HYDRODYNAM C SPI NNI NG OF POLYMER FI BER | N COAXI AL LAM NAR FLOWS
CROSS- REFERENCE TO RELATED APPLI CATI ON [ 0001] Thi s application clains
the benefit of U S. provisional application No. 61/064, 369, filed
February 29, 2008, the entire contents of which are incorporated
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particularly to form ng polyner fibejgwg nmultiphase |amnar flows.
BACKGROUND OF THE INVENTICN [0003]Po|yner fi bers such as hydrogel
fibers are useful as carriers or scaffolds in various applications,
for exanple, for cell transplantation or tissue engineering. It is
desirable to seed cells in the fibers in sone applications, such as
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| NVENTI for m polymer fiber layer(s). The cross-section

(i ncluding shape and size) of the fiber |ayer can be conveniently

adj usted by changing the input flowrates of the respective |ayers of
fluid flows. Cells may be conveniently and sel ectively incorporated

into the fi b%EE% (SPCH;—\’é’h{?@EW?o&e' s in the precursor fluid.

[0002] The present invention relates generally to preparing polymer fibers,

and particularly to forming polymer fibers in multiphase laminar flows.

BACKGROUND OF THE INVENTION

[0003] Polymer fibers such as hydrogel fibers are useful as carriers or
scaffolds in various applications, for example, for cell transplantation or tissue
engineering. |t is desirable to seed cells in the fibers in some applications, such as
in the fields of vascular and kidney tissue engineering. However, it remains a
challenge to efficiently form polymer fibers with variable cross-sectional shapes and
sizes, or to control the cell seeding in the fibers. Polymer fibers with seeded cells
may be formed using an extrusion process but it is inconvenient to vary the fiber
cross-sectional shape or size in a conventional extrusion process, or to control how

cells are dispersed in the fiber.

SUMMARY OF THE INVENTION

[0004] A convenient process of fiber formation utilizes a laminar flow of

three or more layers of fluid flows to shape and polymerize middle or inner layer(s)



[ 0005] Therefore, in accordance with an aspect of the present
invention, there is provided a process of formng a polyner fiber by
hydr odynam c¢ spi nning, conprising forcing a plurality of fluids to
flow thro:fl(g_h a conduit and to forma |lampar_ flow conprising three or
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the cross-linker. The cross-linking agent may comprise a cross-linking initiator.
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along the line A-A; [0011]FIG 3 is a cross-sectional view of the
spinneret of FIG 2 along the line B-B; [0012]FIG 4 is a
cross-sectional view of the spinneret as in FIG 3 during 3

oper at i : 001 ]FIG 5 is cross-sectional_ view of the_coaxial
| grri nar Qﬂ]%&ﬂo ing RgenEMay: CQrpvrisy fCEss- Igking C@fawéthbe Plymgrfittes)
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the layers of the Iaminar ﬂow so that a plurality of layers in the polymer fiber
comprise cells. The cells may be dispersed in the laminar flow such that different
layers of the polymer fiber comprise different types of cells, or that different layers
of the polymer fiber comprise different concentrations of cells. One or more of the
fluids may comprises a cell cufture medium. One or more of the fluids comprises
phosphate buffered saline. The polymer precursor may comprise gelatin-
hydroxyphenylpropionic acid, calcium alginate, or polysulfone. The cross-linking
agent may comprise hydrogen peroxide. The middle layer of the fluid flows may
comprise horseradish peroxidase. The process may comprise initiating cross-

linking in the middle layer.

[0007] Other aspects and features of the present invention will become
apparent o those of ordinary skill in the art upon review of the following description
of specific embodiments of the invention in conjunction with the accompanying

figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] In the figures, which illustrate, by way of example only, embodiments

of the present invention,

[0009] FIG. 1 is a schematic diagram illustrating a spinning apparatus 100

with a spinneret, exemplary of an embodiment of the present invention;

[0010] FIG. 2 is a cross-sectional view of the spinneret shown in FIG. 1
along the line A-A;

[0011] FIG. 3 is a cross-sectional view of the spinneret of FIG. 2 along the
line B-B;
[0012] FIG. 4 is a cross-sectional view of the spinneret as in FIG. 3 during
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in the Exanples; [0017]FIGS. 11B, 11C, and 11D are schenatic di agrans
showing different fluid |layer patterns used in the Exanples;

[0018] FIGS. 12, 13, 14, and 15, 16, and 17, 18, and 19 are inages of
sanple fibers; and [0019] FIGS. 20 and 21 are diagrans of cheni cal
reacti of¥e6 ik red in the production of some sanple fibers. DETAILED
DESCRI PTI ON OF EXEMPLARY EMBODI MENTS [ 0020] An exenpl ary enbodi nent of
the preggpy .‘Z?.j]' nvent s, 5 & 3b8s-sketichd V&R 8P thieWo x| MM fhaf fIBR! SHBRN in

fi ber by hydrodynam c spinning. A plurality of fluids are forced to
fl ow t hfdGgH; a conduit and to forma |amnar flow conprising three or
nore | ayers of generally parallel fluid flows. The layers of fluid
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fluid flspwrenttesvitit giffdedritmeinithes of ogstedleobii@nimétsa tubul ar mddl e
| ayer of the fluid flows, particularly the cross-sectional size. The
flowrates may be pre-adjusted, or dynam cally adjusted by adjusting
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I ng agent;
cross-| iBnked,9;a cross-linking initiator, or a cross-linking catalyst.

The pol yner precursor, cross-linking agent and the fluids are

| ect ti di f.f usi f. th I
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agent toneid Eg@§mpf€,{s@m the other layer(s) into the mddle |ayer.

Crosslinking of the polymer precursor can then occur in the mddle
| ayer in the presence of the crosslinking agent, to forma tubul ar

pol ymer [0@V@r . TheFPoPy B, 1HyeandhiiDare sehemetie diagiagerrdoning different
corresp i - ' .the mddle layer of the fluid
flows. %E@J %gﬁiﬁ%ﬁ%g%gaﬁ%ﬁégk%&ﬁ%m yner fiber, or a layer in a
multi-layer fiber in the lamnar flow Cells may be conveniently

i ncor pof@@t8] i nt o BiIGShER, 1yidr ahy 1SeHécand dVy18 apb18iangimbgecel | s
in the flui cfe%l)ows.

samp ers; and
[0019] FIGS. 20 and 21 are diagrams of chemical reactions occurred in the

production of some sample fibers.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

[0020] An exemplary embodiment of the present invention relates to a
process for forming a polymer fiber by hydrodynamic spinning. A plurality of fluids
are forced to flow through a conduit and to form a laminar flow comprising three or
more layers of generally parallel fluid flows. The layers of fluid flows are generally
coaxial. The respective flow rates of the fluid flows in the conduit are selected,
such as by adjusting the input fluid flow rates, to define the cross-section of a
tubular middle layer of the fluid flows, particularly the cross-sectional size. The flow
rates may be pre-adjusted, or dynamically adjusted by adjusting the input flow rates
while the polymer fiber is being formed. The middle layer contains a polymer

precursor. One or more other layers of the fluid flows contain a cross-linking agent,
4



[0021] As will be further described below, with three or nore | ayers
of fluid flows in the lamnar flow, solid or hollow fibers may be
conveniently formed fromthis process. A hollow fiber may have an

i nner di anmeter of |ess than about 20 pm and an outer djaneter of
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h diff t i cal,. chem cal ..pbi ol.ogi cal ertjes. [0023] An
exorp! A PYIPRAT AL estertioRiR 2 aeiRisedtn s effshieciay o the mudle
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spi nneret” 102, which "has an inlet section 104, a connecting section
106, andhe ppesenceraf e grasstinkion agest, defomi adululappdyinter lay@r. The

tubur ar RONmECEYShas §rosastER Gt SriEe Shabirk B sdon SR ien of
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conduit 110. [0026] Connect |.n%¢é‘ect_| on 106 directs the fluids from
i nl ets 1awer inamultidgyenfikerdomriilaminaoflowo Gedsmay bagonyenienty i n

duit , i ' | I. i i cal
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[ 0027] Pol yneri zing section 108 is sufficiently long to allow
pol yner ifa@21ijon As will be further described below, with three or more layers of fluid

flows in the laminar flow, solid or hollow fibers may be conveniently formed from
this process. A hollow fiber may have an inner diameter of less than about 20 um
and an outer diameter of larger than about 60 um. A solid fiber may have a

diameter of larger than about 20 um.

[0022] With three or more layers of fluid flows in the laminar flow, a fiber
with multiple layers may also be conveniently formed. Conveniently, the different

fiber layers may have different physical, chemical or biclogical properties.

[0023] An exemplary spinning extrusion apparatus 100 is schematically
iflustrated in FIGS. 1, 2 and 3.

[0024] Apparatus 100 includes a spinneret 102, which has an inlet section
104, a connecting section 106, and a polymerizing section 108 defining a conduit
110.

[0025] Inlet section 104 includes three generally coaxially nested tubular

inlets 112, 114, 116, each in fluid communication with a fluid source (see below) for

injecting a respective fluid into conduit 110.

[0026] Caonnecting section 106 directs the fluids from inlets 112, 114, 116
into conduit 110, to form a laminar flow in conduit 110. Connecting section 106
may have a generally cylindrical shape, as shown in FIG. 3, or a generally funnel

shape (see below).



of the polymer precursor by cross-linking. [0028] Conduit 110 rmay have
a generally circular cross-section wwth a dianeter of, e.g., about
0.8 mMm and a length of, e.g., about 15 mm The dianeter and Iength
may be vari ed dependi ng on t he particul ar _application. However,

can be URB&Fktood, Aohendrizien seeinn H0fisssidpecolly t@@ldguatﬂommlsm@umtlcnb
such th therein for the particular
fluids Zch‘éh(% Pg\gﬁ%fpgggtgﬂﬁégéy to eIIrLIJér? in the particular application.
For exanple, the dianeter of conduit 110 should be such that for the
gi ven fl[0088] and f Qainduft1d® may eave hgerfeexinotidsilaunbes-s6&n afthtahe

fluid flrffwm condwt 110 will be smaller than the threshold val ue

for for ﬁ'@'eteofrﬁ n2e- 3okt Ofpmpn)and adengdh of hd1620UL bR AEB iTHE daEeten
106 d t
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Do b lloa i i T e rets o6 dhe Bpttirtlas TR qhcs o srie aabes Hube
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phosphat e buffered saline (PBS) solution. [0031] Two or nore fluid
sour ces,bsssigdh gt fdrihe géeunrftuids aad fluitbiiow 1268, Mmﬁ&waqbdsmum@er (Re) of

fluid s h fl | i
| 00321 Cnge ikt 4 Eham LI S SRR kb PR B R B A,
pr ecur sQamivf fliopc! ude macr onol ecul es that have a | ow tendency to

di ffuse through an interface between different fluid layers in a
| am nar flow. The i) émar precursor may al so be cross-linkable by a

cross- | i[AREP] t o f ofHEbsgsdioNdM4, crprectingaseciing 198 3nfbpolymetigatien seetign
be incl Al d may al so be
'l uded RBRY Gedng Sed REaFEpl: bl Meded fud AAPHAREROGE

gel ati nhydr oxyphenyl propi onic acid (Gn-HPA), calciumalginate, or

pol ysul f[ﬁﬂéO] Qt her Apcetainsof$8 sootalr:aisgfa Iyuiich bgitn 2hyrealyreopliaced adghcent

| at t i hi t , I K I
D ocen ARG faf s ing BreiraBY W shun s Gicogrult A aun fGuigrash d2f:
with an Ty r.qth@fbafrﬁtdvﬂnalyaqﬁt:luuteeamttiarf@t ébiﬁfﬂ?ﬁhgqn§ fiokr bh%dl}cﬁt@?teﬁ%bbnbe
i ncluded or used; and a conbi nati on of wo or nore of itens

may al s@rpiée fiher sadacer Fosedamate, Itmgaatmamenfdmarr&tqwhatesbtp‘tﬁeﬂ bl e
and t he are not inherently inconpatible or exclusive.

