exarrpl e V. cul ture and aracterization [‘M—' 162] The ceI I - coat ed

fibers i neeba{rﬁﬂnéaovnwél?elqmﬁ?ewréﬁcer yn fraclosmeeensen tovel @upiﬂrr@ﬁé@ttew with

10% f et al ( )s @fﬁ(} I
(g : BCO) , ﬂp% ﬁ%ﬁ%n&er a hum dlt} r;\{fh rr'ggtﬁ ae'lr“gho'? g@bégg\éfa%%?\ C.
After 5 tﬁite‘rlngaly@atbﬂmmsoluhen Aftelii thematbhumiatdepasitechonl e outet igfavelwasul t ur e

medi um atg aI i nate
mvar oger TR RayE RSP HREo D Aol b ARBle RPN 1R\ 2 ¢

char act eralbenhraérﬁtered]:dtodags‘.‘bef wallllit woeld bEndifficule tefldshr away theadbplositetdo

gl utaral ulture d|u and t hen grled in ethanolic solution with
i ncreasi n% {Qﬁf’ AT r@@e PRTOSARINY; 9509 100% and 1009 for 60
m n each. The sanpl es were next dried in an Autosandri 825 critical .point
dryer bef[@0¢58EM st udi eBxanmipie WirCeatingaiber esthwaigiratelHydedgehandkigiheyof about
45 fromthe fiber axis, such that part of the inner surface was exposed for
SEM char &&8r i zat i on. [00163] El ectron m croscopy i mages of the inner
surface of the sanple PES reabsorption fibers reveal ed that a confl uent
RPTECE:Mrmr{obaae]r was forsm?plgmollbwrburmﬂs pﬁepfaeeman ESemd?émwb&és%aquﬁ shows
an i my sapple_ fi ber ere the was coated with a
conf | uentSt Fj@@r Wé%cﬁhsﬁ@l@%l OrZs haursy g.EE ﬁ%%‘ﬁé”eé?tt digd i al cel
seedi ng. jflda ovEhBit HBOESFoRB h%EM i UB&?wléierté%Paﬂa%ﬁ’VCéd:Iz saft V\FaféQjépBgﬁéH surface
of the epithelial celtls cept for artif .g. . voids left by cell

det achmer®n b‘hthﬂW@e@@ﬁﬁloé't%frs@ﬁgﬁ% pbiheibges a8y ln theesroall p@eew@rreth\et he entire
i nner sur f I ol ari zati on
W th rranyﬁ%qgvsagl §é§%54§§| ?ng&c"flﬂgw ¢ P%%%fﬁg%&é@bqgmbp&ﬁﬁ{ogg%gg mcrovilli
pr esent cEaagIeI ssnghuml(DMEM)/(glmunsemecerhteat@nr# He0 mlgérﬂ.)(urhdeed:drmnumm ch woul d
be hel pfu for reabsor pi ef ubsta ces fromth trate nth
Caren) | oSiSs i BRR AR 8 MR TdN o TR SO BRGE et P S IzeH W 0UMe '« he
hol | ow f Iﬁlt‘éﬁ' M‘JdlrﬁDél‘bWtdnhne MEh&y (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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observed on the cells fromthe side of the cell in contact with the fiber
wal |, which confirned that the cell Polarization is suitable for

r eabsor ptworroemsiiocat i on. [ 00164] Exanpl e VII1. Coati ng meabissaelogoedace with
hydr ogel and seeding cells [00165] Mad i n- Darby cani ne ki dney (MDCK)
epithelial cells were seeded on the inner (lunen) surface of a sanple

PES/ PVP hﬂééo‘i&"uftl}?r% wﬁﬁ@éﬁﬁ&gowm st LI HRE C%‘dfl;a@&a‘?eé":)n?hé’%éfrsu' fone