[ 0033] An%?ﬁgr(ﬁsgw éﬁ’gﬁﬂrce, such as fluid source 122 or 126, supplies
a

[0031] Two or more fluid sources, such as fluid sources 122, 124, 126, may
be provided.
[0032] One of the fiuid sources, such as fluid source 124, supplies a first

(precursor) fluid containing a polymer precursor. The polymer precursor may
include macromolecules that have a low tendency to diffuse through an interface
between different fluid layers in a laminar flow. The polymer precursor may also be
cross-linkable by a cross-linker to form a polymer. More than one polymer
precursors may be included. Different monomers that can be copolymerized may
also be included. For example, the polymer precursor may include gelatin-
hydroxyphenylpropionic acid (Gtn-HPA), calcium alginate, or polysulfone. Other
precursors such as fibrinogen, hyaluronic-acid, gelatin-tyramine, chitin, N-

isopropylacrylamide, or the like may also be used in different applications. When a



cross-linking agent fluid containing a cross-1linking agent. The
cross-linking agent may be a cross-linker, a crosslinking initiator,
or a cross-linking catalyst. A cross-linker may be selected to
cross-link the polyner precursor to forma polyner fiber when the

pol yner list etitgrasis arayidasewith g9sor’i hateie thpdastijese hetpinmny ewmaline iteros
and bro ' . at | 2 {-pi-Li I
may b daReRPuaRT R fhedra Bablitn & SFRE or RSt Bt By

when t healss bs dndliiddd ogused, tdsdbng assheceatintation it pespibecands tie EdubithedA
catal yst. may be used to catal yze the cross-1|inking and pol ynerization
react | oﬂ%e”%a'f%%‘?t ‘P%@eﬂﬁé@i@@?{ﬂa@ﬁ%%@@\gaeat sufficient rates to
form pol yners before the flows exit conduit 110 and | oose their
Cross-s pepal sh i 2| & e : g e d

ol ccul LPEPRE hava S e ] AR 22 BF 1ROy e o

i nt er f acosretinkieg aghst diif fcentiting ladrdss-dinking dgent.néhé andssalinkingagetor

le, th - LI pki . . nclude hyd i, d
(k202) . oY Berehlsh DR o tiasa o) 1ot} B1 6 ST Co i Gross-
wat er, Qiﬂkéf‘#ﬁé%le éé\éle&tﬁg thicksss- OB gt eF pRaurddrib dorsPH e mestisdt

as fluid sourcé 126, may be provided to supply a sheath (shaping)
fluid, ovheddietpayaer popeer Preiberasoss-inkerdire)injepiedsoigi ednshg! 110 and

he’ sambrorothiiiodnitte AREFEME LoBeRIn BB BrEE by S84 050 £ach

of the fihiib@scroBy-linkibhudenha pslyimarreécsebr #hbn the tredsamuigy inRBtorey be
used as the solvent. Water, such as deionized water, may al so be used

as a solRjesent ip dumpressirsridiuid.eb atalpstanay bedisen tologtalyzsthec@rossdinking
124, 126 i j ! s
o o 2SR IBAAR K BcRoRe PRI KE rhalEh et o oa W bRt gte 8

116, degemdipotyrnosrstiefor@ppkifioats edit cagiu 110 ded bmecheiacrdsslsnutiohal
S as fluid source

sonme applicatigns, two fluid sources ch f 122 and
124y SeneuMESTEAT INkRG 060 A0uP UHe BRIk Mo RRe (Hal have P
regul at | i@ i i

Fegul at rafy @ flise ol e RBIECIRAnoRh (O PHIEPGL A IoyRYY IEhe
associ atlaaingrtfliovwanFdméxamuple2theldrdss-linking agené quvancinge thydrddeovpearakide
of the f|uj hr ough. t hat i.nl et 114, 116. . roll.er 130 nmay be
adapt ed (HEOELAEF S b erarges o giRE) ELclumtande BisuiS) waieists he
rati o oferghffecope fikOw rates at inlets 112, 114, 116 in order to
adj ust the size and shape of the fiber formed, as will be further

descri bed bel ow. The regulators 132, 134, 136 may be any suitable
devi ce dP034k uct ur AddiignatByidiseureas surh ag fiuid seurge (178, Mayike prayiged

rate thr i . 1.6 " i unps
may b d35aPRY'Y Fhgathdhadid) L oA g et Blet ol fuldid), AP T
shown) raaiditivnap polyicerdréoursor fiaidiraty ogntairea polymer pratcogos.enid oayHede
to photo-initiate cross-linking in the fluid | ow., [0039] Optionally, a
heat er (th%tsa%%‘?‘%ﬁ'é%ﬁtB@“Wgﬁéﬁﬂﬁé’ﬁe%&% 4g-
[0035] Each of the fluids may include a suitable solvent. For example, PBS
may be used as the solvent. Water, such as deionized water, may also be used as

a solvent.

[0036] As depicted in FIG. 1, each fluid source 122, 124, 126 is connected
to a respective inlet 112, 114, 116. However, a fluid source may be connected to
two of the three inlets 112, 114, 116, depending on the application, as will become
clear below. |In some applications, tWo fluid sources such as fluid sources 122 and

124 may be sufficient, and fluid source 126 may be omitted.
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incorporated into the wall of polynerizing section 108, for thermnal
initiating cross-linking in the fluid flow [0040]Both the |ight
source and heater may be omitted if cross-linking is to be initiated
by chemi cal initiation such as usi n&han enzyme or anot her chem cal

agent . l[[@@am]] The céﬁﬁan@mrsc%ﬁroagp may bepbravidedoler gatolbng day rate
oper at edod0ofp A3gs 14N EIe ERGTEO R ERUAOT 132 10T Tl ARediea Ny

inlets Ehinleti42, 114 T'E&i@@@égmgllng&&Wr&é&ﬂth@ﬂﬁh%robgh that inlet 112,
[ 0043] Dependi ng on the desired fiber construction, different fluids

may be §é|4eaﬂﬁvantrOHFrét@%mayn%a%ptﬁﬁé@@pnﬁgbﬂqw@egﬁgalafqréﬂéas 134,
inlets Lkg, tPJaJd‘lustHératFo%f d.tfété%t gaétv' rafgsgér{[{ggfﬁu tﬂd 916'ik %tqﬁ?:#gﬁﬁjst

that a tubu f1ber IS case
source iR smwmmge d)ﬁtheffiber ﬁbrcrrmt, aswtsmgetfbﬁhewmlbed bichgvafent to
recursor fluid containing

't maetp)olltlt%%‘t”;{ﬂ?%ggioﬁit plqz'%taé!tt}/eﬂ%}) g@fﬁ? ¢ SE\B‘HG%@FFH@UI% Bahe@NRfopl y a
sheat h fhuirdid®Ptd t&r?tthé-%:@:d tcRMﬁdaghPoJ hhes 142M 14 Yne Wreﬁ( ﬁﬁ%ﬁs

124, 126 are respectively injecte to condui't 110 throu
112, 114aiveseordivg pomheonaytgeseetilasrflcmsegaﬂatn%pect| ve flow rates.
The respective fluid flows are directed into conduit 110 by

connect i ection he flow rate re controlled b ntroller
120 t hr S0G3ET ow rOpESpalh Blds Sl Tobg o Nadne MRt SPt ki ditng,
fluids ahe bBlyeiarizdsedibh 1086 sistotimustd drosenAkihg id 1k Adig 168! ect ed
so that the fferent fluids forma lamnar flow 400 in conduit 110,

as |IIustrated by the dashed lines and arrows in FIG 4, and that the

di ff er en®0%%ni nar PPEANRlLY érkeater et ssownbmayRmpe vides, suoia as peing
have th‘:r‘ncgﬁ al‘?éjd 69@@%ﬁ @e%@gﬁécﬁﬁw NS‘QOHhQﬁhahﬂﬁzaﬂpg%@é

' Cross- sect| ape an €ss otherw se
fl ow raﬂiekmgelhehie floidffloewy rat es through conduit 110,  and the i nput
flowrates refer to flowrates at inlets 112, 114 116. A flow rate

refers e tota unt fl ui rowfI ondui t
TS Rl | O oboB st ook A LR S Al PSRRI & ¢
vol ure, b\éﬂhﬁated w chBhilal RN su‘@}‘u éé 6aHY Pt md Bleamdtaét cﬁérﬁt@ar ate
for a given liquid is the sane as the flowrate for that liquid

throughagéntuit 110. Further, the flowrate of one fluid flow through
conduit 110 may depend on the input flowrate of that fluid through

ove. TR0l ume e SPmeRREnky St i ibns fA B B, BenPolEhy slifafle

condui t mdi@riar e dependent on the relative ratio of flow rates of the
different fluid flows. As the voI ume ratio changes the size and

shape of di ffe ent fl ui | ow a onduit 110 also.c ange
Thus, myﬁﬁustl ng Q?@“?rﬂ& 'Cc?tICIEISdaP H‘Saﬂ% Mayhlee epsiatethas £¢f

the fl U'T‘Ftefflt%vsb@bé%‘sslﬂ?ﬂzﬁ?ﬁﬁlﬂ@ﬁbﬁﬁédté@ t@ﬁ'i!ét%tﬁ‘i, 114, 116 respectlvely
as depicted in FIG. 1.

[0043] Depending on the desired fiber construction, different fluids may be
selectively injected into spinneret 102 through different inlets 112, 114, 116. For
illustration purposes, it is first assumed that a tubular polymer fiber is to be formed.
In this case, fluid source 122 may supply the fluid containing the cross-linking agent
to inlet 112, fluid source 124 may supply the precursor fluid containing the polymer

precursor to inlet 114, and fluid source 126 may supply a sheath fluid to inlet 116.

[0044] The fluids from fluid sources 122, 124, 126 are respectively injected

8



[ 0046] The rel ati onship between flow rates (or input flow rates) and
the flow |l ayer dinensions can be estimated based on theoretical
calcul ation for a given enbodi nent, as can be understood by those

skilled in the art. Exenpl ar equatl ons for calculating the
appr oxi rt!&tpecoméw1dﬂémt@hs!nlﬁg%éa2oﬂ4 113& angt exnnaciingiseetion AV&R4npl e |

Cayers 40528 U Edt NP6 repive DCHMAEER olgitpe rgRhpuR A0 oF°
respect icoanétitg sedtes. 1080Ehd flansutissart dintrblisd on o@&tron@mo trotidte
interface regi on between two ag)ﬁacent | ayers hut the gener

di nensi dRViofate sRAItopwT BAy B34, A8 rEiealiow saiBs i the Hyidy ayﬁﬁﬁtanuedﬂﬂ
condui t 1%0andTﬂﬁ§€h§ %ﬁdmg?‘i’o a'ré“sQleEfe%”%J Hékﬂné&#(ef&wtﬁ%?dsafaﬂp'd‘laﬁ%

t hrough inlet NNer, genera rical Tayer
fluid flflow 402in ddreiuitl 140d aﬁsrlidlmtrfdtmd Uy$tm1daehe]&l4lnwalnd ajrevtsed Fﬂ@ré,u@rd

i nl f dd [ 1 bul I fl d f
et endialate Birdelhansaniton Tyers. lauch a4 Gy ke 4. 4044061 have feui o
source %%élré@%.bm&%tse&tﬁa@w@%mtﬁgeﬁbeﬂf %@sfaocﬂé@%e%ﬁcr%é 8bc ;&%%ha¢é y

tubul ar layer of fluid flow 406 that encloses t m ddl e ayer 0
fluid flaow sdf=l. Layers of fluid flows 402, 404, 406 formthe |am nar
fl ow 400 [0048] As can be understood, an |nterface regi on between two

e LS B PR b b s B TR AR B

as can kendoidanet aed tHyinbhofew sids! refbritd floeratdd at ifkes ¢125pt4Haa6l Qmal
profil es of fluid layers 402, 404, 406 of |am nar flow 400 in condui t

110 ar e flownaiateies Whgrt@tﬁh ampunt of a guid fipw Apwingheoughheonduin 10 in a
vel oci ti o t‘nI?e f LI'mé’ Lﬁ{ﬁn égge%]éiasu?gd Yo ﬁ%{glge{}&ﬂfr‘ (n{(eﬁgﬂ'g 8%‘8 ar

[ 0049] The fl ui'ds, r~precursor an Ct 0SS agen
shoul d lamcsﬂte@tte@baty sth’aat iheampthOWaatenf@r afgumrdhdith;d\m 4&055;11@\&3 the

| ayer Cofio ateitqritea iy uFoudtEendui 1301 uphet dhe dan irpHnd tgprgw
away fr@r%hpﬁ ﬂqaqat%baﬁ?\&se gﬁdbhﬁh@m ‘Hbﬁ/sra?’% Hh%tﬁag%ﬁrd gtheg

agent are allowed to dif romlnner ayer o Into
m ddl e Icayrespomdmg umlelt falndvthamzput“ﬂbu.sratq:mbﬁ/axther ﬂaldlf{mvsbmi waisirriatnidki ng

f th t hi.n o 404 but .
Plit1'e BoIORt B utions BRkP oWl 7R fineREhs 4 the liive,
outer | ayes of 6w rdesdfties Hlﬂeferﬁﬂ'fﬁucpﬂbwge s tA¥SbIUrhé P& cfﬁ&fgé%dtrfer (010
t he pol ynerization reaction will have a cross-section generally

cor r esp&ndi a’ﬂ@pﬁ@ftth@ dﬁf&ﬁ@@tfﬁé@ﬂpwdamrstihéoﬁﬁd@ﬂéﬁ ladgreeharge. Thus, by

porymer ayar ot PSRN raef. Eecienehd pale 28R 8 o8 oPp R 86
transver(ctﬁqajnfcfawﬁ)lmugtaa,e of the polyner precursor is too fast,

substantial polynerization will occur outside the mddle |ayer 404,
the cross-section of the f

it will ifficulf to control med
ol yrrer [B648) ' [ 00567 THatERYS beiRem iow daie (sngwwowa@tﬁs?m@ah@ flaw
cross-|lj
ot ccur sOVErUApRASEhs ST CAIRBYAREL o thiordiealEabuphHT (B 4T84
or initicattEtiimenh@sasan baundbistodcon thiapeeskil[c@0b the art. exempplery t he
cross-1li nkipg FaCt'I st in, the m ddl If %ea'. of fl Léid

equations tor calculating the approximale lameters based on flow rates are

given in Example | below.

[0047] In the laminar flow, the adjacent fluid layers such as layers 402, 404,
although in physical contact, will flow at respective flow rates. Some transversal
diffusion can occur at the interface region between two adjacent layers but the
general dimension of each flow layer can remain substantially unchanged in conduit

110. Therefore, the fluid from fluid source 122 and injected through inlet 112 forms
9



flow 404 may be initiated by a suitable initiation nmethod, such as
chem cal initiation, photo-initiation, or thernmal initiation. For
exanpl e, chemcal initiation may be effected by including a chem cal
agent such as a suitable enzynme in nmddle |layer 404 or in _an adjacent
| ayer. PHOINBET, rﬁempaafiydwhﬁévcaiéaw@éluwﬂm 4ﬂ¥r ddnediuich§ormBuig| sguisee 124
condui t I tar

be effedt&d nﬁéft[%ezﬁ?%h %rtetgtlgl ‘?’ﬁ""‘g |Inc|[c1{ %Sneyﬁﬁ)éfgﬁgﬁr?é Jﬂ%ﬁ'ﬁ@h@

with a hgetiteat éndbsehthainhner [a@@fsai] sid oy 408.yTiRs ﬂprdefmrha‘mﬁd mhreeulzas
are cross-|inked by cross | i nker nol ecul es, a poly such

hydr ogelandi @aercéﬁ%wowgh 18 foapeangguter, @e@efaluwa@l@r laxer /f Hwﬂeﬂow

I 4

gonor al TG PUAERE fid Mg ehR] aERAETIGRPa0d, TaveieBrti fRfs k62 Hod
profile mmmpbemm@agﬁuwnwd y to the cross-section of m ddI e |ayer
of fluid flow 404. In this case, a generally t ubul ar pol yner fiber
408 f Th di t f fi m |

it et erlOBEE nner  ARaR b URTSTEtPoc R H8Sepe oaiRg betee e ddkgentiow
m ddl e ||3y&5 i9thd latifaf 10w d@Adan B_é‘%aé?h'ttaﬁfeod&vﬁgﬁtﬂ%t\m aBHaQ@ﬁt Ié?@r(s' &re

simlar to the outer dianeter of mddle |ayer of fluid f
t he i nnélondnggenenallppacaliebio pagtepther, 43 oanl belunwessiepd bydoas] siilldd imer

1S5 erunges | SR8 FLgBR KIS g saflodE B P

FIG 1. 4p0barcoHdBitmag dre\sehampacalissisdvin i FIG. 5. [ RODA d&e, the flow
non- polynerlzed | ayers of fluid flows, in this case Iayers 402 and

406, wi ivelasiias iadisduiayemsi 402 ang |4Qﬁdﬂabbmd%r@nhﬁyth@esar@%e| ved by
liquid bath 120. [0055] As can be appreciated, a simlar fiber 408 may

b bt f bot l¢

be DU AgRsal | DOl bk, BUEGEMel 7o A0d0 20 BBk kg agent showd,
122 and bEelectpplsp that@srthedarhinar dQi) flend 00 [floma thmugteccﬁﬁﬁutsum)ttﬁxees
the cro I i nki ent fl er ¢ i, i C olyner, f

w1 be b e aneleaile i the S Ier o) hubrlovs fba Bre sk gartialy

out er dgﬁ@@é Bd PloriTiffisthd AW8Y frbRttHeOhidde 1d Pedut@h@g?&@éu:@éo%er

| ayer 4 If the fluid sources 122 and 12 supply ferent

precur scﬂross limkdag epant areriwweddiofditussroot lneer @yat ehiluid flowcddZitav t h

nor espMrBRLeypEBr tuid Rofladd, LEUS BonRaiFtbrby, s Rhbedrtbd paymer
cont ent recurSbF Witk s withid @ PAyRsr 4ohebatwef bEIOmekiay B S rdRYioR Nk

occur in the inner layer 402 or outer layer 406. As a result, the polymer layer (fiber)

formed from the polymerization reaction will have a cross-section generally
corresponding to the cross-section of the middle layer 404. [f the transverse
diffusion rate of the cross-linking agent is too slow, the polymer layer will not form
fast enough in the conduit 110. If the transverse diffusion rate of the polymer
precursor is too fast, substantial polymerization will occur outside the middle layer

404, it will be difficult to conirol the cross-section of the formed polymer layer.

[6050] The cross-linking reactions may occur when the cross-linking agent
comes into contact with, or near, the polymer precursor in the middle layer 404.

The reactions may be accelerated or initiated using any suitable technique.

[0051] For example, the cross-linking reactions in the middle layer of fluid

flow 404 may be initiated by a suitable initiation method, such as chemical initiation,

10



different cell |oadings or different physical or chem cal properties
depending on the difference in the precursor fluids. [0057]In a
further alternative, one of the inlets may be cl osed, and a two-
| ayer lam nar flow may be forned fromthe two input f1ui ds i njected

t hr ough RNeéoInkRtFe AT tharetad infitipse] By exgmile; ehproikel initiglion avakbat
inlets ]e]l‘?e' %ogéyl ?Lﬁ%né Qech%"nﬂéél q%@?%k&?ﬁg Sélﬁ‘t%@h %r,?z éfh %fldélg?%/er

resul ti ng r~can De™ convenl en ange changl n

physi cal40d d&fﬂh%rﬂdﬁtﬁa@éntﬂ@ymﬂQ?iﬁitoulrﬁlﬁatlmn’falye)e‘ éi’@ytttédib§$rr@<ﬂlatlh@the fluids
different fluids may be changed durlngtaﬁﬁ%nnl ng of a single fib

the sindl @Oﬂﬂw&mwtmw & WHAyIRkY lig malintstignrmay eaﬁ%@cée@ byt
R A B

pm or I_ar ger, and an outer dianeter of about 60 pmor |arger.
cyl i ndr i[&ﬁﬁZ]h ber Asaychbme/merobranertser n‘utflerab@mareszcropmhokedi aygpemss -linker

0060] I't I t t ti | | th i
Fiber.  BYPPOBSr SPAY T e SUSh PS 3 IVPRBSIc P BLBO AUTTEIFI ey Uk Bt 204
whi ch t g RiERy efr'4bﬂrhalssa benerfly tliaiacxd8Rlsectiéelthe pamdeoingluded
in the precursor fI urd, the cross-linking agent fluid, or the sheath

fluid AfeneralyHebtiabeelvimerfihard@8andichdnasa trass: sadhlenmoille carresponding

are. i m ey S ek s Rl blot i ori 4 b asiBuf® v

fiber, qenesdl nbnﬁ?%l\jﬁﬁeﬁﬂlﬁrlms% et e &Wefr@caﬁnét%gbeﬂﬁerams ne
fiber. [0061] keep the cells healthy and to allow them toq%ow a

cel | cuIStFri]Hﬁirantﬁé(ﬂifﬁmfi?@éy@fﬁ}%|%@F|Qﬁé|l1@dcé€&vﬂﬂzﬂ%@thﬁliﬂﬂ@(@?n‘l W#fi ch
t he cell e b

i nel uded a1 pecEPEIGE dow a1 SERY B sfhEi < T ibbLESe T BbR Kt Strer
di scl os Qtﬂarhet@ldﬁ nmielytleldeyemsfifluic dowHod (@x anpinaer 'dimn@tar oheunter !ay@y obe
nodi fie é) |ncIu e nore nested tubular inlets than showmn in FIGS. 2
and 3. po g , hore inlets may be nested for formng nulti-I|ayer
fibers. Sorre p055| ble alternative inlet sections are illustrated in

FIGS. 6,[0d538. andag, ﬂb\é’ﬂuﬁh @ esd frotn cénd@ﬂ%@oﬂ@ézhﬁgrét%w ﬁrmés{}g@ltg

respectlvely, and a general ly funnel shaped connecting section
a two-i sodidifiedfetneds by @ir gras aslimieh siieh BS @ liquid bath 120 shown in FIG. 1.