(PS) (Fresennr.us er rane (tor co ' SON pur poses)
t hrough awbydhegedlunﬁblgmam Beavctbe hﬂhmsmhcaswaﬁeraseﬂlhkemmtqan@rmmm ogel and

| hl ori d d th 66] Sodi i d
Ch o powdBoals fydBEetlFEd Poica Michessabodr i) RABRWAES HISFCD 8 e op
whil e cal amwﬁmwlmomzéd:aﬂe%bam@ tlﬂb&éﬁ?éﬂ?ﬂomm fd5 wadafenatngaon the

|

concent rat i ons_ of 100 Solution sterilization_ was achi eved
aut oc| avelayer thickness 6?5'@(9’ mi 11 unhoupeed Aydioag! was Aussdower (e ftﬁﬁé""‘eﬁ‘l gi nat e

sol ution y@gifdd diered using a 0.4-pmpore-size filter to renove yellow
precipitates formed over tinme. [00167] Both the PES and PS hol | ow fi ber
menbranes_were cut into_suitable |engths, sterilized by autoclave, and

dried in 9#6Thood. [oo&wn'ﬁé/hﬁﬁléﬁuweﬁaeéharaqwam hol | ow fi ber

menbr ane and outer surface of the PS hollow fiber nenbrane were conpletely

wetted wifdo1shp cal ci UnTH%‘b&fdee&ﬂﬂ)él’%hﬁExaﬂ_\B% vwréhmm.dwyl ow fi ber

nmenbr anes were soaked in the cal ciumchlori sol uti on over ni and t hen

taken out Prgservedie PMEMsupalemantes with 18% f@taldaoyinﬁgserwal(EBéiM@%QQ) de was
deposi tedar?dﬂ%hgnt@?dttﬁ ﬂ] ég%@?éb{ ah8ulGeh g@Fmbﬂ”ﬁ&“f ed 00169] A

sel ected anpbunt o I'nic acl ol utron was i nject ed into
and f | ushatthaspheregdf 5% € Qimedy 3. AEﬂESShoWI adaysfdfloaltunes sbdiamesitratesvasy a

o7 9 Ao b B35 o B B PER M SRR
menbr ane. dé'grade eﬂd algeecbaﬂyd?ﬁﬁelmmlmmef r'ndilew fibmndir Ahe calisodted mMolomked in a
cell cul tH:gers were cﬂér(a%%d ager ? E days o# cu ture They were first fixed in 2%
glutaraldehyde in culture medium, and then drledlln ethanolic solution with
increasing concentrations (35%, 50%, 70%, 80%; 95%, 100% and 100%) for 60
min each. The samples were next dried in an Autosamdri 825 critical point dryer
béfore'SEM studies. The dried Samples were cut at an angle of about 45° from the
ﬁbef aXis, such that part of the:in'ner surface was exposed for SEM

characterization.

[00163] 'Electron microscopy images of the inner surface of the sample
PES re_absorption fibers revealed that a confluent RPTEC monolayer was formed
on the lumen surface. See FIG. 11A, which showé an SEM image of a samble 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 poIariZation
with many closely-spaced microvilli facing the lumen. The dense microvilli preseht
could éigniﬁcantly 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
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WD 2012/ 057701PCT/ S&2010/ 000405 [00170] The PS hol |l ow fi ber nenbrane with
deposited cal ciumchloride was di pped into the cell-loaded alginic acid
sol uti on wonror/eshmwat period of time. A layer of crossli BKESGAYINGE
hydrogel was fornmed on the outer surface of the fiber nenbrane w th MDCK
cells trapped inside the hydrogel. The cell-seeded hol |l ow fi ber nenbrane

was soakeg i Gebh R LANITRTRY Yk GPVEMe ol vt i ier ORRE TS cel IS

seeded on the.surfaces of "t er rane were cultivated in DVEM

i n an i ncalrdirmed dbatdhe eetppolatizatonds sBifalle fordeabo@tiaroapmicatiat.i on of 5% The
cell culture nediumwas partially replaced by fresh nedi umevery two days.