Fiber 408 may have a porous structure.

[0054] The non-polymerized layers of fluid flows, in this case layers 402 and
406, will exit conduit 110 in fluid form, and may be received by liquid bath 120.

[0055] As can be appreciated, a similar fiber 408 may be obtained if both
fluid sources 122 and 126 supply the cross-linking agent fluid.

[0056] Alternatively, if both fluid sources 122 and 124 supply precursor
fluid(s) and fluid source 126 supplies the cross-linking agent fluid, a two-layer
cylindrical polymer fiber will be formed, with a diameter substantially corresponding
to the outer diameter of middle layer 404 (or the inner diameter of outer layer 406).
If the fluid sources 122 and 124 supply different precursor fluids that contain
different other contents, such as with different cell loadings or different
concentrations of certain ingrespinneretnts, the two layers of the fiber will have

different contents or structures. For example, the two fiber layers may have
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6) may be used to forma cylindrical or tubular fiber, with three or
nore nested inlets, nulti-layer fibers may be conveniently forned, as
can be understood. Further, with nore than two nested inlets, it is
nore convenient to adjust the sizes and shapes of the |layers of the
fluid fIWeahdeltlhaéimgh@ndé‘weni physi¢ er shemica pregeariies dependingen,the

one or e contaln cells. Different fiber |ayers
may con@#‘?{eaﬁf%ﬁ‘ %Pk}ﬁggﬁéﬂd cells or different concentrations of
cells. To illustrate, sonme exenplary fiber cross-section patterns are

shown i foé%G 10, wherf@tHdralewidipe, 6nebhend pldts e ba cRise@aghd BaWo-
i ndi cates the number of nested inlets of the extrusion head.

[ 0063] Filaardaminas flgin nay gtforned drose it WrminpshBwes inggted éhiswiohithe vy
nodi fyi ehnﬁ[eﬁér oss-sectional shapes of the conduit and the inlets.
For exa% € cross-sectional profiles of the conduit or inlets
may be generally circular, oval, rectangul ar, square, or triangular.

[ 0064] THeops) yrrer Bg etdﬁustm'ghbe flowyrabes atiplessin 1201 B4, ddiby the croBes

exanpl e, for | ssue i_neerin |l ication the
pol ;Tprrer > Ort‘)% 98’ @r‘f‘gaﬁ'?%P hﬁr@ﬁuﬁ'ﬁg f@’@ﬁ@?” %@qupVSP‘ePF'¥§E@§9?‘?e1\)’%S‘FNPé@
in the %Pi@h?ﬁgtth@’bh 3181 B SHERIns B ep*?rﬁwér@t f02l hy tﬁ@?lﬁﬁfdraté% @ftﬂ@'

form [0065TVarious suitable hydrogel precursors may used as the
pol yrmer different fiids nTa}ebemyUamm dprireg spisoingnefya Szegmrfm Ihermegleb'soeany
sui tabl e crﬁss i nk gﬁlmat hod. For exanple, cross-linking of a

sui t abl &"#Y ?B%leaa“@ 1UBPChay be chemically initiated, which may

i nvol ve radi cal polynerization, chemcal reaction, i rradl ation, or an

enzyme. [60®F]s- | i nkiTRE dmétees b’r&’ﬂifeqﬁﬂrs PiBLHE %@ﬁvéﬁé‘ntﬁ) FatideEon the order
physically initiated, which may involve ionic interaction,

crystal |0rf eiogrete familend deulantbeymany hawe @ny Reersdiampteiayapout
bonds, i r

00} O RSP 20PSie Yo Beh 00yl o LATRETAY ) lirbice er
i ncor pom;etlavelacdzmhete‘rldﬁebsumm hint belacgdd. s. For exanpl e, ot her

bi ol ogi cal corrponent S, such as growh factors, extracellular mat rix

(ECM jals, S, proteins,. or nutrients, mayaso@,?Ei ded
bt he APBBO T P ow LiitSise onuanizar i beoraratinh el s oo REST, bV
hydr Oge|dx§ é?@'hﬁrfﬁé! cBRs f%@%rfdsﬁ%&n@'fﬂ%ﬂs?froh%h%ﬁ tH@b%inﬁ’érWr is
materials, such as a mxture of alginate and G n-HPA. Wth a bl ended
fiber orﬁ@rnmd For example, cells may be included in the precursor fluid, the cross-linking
agent fluid, or the sheath fluid. After the fiber is formed and solidified, the cells are
immobilized in the fiber. Depending on in which fluid flow the cells are initially
dispersed, the cells may be immobilized throughout the fiber, or concentrated on

the inner or outer surface regions of the fiber.

[0061] To keep the cells healthy and to allow them to grow, a cell culturing
medium may also be included in the fluid(s) in which the cells are dispersed. For

example, a cell culture medium may be included in the precursor fluid.

[0062] The exemplary embodiments disclosed herein may be modified. For

example, the spinneret may be modified to include more nested tubular inlets than

shown in FIGS. 2 and 3. For example, more inlets may be nested for forming multi-

layer fibers. Some possible alternative inlet sections are illustrated in FIGS. 6, 7, 8,

and 9, which have 2, 3, 4, and 5 nested tubular inlets respectively, and a generally

funnel shaped connecting section. While a two-inlet construction (as shown in FIG.
12



the polyner materials may be selectively renoved after fiber
formation, thus increasing the porosity of final fiber. [0068]In
order to immobilize cells on the internal surface of the lunmen of a
tubular fiber, a diluted cross-linker solution may be added to the

i nner f 1Q)iraaY bewsetde femms e cybrdrigaher tutalardities, withéhreeorsaorieoidsted inlets,

nner 1 PR bR, Ry e CRTRIEERRGRLRATE feBeiideruBly, Pukier, wit
peri odi gablenthenmbersest inhas Gelsl motdcdi@nidhtes adRst i sib6s aaalseepasdf
may be washed away by the f1ow. [ 0069] Tubul ar hydrogel fibers forned

accor di ilge {ayesn ok i@lﬂ9Wé|9§@i By dheegssilindilerbe lmganuli-layer fignyone
appl i cat] Qs 4th«% Oa;?e'f 51'?1'&% B}ﬁ FeH'P har Ia&ér%%gggﬁﬁ a@?dfﬂf@?&

as tubul7ar sca recons ruc Ing tIssue provi de

a funct Itﬂﬁesxbf wrst(:erdsﬁélbaﬂd@icermraebhs af celtst eTy illuptatep Bonml exxanylary
l'iver, Kkjdne or lung. [0070] For exa narrowed coronary artery
can | eadibebCrasRACIBA PEHCEYT BiSaFPVHI t Gr I9wvwhere thepumags en the left

myocar dicfrhRbRESE Pl ifiPReS 'ti‘?é RufitlePlof ﬁbsﬁeﬁ‘%ﬂe@@&&%eﬁ%%n%%e‘ar y

artery narrowing s coronary artery bypass eret
bl ocked artery is bypassed through either the patient's internal
manmary [6063ry or Fhers ajithatiberent efoss-skctiaball shapesneay be atheined b

t I t hi th
el T odmedpie TRy gectigahanet o' heEsoraiE and PRSRRIS protedmdee,
[ 0071] Thee pRISSDEICtbhBES B fiRYoRARe YBRHUIt Br ilds fidaf b§@bh@ﬂall?f0|r@malrfd\ﬁéi al
bl ood vessel grafts, nerve conduits, kidney tubules, as wel

t hr ee- durﬁ@ﬁgguﬁalsquaw @dripnguiBt.ure structures. The fibers nay be
seeded with cell to formcell-seeded hydrogel tubul ar scaffol ds and

cel | - seqggsly C]L\ydr 09¢hef o{}ﬁ'ﬁ@‘h%he B8/ /] y}ﬁ? Bn‘?y éﬂ’géblé b an?em%raéx%ﬁﬁc?

used as "vascul ar COﬂSt nerve con ney ti'ssue, or o

types offorbibldgiczl ak titsxs gagineering applidations| tmmjlm:ar ayshepbipsotipatible
si mul t anegusl y |f"orma conposite fiber |ayer and unlform?:/perrbed cells
in the M edﬂ %‘ée'lsrﬁfetfssé'ﬁ?ﬂ%\@éVQﬁ'nathﬁ&plpBQ@tqubeThe BAYHSE APOBEL e

fibers ngy W%‘?m%ﬁ%' lifgms. for formng bioreactors, bio-artificial
or gans, an wat er trea rrent cartridges, or the like.

[0065] Various suitable hydrogel precursors may be used as the polymer
precursor. The hydrogel precursor may be cross-linked by any suitable cross-
linking method. For example, cross-linking of a suitable hydrogel precursor may be
chemically initiated, which may involve radical polymerization, chemical reaction,
irradiation, or an enzyme. Cross-linking of the hydrogel precursor may also be
physically initiated, which may involve ionic interaction, crystallization, amphiphilic
block and graft copolymers, hydrogen bonds, protein interactions, or variation in

temperature or pH.

[0066] Conveniently, other materials and agents may also be incorporated
into the fibers with the cells. For example, other biological components, such as
growth factors, extracellular matrix (ECM) materials, drugs, proteins, or nutrients,

may also be included in the fluid flow and be incorporated into the fiber.

[0067] A hydrogel fiber may be formed from a blend of two or more polymer

materials, such as a mixture of alginate and Gin-HPA. With a blended fiber one of

13



[ 0074] As the shape of the fiber can be dynam cally nodified by

varyi ng the flow rates, the process may be referred to as a
“hydrodynam ¢ shapi ng" process, and the extrusion process may be
referred to as "hydrodynam c co-extrusion." [0075] EXAMPLES [ 0076] The
mat er i altge ogb/merﬁnawélaéxr@ﬁwb@sewtyebbmw afterflivier damnafione s

ot herw ?%%g,@b%g%ﬂgsq&ﬁk% iy (8-14 kDa), horseradi sh peroxidase
€

and H20 'fr om Wako TM (GCsaka, Japan), Tokyo
Kasei Kogyo Co. (Tokyo, Japan) and M3C Pure Chem cals TM ( Si ngapore),

respect i[ge68] [ 00731 érdeﬁ{@irﬁmodihzecéﬁ@bﬁnbré inteaat sOPAES pf msu@@nadfnaed
fromlnvit rog iqp USAL [0079] Arti san TM Hemat oxylin an
Eosi n ( fgeylas 2flasna Itit%@mﬁaﬂ'@ ars%um%m%amq @A‘fhewmr fitmkﬂgw that

G Fl I |

and gt Fed El o esebm TEETp o RIoTPE By B e SRR g e
( PKH26- Gepl ﬂmrcmllehn"abortael |fhmerrﬁb‘é|rgvml M svmeEpmiiCcSiorgajfdhe fiber is not
0080] Li ve/ bi | t kit f II
(cont al AOHBTICA L 0 Bsairel RCH)S b eplimaiued Nt b Aea At RBLERIGH p.
(CA,  USANasHeRORAAY tishagivcal s were used without further

purlflcatlon

[0069] Tubular hydrogel fibers formed according to an exemplary disclosed
herein may be useful for many applications. In tissue engineering, the tubular
fibers may be used as tubular scaffolds, such as for reconstructing tissues that
provide a function of ureter, bladder, urethra, artery, peripheral nerve, liver, kidney,

or lung.