[ 00172] FI G5 and 9B i % | | ber
coated w @%—%ﬁal gi nat eé%%lgg)ﬁ' %@7@ ?ﬁ@ae %%WWJ&%\% EM i mages
of a conpseedimncdlisl tration fiber, which was initially coated with an

al gi nate hydrogel, after dehydration in air. As can be seen, the hydrogel

| ayer was hed from,the fiber after de i on., [.00174 anple VIII.
Coat i ng fp%g% ith fi bm"ﬂd'H;F}ﬁ@g,&?"'&ﬁﬁ"%ﬂﬁ%%ﬁhﬁhﬂac ﬁ? g’%‘? pr oxi mal

t ubul e eps¢dueldianl theahder (IURREHFCUrfaes of & eamipik RBS/RUP holledfiber mémblameen of a
0 it P onBIhonAe BLART YGRS SRR BenP (EmbireseTum ™| bBlor Tt SEw i mages
(not ShOV\ﬁlbnfUr_aﬁé"ﬁori SBmHpERELAI fiRsoddsh hfough a hydrogel. Alginate was selected

as the cell-carrying hydrogel and calcium chloride wasw.jsed as the cross-linker.

[00166] Sodium allginic acid in a powder form was dissolved in 1x PBS
at a concentration 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 MI5CK cells, the alginate
solution was filtered using a 0.4-uym-pore-size filter to remove yellow precipitates -

formed over time.

[00_167] Both the PES and PS hollow fiber membranes were cut into

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

[00168]  The inner surface of the PES hqlldw 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 solutidn was
injected into and flushed through the lumen of PES hollow fiber membranes, using
a Asyringe 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 mémbrane was then soaked in a cell culture medium
(DMEM) for cell culture. I
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I ndicated that a confluent cell nonolayer was forned along the | unen
surface of the fibrin-coated sanple fibers. [00177] Conpari son tests were

al so condwyoteth/@mofii bers without fibrin- coating. It wagpcoBsesmedodohat very
few cells attached to the inner surface of the conparison fibers, as
conpared to the fibrin coated sanple fibers. [00178] Wien a list of itenms is

Shuen e BBTHL D, o0 oFhe PR R B b Sy hboRled BRebi RO S ot
any |ist wbsmq:mdbhta tBé@Meﬁiedralg‘;lﬁl&taa‘,fcﬂa)luﬂ?vﬂodedahbﬁd[iéglbﬁ é)f ﬂm@CAf i cati On,
any subli lin I ven |i st so. i nt ende |
any rangeFaé!FE)Ql‘H@ '”glﬁé/ a@lﬂtﬁg’ drogg ‘P’??lfj)rwearﬂ’hthﬁ ogﬁ‘?fesr‘l’rfraﬁﬁgg}hegbﬁ);so
i nt ended. nleAtbk49¢ w.tﬁlfmngkr@ﬁs trtabsedih@a% tﬂesrfyardg%d ThOeEll-8B&dey SIRW Nt ended
to be illustrative only and in no wa The described, enbodi nments
are suscefleerynembeaneangs fortiediie gell ow f@ffnffdjl#m](DMEMh@éﬁéH\FUBﬂeparts
details and order of operation. The invention, rather, is intended to
crcomPaSSIEHrIpUCh 100, ThE SISl e Saracs f“%@ﬁﬁ‘?m@"’??#gﬁ% g
provi di ngwere CLdtwat@d;rn PMEM Hyar cubatenata tgmperatige &f 361°Ceand a @Caydr ophobi ¢
pol ymer di§se | o) i) a
| unen- def I ni nlayr?ﬁ ﬁll’ ?'l-'% %e\ﬂgd(?)"audh agcljlon _%g%ﬁgmah%?epg%] eree(l{ han 50 v%
of sai d soiedam eaerd_twordayshan 50 v% of a non-solvent; and (iv) a spinneret
for formng a tubular fiber, said spinneret having an exit in contact with
sai d coag n bath s th rial LE ' towill
enter sai ty"?zggm ation ﬁ'a #:%tA ?ﬁdoué gg’ﬁ%t@%g é§°{ %éng ?@re%%'s&p%h

fiber coated with an alginate hydrogel ‘ ’