[0070] For example, narrowed coronary artery can lead to reduction in
coronary blood flow rate and cause myocardial infarction. A possible clinical
treatment of this coronary artery narrowing is coronary artery bypass graft (CABG),
where the blocked artery is bypassed through either the patient’s internal mammary
artery or the saphenous vein. A tubular fiber loaded with appropriate cells may be
used for this purpose. Conveniently, the cell loaded fiber may be prepared in a

single extrusion process.

[0071] The polymer fibers may be used in the fabrication of artificial blood
vessel grafts, nerve conduits, kidney tubules, as well as three-dimensional (3D) cell
culture structures. The fibers may be seeded with cell to form cell-seeded hydrogel

tubular scaffolds and cell-seeded hydrogel filaments.

[0072] The polymer fibers may also be used as vascular constructs, nerve

conduits, kidney tissue, or other types of artificial tissues or scaffolds.

[0073] As it is possible to simultaneously form a composite fiber layer and
uniformly embed cells in the layer on the inner surface of a hollow fiber, such
composite fibers may have applications for forming bioreactors, bio-artificial organs,
and water treatment cartridges, or the like.
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[ 0082] Exanpl e I [0083] A hydrodynam ¢ spi nning systemwas fornmed using
spinneret with a triple-orifice inlet section, as schematically
illustrated in FIG 11A The inlet section of the spinneret included

three cylindrical stainless steel tubes nested coaxi aIdL_jy W thin %oé‘li g
orificel0874le hol ehsls ehaiee pEthe fibes candiydyramically madiftedsiey varyingoihe

the spi gy eles GRE ppcgclfe%'?hréé’f ﬁfeggfe edttﬁ%scgglﬁﬂgfro%ﬂgarﬁﬁ haﬂ(fﬂg;e}r&%%gt ed

al ong the periphery secti1on. Spi nnere singl e

out | et  andftheextrsionurdcessnahalytbeerdf@nsietb b5 dmpdrbgynarietcchottasidm” t he
outlet orifice. [0084] Two needl es (18G and 25G with blunt tips were

insertedq_jnto the |j es and extended into the gaps between the
respect EQQ-PQI eel tEg@&PCﬁéch 15 fornmed three concentric orifices.
[ 0085] The jig held the nested tubes in position and connected the

three Pg@@%}t ric orhbing4erib JRINR%hE ERal Y §EANESMedAEIIbAY IR
of fluid through each flow channel was controlled wth a programmabl e

cont r ol lodnervageispenifiet.be vari ed during operation. [0086] The outl et
orifice had a 1.7-mminner dianeter. [0087] The spinneret held the

needl| es .} osi tiop, C d t t hr ee cancentr,i o
annul us/[gﬁﬁi ces i ﬁg}a&ﬁg(gaftpgﬁﬁgﬁ%% %Pbsg’r W@pg@ ?Wi'%?g?é (Saﬁ%@) were
Coaxi al IpuretidsaeiiesmtWakd® @ddiac@apai), THRyS RaBBiEK&dyd@8. @ okgBNeRIdron
funnel through which the Iiquids fromthe three concentric orifices
were fi g Bareakhentieats i Gdngarsa) resrerdivelygqui d bath. The
straight part of the funnel was a glass capillary with an inner

di anet e‘r:[‘%@z%]o- 78 M@l Ridif -@Lﬁhé?{#[iﬂéofmﬂﬁlg\ggg%{Bgﬁb%&"ﬁowgﬂvﬂogen

connect e inlet section (concentric or e con
sect i on.C4rpO83A VBA).t he different solutions were punped through the
three (inner,

[0079] Artisan™ Hematoxylin and Eosin (H&E) stain kit was purchased from
Dako™ (CA, USA). PKH2 Green Flucrescent Cell Linker Kit for General Cell
Labeling (PKH2-GL) and PKH26 Red Flucrescent Cell Linker Kit for General Cell
Labeling (PKH26-GL) were obtained from Sigma-Aldrich™ (Singapore). |

[0080] Live/dead viability/cytotoxicity assay kit for mammalian cells

(containing calcein and EthD-1) was purchased from Invitfrogen Corp. (CA, USA).

[0081] All chemicals were used without further purification.
[0082] Example |
[0083] A hydrodynamic spinning system was formed using spinneret with a

triple-orifice inlet section, as schematically illustrated in FIG. 11A. The inlet section
of the spinneret included three cylindrical stainless steel tubes nested coaxially
within a jig orifice. Five holes were formed in a flange of the inlet section of the
spinneret, one holes located at the center and four holes located along the
periphery of the inlet section. The spinneret had a single outlet orifice. A fluid

conduit extended from the inlet holes to the outlet orifice.

[0084] Two needles (18G and 25G) with blunt tips were inserted into the

inlet holes and extended into the gaps between the respective steel tubes, which
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m ddl e and outer) inlets (orifices), the fluids at | ow Reynol ds
nunbers nmerged in the connection funnel and fornmed a triple-Ilayered
coaxial lamnar flow [0089]Liquids fromthe three concentric
orifices were injected into the conduit section and the forned fiber
was di sdpEnefthreacengenrig@ri@icest h. [ 0090] During the spinning
operation, sheath fluid(s) was injected into the polynerization

condui t gh th | £} r .
sol uti or{b?:%ﬁwlprl Si nghgqﬁq{(ﬁ@{gr{e% h%sﬁg@&trlﬁs%fm\%aﬁsﬂ onoéﬁc{ b@ﬁnecﬁédpﬁéﬁm@
condui t cohcenigik drifieesits chspeativd flow.chAnaeiss S‘hélﬂnlnefrat@ of fitiddhraugih each
|ncludeg|nthe heathflﬂgthrouhelth or Eh of thelnnerad
out er qT BES9OREErIeS ¥R PUhgreBHAIR CPBiTRlR and GPld bpvrrie
schenes ted in FIGS. 11B, 11C, and 11D. [0092] The

di mensi éﬁ{@%’ ddh(;"lrlétﬁcfnf)‘w profiles and the fiber were predicted based on
t he spinneret dinmensions and the flow rates. Assum ng the dianeter of
t he cond0086] s DR, Thaeutleherfic badadr. 7D innemdameéerout er di anet er
(Do) of the mddle tubular layer in the |am nar flow were cal cul ated

as 16 '_[0& Y- l?hglspfnn%et-khqu the needles in position, and connected the three
concentric annulus/orifices individually to the programmable syringe pumps.
Coaxially attached to the orifices of the spinneret was a connection funnel through
which the liquids from the three concentric orifices were first merged and then
discharged to the liquid bath. The straight part of the funnel was a glass capillary
with an inner diameter of 0.78 mm and a length of 15 mm. The connection funnel

connected the inlet section (concentric orifices) to the conduit section.

[0088] When the different solutions were pumped through the three (inner,
middle and outer) inlets (orifices), the fluids at low Reynolds numbers merged in the

connection funnel and formed a triple-layered coaxial laminar flow.

[0089] Liquids from the three concentric orifices were injected into the

condulit section and the formed fiber was discharged into a liquid bath.

[0090] During the spinning operation, sheath fluid(s) was injected into the
polymerization conduit through the inner orifice or the outer orifice, or both. A
solution comprising a hydrogel precursor was injected into the conduit through the
middle orifice. A cross-linker solution is included in the sheath fluid through either

or both of the inner and outer orifices.

[0091] Representative combinations of fluid input schemes are illustrated in
FIGS. 11B, 11C, and 11D.

[0092] The dimension of the flow profiles and the fiber were predicted based
on the spinneret dimensions and the flow rates. Assuming the diameter of the
conduit is Dg, the inner diameter (D, } and the outer diameter (Do) of the middle

tubular layer in the laminar flow were calculated as
16



=@ @n X URO1 + 02 + B where 01, 02 and 03 respectively denote
the input flow rates through the inner, mddle and outer orifices of
the inlet section. The flow rates were controlled by presetting the
syringe punps that drove the fluid flows. [0093] Conpared to the small
cross-|linker nolecules, the transversg.dij,fusive broadening of the
hydr ogel precursor was negli &8l i@%m%ayer coaxi al | &hi nar
flow. In addition, the cross-Ilinki ng@hegarat the interfaces of
different flow |layers, which further reduced the possibility of
transverse diffusion of the hydro r into the inner or
outer |ayers. [0094] Thereforﬁ, the d agetées of . the pol ymer tuz | ar
fi ber were approxi mately the~Sang a &5?‘2 tX{e middie Ianin

| ayer. [0095] A 1 x PBS sol ution s 'used for the liquid bath.

[ 0096] Exanpl e 11 [0097] Pol ymer fibers were fornmed using the spinneret
of Exanmliterk.Q,TIte 41 QYREsRICEEIyHRNStdIERANbOENGN @ateh MhidDoh tRalimidm

al gi nate, and pol ysul fone. The cross-linking nmethod used was

enzynat ingidgle ad puter osfiees ehtheiiolet sectirer blag flow, ratas wereseontrplled diyqre-

[ 0098] G_n3 j o i a general

car bodi .S%“E@Q%ﬁ%‘ﬂggts"t@?%fﬁ‘%&?ﬁ%@@%éiﬁ?%&kact. on (see Exanple VI
bel ow). They were cross-linked by enzymati c oxi dative reaction of HPA
moi et i e§0083Jng H20Zocanrhrbd s dreasinal cpeysairikdasel¢HRES . thdharnexedat | ve

couplin f phenol proceede t the CGC and C-0 posjtions between
pheP\oI S%if?usi\l?e broadeP]ing of tﬂe%ygroge{ precursor was negligible in the multi-layer

coaxial laminar flow. In addition, the cross-linking began at the interfaces of
different flow layers, which further reduced the possibility of transverse diffusion of

the hydrogel precursor into the inner or outer layers.

[0094] Therefore, the diameters of the polymer tubular fiber were

approximately the same as those of the middle laminar layer.

[0095] A 1 x PBS solution was used for the liquid bath.
[0096] Example Il
[0097] Polymer fibers were formed using the spinneret of Example I. The

polymer precursors used include Gtn-HPA, calcium alginate, and polysulfone. The
cross-linking method used was enzymatic oxidative reaction, ionic interaction, or

phase inversion.

[0098] Gtn-HPA conjugates were synthesized by a general

carbodiimide/active estermediated coupling reaction (see Example VI below). They
were cross-linked by enzymatic oxidative reaction of HPA moieties using H.O, and
horseradish peroxidase (HRP). The oxidative coupling of phenol proceeded at the

C-C and C-O positions between phenols.