[00173] » FIGS. 10A and 10B show SEM i images ofa companson
filtration fiber, which was initially coated with an alglnate hydrogel, after dehydratlon

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

dehydration.
[00174] Exarhple VII|‘. 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 hollow fiber (S2) 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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co-extruding said fiber-formng solution and said |unen-defining fluid

t hrough said spinneret and said exit, and precipitating the extruded
fiber-forwDrg12#08/ Wi on i n said coagul ati on bath w t hout PEX{SG2010§0&a5 d
extruded fiber-formng solution to the air, to forma porous tubular fiber
menbrane conprising a nanoporous skin |ayer and a m croporous |unen |ayer,

wherein c ﬂgﬁfgi | 5 i %

coagul ati gn at tlegre se g?:ts%!fqgo g‘éﬁ?b\%ﬂggfg %Q@%@%hs%"éﬁ ?@jl%yer of
sai d fi berangeniyovided, ahy sTibeanget fatidg evithir a'mem rangeisaalso sderdtledoncent r ati ons
of said solvent and said non-solvent in said coagul ation bath are sel ected
so that p {n said s o i t han
about 7 nm'(ﬁigj The met- hég’(fj@%*rg%ﬁé? %1% O?Q%cﬁ'\b% ergrétlgna?rgz';lrlﬂémJj i

| unen- def beillugtrélive ahly and & ec veg Imotutg)nTrne)demlbed$|rrztmd|mentsa;rel | umen Iayer
such that _pore said lunen.l aye ave_an average re size bout

o hoour SeBThe R HIRCHLRL ) iR SrBRePEhE DY, Sl Endbreo

non- sol vest ossrawdr. The inesrtion, REhal, BOhteABEd EPERINRBsNiINgRich YhodifidXibhRol i done
(NMP), sai d hydrophobic polyrrer conpri ses polyethersul fone (PES), and said
hydr ophi | Yt 'ﬂd\sﬁ%Pecﬁﬁﬂ”%sbyﬁBPﬂﬁ"ﬁ?{ 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 said hydrophobi c pol yner, about 8 to about 10
wt % of said hydrophilic polyner, and about 72 to about 74 wt % of said

sol vent; and wherein said coagul ati on bath conpri ses about 10 v% of said
sol vent and about 90 v% of said non-solvent. 6. The nethod of claim§5,
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. The nethod of any
one of clains 1 to 5, wherein said |lunmen-defining fluid conprises oil. 8.
The nmet hod of any one of clains 1 to 7, conprising formng a | ayer of
hydrogel on said lumen layer. 9. The nmethod of claim8, wherein said

hydr ogel conprises fibrin. 10. The nethod of claim8 or claim9, conprising
attaching cells to said hydrogel to allow said cells to attach to said

| umen | ayer:
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11. The method of claim 10, conprising degrading and renovi ng sai d hydrogel
and culturing said cells to forma confluent nonol ayer of said cells on

sai d | umewolas77012. The nmet hod of claim 11, wherein sacd/seeblopoespri se
human renal proximal tubule epithelial cells. 13. An artificial renal

proxi mal tubule, conprising: a tubular fiber nenbrane defining a |unen,
said fi ber nenbrane conprising a nanoporous skin |ayer and a m croporous

l umen | aygfqa$ 7 ' er defining an outer surface of said fiber
menbr ane ando‘gﬁgl?‘wrgr?ll%yer defining a lunmen surface of said fiber