[0099] Pure Gin-HPA fibers, celi-seeded single-layered fibers, and cell-
seeded two-layered fibers were prepared. For cell-seeded samples, cells were

cultured in the precursor solution. It was found that the cells were not damaged
17



[ 0099] Pure Gin-HPA fibers, cell-seeded single-layered fibers, and
cell - seeded two-layered fibers were prepared. For cell-seeded
sanples, cells were cultured in the precursor solution. It was found
that the cells were not danmaged 17 during fiber formation. In this
exanpl e durihg fiber fdrmegionofinthie exptpdgdhe stitihesreotibedtidorgeliamd they be

conveniently controlled by varying the 1-1202 and HRP _-.caonc tions.
[ 00100 BRHHETY R SR STRIN For el ot MR e wes
di ssol vedntaniPRemt concentrations ranging from12.5 ng/m to 50

ng/ M. HRP was then added to the G n-HPA solution, resulting in an
FI RP concentration of 6.25 units/m . Next, a high concentration

sol uti 008100202 ( Bxampis |IMtoumEuESE-ORénilkess Pte. Ltd., Singapore)
was diluted with deionized (DI) water to yield a diluted H202

solutio \ a H2p2 ' ; [ t he
G n- HPAﬁ?wgol ut i %ﬁ” HEK pRhugt P@?@ﬁgﬁﬂg@' i u%agﬁg’ﬁé%@aﬁéﬁéﬁéw%'ﬁ?

| oaded ifitino 1RIF @e/raliol 5@ egpmipbl RFaweds e re agdap edtHenGtn-HP& sailiddn,
orifices of .the ext'_&éjsi on head, Dependi n% oq 2\%& t he, E‘Ol utions were
suppl i edeslinGd amIdRP gpneenieationith2? yplip/aH- 1.3 NigRRANEENTTAYRIR ogel
fibers ier 31,01 ' ; de '

wer e ob}tggjliﬁg ng% \@%rd@ﬁr}g@ /t’ﬁ@ébraa{:lbgggﬁ IaEn?]pu%ltz,?‘%’ol'l\;{v(}f'r’ at e po\?\zé)f\ﬁ%%t% lted
changi ngvitthéeidhizedDbnsatef ta hieldaidineddti,O] Sdale) Riphraeldgbi admasmtration
| mages %%Qtéjgfwéar and cylindrical sanple fibers are shown in FIGS.

12, , *15. The optical images in FIGS. 12 and 14 were taken
when the G n-HPA fibers were imersed in water. FIGS. 13 and 15 show

cryosecpefeg] i Megps weilters S Gen-BPYHRP §6108618 andiBe HilleHHI®) solfitidrst
fixed by a tissue enbedding nmedi um (Ti ssue-TekTm), and then sectioned

by a crysieaepprategAoaad susihreryriogy Pyetms, 8nd WrPeUSIREhED e inlet
herat Ox%lri'fieégffﬂ%' extrusion head. Depending on how the solutions were supplied o

the inlet orifices, both tubular and cylindrical hydrogel fibers were prepared.

[00103] Different tubular hydrogel diameters were obtained by varying the

ratio of input flow rates, without changing the dimensions of the spinneret.

[00104] Representative images of tubular and cylindrical sample fibers are
shown in FIGS. 12, 13, 14, and 15. The optical images in FIGS. 12 and 14 were
taken when the Gtn-HPA fibers were immersed in water. FIGS. 13 and 15 show
cryosectional images of sample Gtn-HPA fibers. The fibers were first fixed by a
tissue embedding medium (Tissue-Tek™), and then sectioned by a cryostat (LEICA

CM30508). The cryosections were stained with hematoxylin/eosin.

[00105] FIG. 12 shows an optical image of sample solid fibers formed of pure
Gtn-HPA hydrogel. The solid fibers were porous as shown in FIG. 13, which is a
scanning electron microscopy (SEM) imaged obtained after freeze drying and
cutting the sample fiber. The sample fibers shown were formed with an inner
hydrogel precursor (Gtn-HPA + HRP) flow rate of 5 pl/min, a middle H,O, flow rate
of 20 ul/min, and an outer 1x PBS flow rate of 75 pl/min. The Gtn-HPA solid fibers

were transparent in DI water with substantially uniform diameters.

18



[ 00105] FI G 12 shows an optical inage of sanple solid fibers forned
of pure G n-HPA hydrogel. The solid fibers were porous as shown in
FIG 13, which is a scanning el ectron m croscopy (SEM i nmaged
obtained after freeze drying and cutting the sanple fiber. The sanple
fibers JA0WBMere FHBntshhwh aamntinaﬁmameplprmﬂaws‘&Ier% Grmedrat +

HRP) f I | / mi i ddl e H202..fl | / m.n, .and
o bt oblrd HsEaten ByBrodl" gty Bediirarivdin i ok flaré be yBile j2r'e
transpakrgdimage. th@amplwlbarscﬁM@w@k@rdrmwwm@émlﬂm@m}@{ﬁow of 15

[ 00106] FI G 14 shows an optical inm w fibers forned

of pur e HEMHnHPRIdglervgergel BoeeLreae( tﬁrﬁéﬁAathﬁe‘fqmoi 3o fil/mite andot s

o nmeP et Prsh e Bt i, AR iR aRE b ol i, SUE A . Fa
+ FI RP) cohegnipdticdbwak 28 mg/nindnathe HRE cohcemizgibnilase o6 dftsihl, M

In the mddle ecursor flow, tge G n- HPA concentration was 25 ng/nl,
and t he Mg Iéz';ﬁacé?rw capianedd wi%esf thes/ e inmereandmidd edlopswe 1 X

cont ai n §Séi§‘%@%ew%§ calBe | lSQQ,EI @@S{gqﬁé Srdd PSR tHe é?ﬁﬁ%e

sol uti on base can seen in Cross-sectiron o
sanpl e flibkeis genageeaahlilpr.annul ar. [00107] Sanpl e G n- HPA hydr ogel
fibers were found to be mechanically strong and elastic. Sanple

fib 0 d ka

{ooros) Bafifle T1aelEs Cladhhyiael frSorie Rar e bE Tt edenizely

cel I - se%%ﬂgsaﬁagé@sth@ysa%ué B85t 220 UAP@ARIcAEr &iuta Bl ifirtbd without
he

Madi n- Dar by “cani ne ki dney (MDCK) cells was uniformy mxed with t
G n- HPALHREKagsl ut i on at concentratlons ranging from 105 cells/m to
107 cells/m . The cells were added to the G n-HPA/ HRP sol uti on before

it vvasl ﬁﬂgﬂinto } isolated cells can al so be
added t(; e 'Gn-H %\legfgu[lggggiggg%%d ﬂﬁ%&é section via an additional
syringe punp. Through this punp, a cell suspension can be injected

i nto t h¢0@0OJHPA/ HRBr selentrusionjafsellizebded SIﬁgEma‘rerniflbertsoaténspenaon of

and t he WA R MBRNTE bl eRpAdbl ) S S riatia) FRdp bR
[ an | Sorn B oharl Rt & GuBiliad BRI STRIGRY Jo oS el
r epr esenthet ¢aile wemgaztiedftotthe C%tadﬁH’A/HﬁPlsohE@dldIEfom ihglas-lbagext b the
@ n- HPA h}(%g %lfnpf 'The iSolated cells can also be added to the Gtn-HPA solution at the
inlet section via an additional syringe pump. Through this pump, a cell suspension
can be injected into the Gtn-HPA/HRP solution just before it was fed into the triple-

orifice spinneret.

[00110] In this example, the shaping fluid and the liquid bath used were 1x
PBS or a cell culture medium DMEM (Dulbecco’s Modified Eagle's Medium) to

maintain the cell viability in an isotonic condition.

[00111] FIGS. 16, 17, 18, and 19 show representative images of the sample
cell-seeded, single-layered Gin-HPA hydrogel fibers.

[00112] FIGS. 16 and 17 show solid sample fibers. The sample fibers were

formed with an inner hydrogel precursor (Gtn-HPA + HRP + MDCK cells) flow rate

of 7.5 pl/min, a middle HO; flow rate of 17.5 pifmin, and an outer 1% PBS flow rate

of 75 pl/min. A MDCK cell suspension was added to and uniformly mixed with the
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[00112]FIGS. 16 and 17 show solid sanple fibers. The sanple fibers
were formed with an inner hydrogel precursor (Gn-HPA + HRP + MDCK
cells) flowrate of 7.5 pl/mn, a mddle H202 flowrate of 17.5
pl/mn, and an outer Ix PBS flowrate of 75 pl/mn. A MDCK cell
suspensi@in- maé ‘adfEtiselutiamdrianiof tberdgding wé thinkrecurser scdutiod intt-be +

HRP sol ut t ad | ut t h
Syr i nge wlftee Burl I8 el PR oaReRFIe) TP AES eanseiPubiadd 618 fabe®
(FIG 17shom@\/tﬂdt MDREK VBN werd Hstrivied dhFdrinhlhwigth tH fﬁgﬂ:rrﬂbdl ﬂ/MeTr@' n

t he hydrogel fibers. [00113]FIGS. 18 and 19 show tubular sanple

fibers. The fluids_used were simlar to those used for the sanples

shown i HO@113. 12 FHGS. 1&andntP showiibuansampledibass. tThe fm%@l wereat
th | t GS.
e e SRR s bRy Rk bafHes, TR LUERFS 2 TR TR 1

sarrpl e fadaition ofehe MIDCHI grtld doyhes vbhedritragionhs 10Rels/and Thredxﬂj/cese‘cllomal
descri bed above, U-‘dem fically, these sanple hol]ow fibers were forned

with annages nbsS1oand é?é’\"%ﬁe @tg'nﬁﬂ/l?ﬁ HainipgihggampleyyiByEAPL. These
precur S%’ér()g%@%éipsp‘wé’re'ﬂal %&@H;ﬁ% tﬁérﬁWe bg nRbdIG fF)VFE 4& Pipednd

an outer flowrate o erent layers 1n the
sanpl e fabbees Speulfidalhe ttiem:eanmptb bylldw ébeﬂsowe fpo0éd 4itexamipiner HLO,

|1 -seeded d f 00115] F i
corl - sodairate b2 lRkn A ikl Plurosel AT e TR Mo < ReKsels)
vas di el watadried i, BRAENSLIEE 1k *P%ﬁn@w'ﬁé’é SO LiAM. (Th BRthent

being first dilute wth DI water) at concentrations ranging from
0.01 vvt%KEGSGJ”JTZEW%'e@emfiéBI®W$bbﬁi$O|mvhstand | ess than
about 0.25 wt % of H202 for an extended period of time, the H202

Fed to MR Plnar  oFRABE I R SERfe QB BB Concaining

G n- HPA sol utlon was prepared as in Exanple 1B and was fed to the

m ddl e ¢o0fi5je. WiEar éktwslmoéodalmsé@uimd Weodayared dibeds, isnhightdoecemnativnt
of the inneret, cross-1inking, of

i nt er f abeRBIPHERSLERCHNRIGRHI %@pﬁgmmtgﬁv%tgggl?éos%i&”ed Fepho
and PREud #apdidieaNaieDPRbler) bPonddiiafbhgfan gvfmn{ 8% Vo b.25

pell ets were dispersed Into t I nner n- HPA or the mdd
G n- HPAWtP/ovO,s MDCE}@EBLIS d@tpidrmhimgutbatand ledd ihianl aboer 095 wite of ¢l s foeare

to be secded L 0TLIMe: | Y12 LYALRRSHof WAR" 2ol FRETRE, ! IS
containing Gtn-HPA solution was fed to the inner orifice of the inlet section. A
HRP-containing Gtn-HPA solution was prepared as in Example 1IB and was fed to
the middle orifice. When the two solutions were injected into the conduit of the
spinneret, cross-linking of Gtn-HPA hydrogel occurred at the interface region
between the two laminar flow layers, as both H,O, and HRP diffused transversally

into the other layer.

[001186] Cell pellets were dispersed into the inner Gtn-HPA flow, or the
middle Gin-HPA flow, or both, depending on in which layer(s) the cells were to he
seeded.

[00117] Two-layered hydrogel fibers with seeded cells were formed. The

dual-layer structures of the sample fibers were verified with optical images and

cryosectional images. These sample fibers were cylindrical (solid) as the polymer
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dual -l ayer structures of the sanple fibers were verified with optical
i mges and cryosectional images. These sanple fibers were cylindrical
(solid) as the polymer precursor in the inner Gn-HPA flow was al so
cross-1linked during the spinni n? process. [00118] Both MDCK cells and
Human nipceewrascinl the immerdbineH PAl flawmEp aled Crosadinked (dsiong e spinnired i n
t he sarr%rhé/dsr ogel fibers, with HVE cells lining the periphery and

cel %c,SCupyl ng the core. These sanple fibers were fornmed with
an i nner hydrogel precursor (&Gn-HPA + H202 + MOCK cells) flow rate
of 15 pl6ei1e] a m gatreMMCK eghd afd GRS Midroasdifdy enddRelial INRIERIHIS)
flowrate of 12.5 pl/mn, and an outer |x PBS sheath flow rate of
72.5 pl M8'8.alshinmpkiliged i thenzarae hydiasie! fbens. with-HiBE cellspipingthrock

o evi ou S LRREH AREMOERICSTE phuniag e e el Hag el ek ke
sol ut i onvithoat &ingir hgd@ge! bRAUtsdiRBtr-HIVE +ad) s+ NID@thm{sml@kdlrete of 15

orifice, cross-linking of the double-|ayered & n-HPA hydrogel fibers
occur r ed!/gtint d@idglgpyd F@@'f%@@@%@ﬁéﬂ%‘ﬁan@ﬁ& w'\AEfqeﬁg) ﬂﬁwweﬁsﬂﬁ 5

202 and,/gi i arﬁﬁg%%&%m@ﬁ% SRR flofuaft S PRGN DRHIRALL I

differe pes of ce and were Ta eI ed
wi t h f | sohwiscesith GéhHRA ﬁldéz@&+ RIBRK@Eellamep|Red? Gredunclies pédklﬁlﬁ-y

whi ch d t I I t nmb

obser ved g esd fanel B WeyiPLs Seatiear bR TBpePagar Wheh
prolif ern@érg@ﬂ vt ih\é' §dl@t§on Jém&ﬂir%j?@tn HF&CK'HPQPWHNFEDEQM&H thethiddle
ease. [00120] Exanpl e o0 evaluate cell viabil

cel | - se@cﬂlétae,s@rﬁ*p‘é-d;nhyd rQﬁ@@Gb d@u@eflsya@d&ﬁnnld%dlmow leHEENDCWrred at the

ot or 1 o BB S upRS e el & B R BEP 2 S0 grew

| arger. The norphol ogy of the cells in (or on the surface of) the

hydr ogel[06118]r depinstadeneits owl distiyidrebbiwibergtk difftereasiybeemf cbld, the
al so on theé&épe of cells jnvolved. Attachment and growth of ot her

types ofIME&sda a8 MBCKnCelisaverepabeledrwitl Bugrsseenll aed oksEs: fdeH2-GL and

00122 HPA
hol | ow f1hees St Fe i AnEr, b inhSrdoRel YERBHR mBRERIS BHbTneelt e,
was | essnermbrarebdtitvasQhsemeddiial therseviebeled tdells hetalnedetheindisolodisel aredl .

LgﬂlZB] prolefgl%tllcj)%ta%tN|tlesl qjhugeggftrgéklgg %as%%'ulc:{e%a\}v;tf?ga éocess on
[00120] Example llI
[00121] To evaluate cell viability, cell-seeded sample hydrogel fibers were

incubated in DMEM. A manolayer of MDCK cells was found to form on the surface
of the fiber after four days of culture. The cells within the fiber also grew larger. The
morphology of the cells in (or on the surface of) the hydrogel fiber depended not
only on the hydrogel composition, but also on the type of cells involved.
Attachment and growth of other types of seeded cells on the fiber surface were

also observed.

[00122] Cells were also cultured in the lumen of sample pure Gtn-HPA hollow
fibers. The diameter of the lumen of the tested sample fiber was less than about

100 um. Cell growth with the lumen was observed.

[00123] To evaluate the influence of the immobilization process on cell
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viability, cell-seeded sanpl e hydrogel fibers were collected fromthe
liquid bath and were divided into two portions. One portion was

anal yzed using live/dead assay, while the other portion was incubated
inacell culture nmedium The live/dead assay of cells enbedded in

t he mat niatskty péelt-dredadsaiPpleHoldroge! fiibbes westh ovkatted fromibediquithba®aned

f th | | t h | i nki . Thi
Sont 1t migPreRLTtEHintE o Horichsd it SofRR e Shaledl S5R0 hvaBeliassay.
m | d chemirahelstR&t p@ﬂo@mSwaéuméd qaybqfe%uqure[ RREZ M MPEK 168)deaidviisBy
found to proliferate well with he si ng_i%A ayered & n-HPA fibers,

form ng Cﬁ%ﬁﬁ@ﬂ"@ﬁéﬂedm th%mayrmesga‘lth@ Gith dfollew fibedaiphowed that more

i ncubat i L AT suI ts obs rved Nl H 3 see

e e 8 o5k o e deS RubRyatF iR, A tr s Inghd Brless, THis i it nat
The prolthé enaymatic efossalnkingpoiGIPHPRL haltogél was almteehavical RlaRdon and
observed for the hollow G n-HPA fibers seeded with HVE cell s and

human pM&3& el cvieiesiCar (HPT) cells after 8 days of incubation in
epi thelial growth nmedium (EGY) and renal epithelial growth nmedium

Gty TRpPRATent Sk el Wi Yaddd RARofteradeltett ARRTARY Shftié Kelbred
b | o e bparil sOfathaltoy pdags ot g
Ir)(r)TTrTgS| { Ribatin @M@@@S%W@%Gf\f@daﬂg DRI Sadid Padl layered
pr ol { €T eAYboRREB! |GRAGEbY ol BatifIPREDBIERNS The FORLARIFATAE o

Al ginate and Al gi nate ers 00127 Pure al'gi nate
fibers é@rdnailmeuoaolgyaawer@ahsowbmwd for thebbolioweite-HA fiberaseaddedhe

t f I F | gl f tr C
coar um 4 BB Eanyiihalok Brdhielat fefhadtd el d aiaise l?o%{tanan
Al dri ch'BMithsiid ?ﬁ%e\&ﬂﬁn send) dud ie@fa@@bxtﬁ@la%?ov@tﬂﬁﬁé@ihﬂfg% DI\/I%
al ginate were dissolved in tw different media, D water and

Al gi nat sugplamented vidr) fs (derpenetinisirenteorsiadi A9 upis/miz Tespentively.

mn) or by ganma irradiation. Before |oading into the syringe punp,

f or e dOEIBIE 0L U TR Enbladyrifle bRIE FITRY Brtfib sAHaBe SPIRL b fiRel
aggnt2 01(‘) dibeed ?%pnaicmd ?&:Ehmw@eaﬁ;mgém:mgtoﬁamzedsi;ré@aﬁegexi(ni@ombfb RGD nmM
:Ingi nat &F ﬁ“ﬁ’%ﬂ&“tﬂvg ngéh‘? Y Sﬁéﬁ%th%{\%‘?Qﬁﬁb‘éaé?&%@e‘?@moﬁ%i%
was fi r%ﬁa@h?f‘%‘ﬁt%& rélﬁéﬁ%ﬂ gﬁ?ﬁérﬁﬁ%héﬂ'déﬁé%the%%p%é?én% y, the H202

sol ution [ute 2 solution two sol utions

were individually | oaded into the syringe punps, and punped thorough
the tri @P@128]i f i ceExgmmﬂ@r\éAlgrmaIem@]m@maﬁ@ﬂtow&%rﬁjaﬂrar es of the

produced fibers were confirnmed by m croscopi c i naging.
[00127] Pure alginate hollow fibers and blended alginate/Gtn-HPA solid fibers

were formed with the apparatus of Example [. For pure alginate hollow fiber
extrusion, sodium alginate in the powder form (alginic acid, sodium salf, Sigma
Aldrich™, Singapore) was used. Different weight percentages of alginate were
dissolved in two different media, DI water and DMEM. Alginate sterilization was
achieved by autoclaving (at 121°C for 20 min) or by gamma irradiation. Before
loading into the syringe pump, the alginate solution was filtered to remove yellow
precipitates formed over time. Calcium chloride (CaCl2) was used as the gelling
agent for alginate. Various concentrations of CaCi2 (50 mM, 100 mM and 200 mM)

in DI water were prepared.
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[ 00130] Exanpl e 1V Pol ysul fone/ & n- HPA/ Cel | Fi bers (Conposite Hol | ow
Fi bers) [00131] Pol ysul fone hollow fibers were forned using the
apparatus of Exanple I, with the inner surface coated with

cell -1 oaded G n-HPA hydrogei. First, polysulfone (Sigma Aldrich,

Si ngapor[@P128k di sé'olspé!dalginaﬂe@UHyH’AZ){@}decbﬂ;dEidbﬁEr(; NME’)ab(oSEga@nate

The pol yEIVEBNEES SIS R AE PRaHTARALa iR ke Sepaitigy. fSha

was conngfiirsh Was Hnﬁeﬁ%lﬁf cavisd eatich. Nbea, fR AReEGltoNeXEre ﬁdlwdualiy
suspensi on of isolated hunman proxi nal tubular cell (HPTC) pellets was

uni f or migadedindo We syrings mpRAndRPULpEdthenugh tee rgderoriéice spisneret.
ranging from 105 cells/m to 107 cells/m. A blend of

Gl R R N

| oaded irhicroddagid iidgihgyri nge punp connected to the inner orifice of
the spinneret. Unlike in the previous Exarrpl es, the forned fibers in

this Exar’rBI e were exposed tgo air befaore t reached t he l'i qui d bath
(1 % PoaPBISaecT or BBmamBb opeutp bR & GakTa6r o EloyhRsiddd lavs

soaked |Fqbé\r8:)arge portion of Ix PBS solution to renove the residual
NVP solvent in the fiber. After cutting into appropriate |engths, the
washed conposite polysul fone fibers were cultured in REGM It was
obser vec[OO hat] HPTCPosisufone helldwifibprawess fosthedaisitette deparatusfafce

ft ubat i 0013 l e, VI Synthesi f G n-HPA
con] ugateé %@633@ iog” SUHPGR B ae Lo Sl Bl B ER R, Bt
car bodi I f@ﬁé :gS@n%hﬁﬂWB%ﬁo@@}Wéé Az sbRaatih Nlme@sy@hﬁy»*ﬁondbn@ G
20. [ 00 4 3,4 20 ol N- hydr oxysucci ni n de X

g, 27.8( ))(%gmar-\léﬂml iBg@pore) ﬁéswq\ﬁaﬂ@ﬁsmmg@@mém@m@@ Wi%.