menbr ane. 114.(1'\5 ?fg}@c{&’.furﬁi aﬁ@é?%erﬂﬁ%%%mﬁﬁg? e of claim 13, wherein

i al
pores in sai ayer hgve an average' pore size of less than about 7 nm
and pores in said |umen Layer have an average pore size of from about 0.5
to about 3 pm pr°!'§!"9%e’=‘ éq%rff"l’"&'f‘alm ﬁapompgﬁanﬁa sqlygnly %ﬁwroehab'ﬁ] 13 or

claim 14, whergiim8piidsdlvdEn SEABHRERL, SRIBIHYIRSPHAR! PEHEY, %i&)'ef AR PES) . 16.
The artificial renal proximal tubule of any one of clains 13 to 15,
conprising a |4gf@ingiuigy(ii agergitia fatrcaseprisinless thary el vYidf saithe
artificial. Fe"é’dlv&f{%%b rettHQr!r’Fﬁ vo ?FA AbMsdRentBRE ?i'v?a%@'n%eh%fq&ogel
conprises fibrin. . The artiticial renal proximal tubuie of any one of
clains 13 to Ifermingreptubsianfiberishisl spinrecétdwhving ammexit incomtadt aythrsaidl9. The

artificial reng| ximal, tubul e of . claim.18. wherein. said cells conpprise
nurmn «enal | prasaohietop Bain &6 Bist Ba o ipél fakear SRR ik Bl eplet cBihe,
conpri si ng thecaagulationibath withaut beirexéxprlsed tdrire of any one of clains 13 to
19. 21. A cartridge conprising: a body defining a fluid chanber,

co-extruding said fiber-forming solution and said 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-
fforming solution to the air, to form a porous tubular fiber membrane

comprising a nanoporous 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 pm.

4, ‘The'methoﬁ.d- of any one of claims 1 to 3, wherein said non-solvent comprises
water, said éolvent comprises N-methyl-2-pyrroliddne (NMP), said '
hydrophobic polymer comprises polyéthersulfone (PLES),'and said hydrophilic
polymer comprises polyvinyl pyrrolidone (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 to
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a plurality of tubular fiber nenbranes nounted on said body and passing

t hrough said fluid chanber, each one of said tubular nenbranes defining a

| unen, atwbeastoserne of said tubul ar fiber nenbranes conmptir$e20@/00@09POr OUS
skin | ayer and a m croporous lumen |ayer, said skin layer defining an outer
surface of said at |east one tubul ar fi ber rrenbrane and said [ unmen Iayer

defining a | n r f.ac ast _one f i ber

conduit in fILguBFO t?:gnvétrzn‘?fca |o r\g\P L t’ﬁh@ﬁg é EPBP‘ ?‘meg% rrbranes
and a condui tsgidsdiventdacd whersit abidwoagulatios dath édmprtkeembeno v¥%2of The
cartridge of claim?2 g a flrst co dwt in fluid conmmunication
with a first ﬁlfgs‘g}’eézﬂ %\Eﬁé vdt oksaid neRISQIVEPt £ i ber nenbranes, a second
conduit in fluid conmunication with a second end of said | unens of said

tubul ar f 6berTh”éarlﬂiEﬂﬁidﬁif cﬁmc‘a Wthréin 2al [imentdefdmtiilid Somprisésiatsbut 60
tion t chanb _
communi cati to\gbout 5(? v°9 of s%%dd solvent and ‘about 40 to about 10 v% of said non-

solvent.

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

Comprises oil.

8. The method of any one of clalms 1 to 7, comprising formlng a layer of -

hydrogel on said lumen Iayer
- 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 hydrogel

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 pm.
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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 polyefhersulfone (PES).

| The artificial renal proximal tubule of any one of claims 13 to 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 proximél 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 péssing
through said fluid chamber, each one of said tubular membranes defining a
lumen, at Iéast 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 safd lumen layer

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

a conduit in fluid cpmmunication 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 communiéation with a second end of said lumens of said
tubular fiber membranes, and third and fourth "cbndUits in fluid communication

with said fluid chamber.
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