((le %t hil for naxlégf%%g%ai 6%’ Wﬁg t}ﬁ?rﬁj Otsﬂ%%jvﬁt&} \83 Sﬁgﬂggg}{m\ﬁa@@ﬁ’ﬁaﬁgf ed at

room t era@@hat;ttwetoahd o@teﬁr%rﬁfce%f?t’hé epinhefUNext, R pensiphel isated0 g
of gelatin in 150 ter were added to the reaction mxture and

stirred mewmaﬁupa@hoe&wé’ﬁ&)meée@rwai)umiomlyméewtmh@
then eXtFﬂﬂﬁfo@ﬂD%oﬂlt@hye?t%negﬁfrghcﬁrnslr%ggm& PémNE! gﬁ?ﬁr‘rltt%qw c@%’f?n.l_h

et hanol wat er 1n sequence eac ilize
per cent éllj]@1€bﬁf @m- hi@ﬁgHﬁRiseltsfwgeI(mdad m’m:t thedameddwytlthBArr(p cannected

degree con ati det er mi_ned t onvent 1 ona

20 oot i s PR acliEb alitie ftonata oo Ot io e an ivadestjgto the

yi el d wagjrd s?rirgge QRb3RInHaedd - tHB/hwr?é’{rHrH&@tcﬁ%hé!‘@bﬁnEFéisghhRé‘iﬁetﬂe

t hrough an enzymatic oxidative reaction of nol eties using HRP and

H202, agrevious Bxanmles, the formed fibers in this Example were exposed to air before
they reached the liquid bath (1 x PBS). The formed composite fibers were
immediately washed and soaked in a large portion of 1x PBS solution to remove
the residual NMP solvent in the fiber. After cutting into appropriate lengths, the
washed composite polysulfone fibers were cultured in REGM. It was observed that

HPTC cells were fully attached to the fiber surface after 10 days of incubation.
[00132] Example VI Synthesis of Gin-HPA conjugates

[00133] Gin-HPA conjugates were synthesized by a general

carbodiimide/active estermediated coupling reaction, as shown in FIG. 20.

[00134] 3,4-HPA (3.32 g, 20 mmol), N-hydroxysuccinimide (NHS; 3.2 g, 27.8
mmol) and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC; 3.82 g, 20 mmol)
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[ 00136] Exanpl e VI1 Characterization of hydrogel fibers [00137]An
inverted Aynpus | X71 optical mcroscope equipped with a DP70 digital
col or canera was enployed to study the surface norphol ogy and
cryosections of the hydrogel fibers incorporated with or w thout
cel |l s. [viairé&3Bgdalivent @stsnin| bﬁwgtan@rdfdlmemwﬂowanedb @Ei\@ldmemmtuam)d

of the immohilized cel wer e 0

| ver s od e RGO S ApBHURES 30550 BEIRSRNBo N B L 4k fol Bipgure. Upshn
hyl 0geloch s WS of S8 986 881kl brediel ¢ oEssias ke

(JEOL JSM at” an”accel eration vol tage of 8. V and a working
di st anc@andfstBredl owarnigef et wonhterhpdraiigeendept daﬂe"Ehe mﬁumawaSEMn

hanb f I, i l f . fi f
Hnaed. et e r Beenr s oo BV St HEl Silftion. A3k StWaId abratater by
PBS, foldegnefcdiorfrr Wéé@h 'dhdalyé”@hl[lﬁﬂ Wﬁer@bﬁﬂég@tof'a%ﬂﬁefg@éud@oh

Next, the frozen sanples were dehydrated in a freeze dryer (Labconco
Fr eezongelatin) intreduced with HPA éva alearee operriugatinmurasidetsrminedi by thee

e e e R B B v 1

conduct iyyd txadez.0and sputter-coated with platinumfor 80 sec.
[ 00140] The dlstrlbutlon of cells in the hydrogel fibers were checked

by cryosectioning and DAPI_staini Hydrogel fibers were cut into
short sd@fbiRls, andh ?|@3@d"%t@”iqg@gﬁf‘ewé%éi@§ﬁﬂ@kﬁ%@"”’@h‘ﬂ*‘l‘l%‘sﬂé’—mfﬁm

(Sak“raoﬁﬁdé‘ﬂglfﬁa&WHlah noitfles %Qﬁ f9RPLA ({E%‘%&%‘%@\g‘g fFi@rZ'l

segments were then secti on by a cr OSt at

t hi ckness of 10 pm each, and transferred to m croscopy dl ass sI i des
f or DAPI[08136]Ini ng. EXhmpeviliChardctsinpliasobnydrogeldderpy gl ass sli des
were washed once with | x PBS solution, and the cells were fixed with

70% et h or 20.m.n Af ter

pas bur AP L Daer &8 stss ORI Contien olinbPhalbBulioBEs ity oz
t enper atdigigal telor abfidra Wasemployad WeaRBAhsisuffakys nitfphsRigytdren. The
cell norphol ogy was observed using the inverted fl uorescence

m cr osc&pseioRp asthexndroge! fheresorrarpiad WHD or sieHt eglls350 nm

[00141] Ot her features, benefits and advantages of the present

i nventi gho 4] expr g re\,’gd&@%ggﬁg %\éFLa‘g/? (Pg?lnt g§t§?1t9qivf970c§5‘dt§§s§y

descrlptlon nd the draw ngs ose s
of the immobilized cells were also performed on this inverted microscope system.

[00139] Morphology of pure Gin-HPA hydrogel fibers was also characterized
with a field emission SEM (JEOL JSM-7400F) at an acceleration voltage of 8.0 kV
and a working distance of 8.0 mm. Before the fibers were loaded into the SEM
chamber for imaging, samples of pure hydrogel fibers were first rinsed in sufficient
deionized (DI) water to remove the residues of PBS, followed by freezing in a 35-
mm petri dish at -80°C for 12 h. Next, the frozen samples were dehydrated in a
freeze dryer (Labconco Freezone 12L) for 24 h. To reveal the porous structures
within the hydrogel fibers, the dried samples were broken into short segments in
liquid nitrogen. The segments were then fixed on a stage using a conductive tape,

and sputter-coated with platinum for 80 sec.

[00140] The distribution of cells in the hydrogel fibers were checked by

cryosectioning and DAPI staining. Hydrogel fibers were cut into short segments,

and fixed with tissue embedding medium Tissue-Tek™ (Sakura Finetek, Japan) at -
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[ 00142] Al t hough only exenplary enbodi nents of this invention have
been descri bed above, those skilled in the art will readily

appreci ate that many nodifications are possible therein wthout
materially departing fromthe novel teachings and advantages of this
i nvent i &0°C[f6012 8] ThHes froxeniibersegragritewereshémsecitedt yy @ ccmsiatss al |

oueh, oo GBS B8R 10T SEEATS PGPS Rl
hydr ody nagCs RS9} DAPI %emrlg STRE et R Saroleb Wrathicrs oy d sl S8iided

fl ow t hrough a conduit and forma lamnar flow conprising three or
nore | ayears vmsI@elm wigh dad?&%lsoi‘utlundamdi meelleawarefﬂwadnwm @086 ethanol
fl ow ng

tive.flow rate throu dUI ted
ot ne 4528 SR EE IS i Péidtier el BRPRIMCPR S EHEY DAY i (o
sai d m qgyen méeéarﬁezewe&bmeﬁ at EIe SerhbBledeefopabyiers Riig BHSREshed
anot her Iayer of said flu | ows conprising a cross-1inking agent;

}/\/lner gl n VE&i b~ lﬁ’@%ﬁ@mm eT,hﬁ @Qﬂ mosphiclogy wes-d samadgﬁ@eme maﬁﬁe ai d
br ecur s SV OISR ES SlelcRe oS GRS 8h ot R sast & R M ¢

cross-linking agent to diffuse from said another |ayer i nto said
m ddl e I[ege41]t o f aCihertfabires dmdﬂtsnamdlgdmdntageslobmeypﬁresem|ecz®mtmr notn

sai d mddIeI er tof a tub oly rlaerlnapol r fiber,
sai d polSREFSY %@@P“%@f? ﬁg]oxae ERD § @1@@1@6535@% Mg ﬂﬁsemtw@s%ﬁmeng to
said cr ‘Eﬁéwﬁ@ gpﬁog‘g S§mgg#m|@éﬁ | ayer. 2. The process of claiml,

conprising a I ng sai | ow rates through said conduit to change
said cross-section of said tubular mddle layer. 3. The process of
cl ai m 2,[00M2lei n séltbowgh ueWim@mwémbedlmnﬁsofﬁ@e gwedtidh bave dees

during id.forcgj The roc SS Ia| 2 or ca 3. wherein
oo o acbstring BbPYe.fioss SRIRLRERReRT bl apBinsfarl BhTmall “cai o
fl ow r atgsdifications are possmie thereln without materially departing from the novel

teachings and advantages of this invention.

[00143] The invention, rather, is intended to encompass all such modification

within its scope, as defined by the claims.

25



5. The process of any one of clains 1 to 4, wherein said another

| ayer conprises a tubular outer layer of said fluid flows. 6. The
process of any one of clains 1 to 5, wherein said another | ayer
conprises an inner |layer of said fluid flows, and said polyner fiber
is tubular. 7. The process of claim®6, wherein said polyner fiber has
an i nneWhHatisef@medfisabout 20 pmor larger and an outer dianeter of
about 60 pmor larger. 8. The process of any one of clains 1 to 5,

wher ei n 1a gangbabsy ot formively & palymarfier lngyreidredyremnid sbiruniny, fdopwsrising:
conprises said polyner precursor, and said polyner fiber 1s generally

cylindrical. T - i , i i i

has a di anet é‘(?rc(s)r]zgpgg%g E@SﬁE){mdgﬁbﬁfzg)SBg@rmM@g%%?ﬂga@ra gggé)lsfgﬁ'éa%@%o e
of claims 1 tlowdcombesiaynhizaidt mbedbgetsayfereneeaiy csadal dupl fvas,i daid of
m ddl e | ayers, ~and said _polynmer fiber conprises a plurali t,ty of

pol ymer | ayer&iid Haws fipwirg aldesgedivediaw G3es srrovphisrl! eonditigeledpdein
sai d cross-liqflshag, &%@Q%eﬁﬁéﬂ%fgﬁgblﬂa%ﬁﬁ?iéﬂ%‘? safdl iéﬂ{)\%spé’éiéf”er

| ayer conprises a polymer forned by cross-Tinking said polyner
precursor w tmiddke ldyer omspfising e crod2-linHditde pobeesspretuesoty, avsthef layer of

claims 1 to 11, rein said.cross-|inking agent conprises a
cross- | i nki ng?ai%ﬁ\ft']’gﬂo&s. c%prism%ad}rgg%-ggklgg a%ﬁ? one of claims 1 to

12, wherein said cross-linking agent conprises a cross-|inki ,ng} )

catal yst. 14 whaiginsaid @elyngr RIRGUISAE Seid srogssridking aperd, ard apidihiigryare
solidifying sai ' 3 : i f i
o)LL 00 Sl TR BSead 81 5838 by A BRE B 1 i
after said paadmiddiebeyerhasd exaled agairtiorn ohdaid tcrodslinkihg agenitciesdiffode

any one of clainms 1 to 15 conprising dispersing, a.cell in said i
i nar 11 owfn Ak arotler lgspbie Seitieidclfrpr Eotulita crert fiking ofsac
process of a - At Qi -5} .Eﬁﬁeﬁ i hn
a plurality (rpfé [@giérd&{eggfes?js? r,y(;;? élgarﬁg%ﬁaaﬁ?ggf&fﬁofﬁ? tsd(? t at(ﬁ%rﬂg? %?gt Fnt%/
of layers i nphindepihgmeaidfidiemecieypr haengel ¢ress-section generally

corresponding to said cross-section of said middle layer.

2. The process of claim 1, comprising adjusting said flow rates through said

conduit to change said cross-section of said tubular middle layer.

3. The process of claim 2, wherein said adjusting comprises adjusting said flow

rates during said forcing.

4. The process of claim 2 or claim 3, wherein said adjusting said flow rates

comprises adjusting a ratio of said flow rates.

5. The process of any one of claims 1 to 4, wherein said another layer comprises

a tubular outer layer of said fluid flows.

6. The process of any one of claims 1 to 5, wherein said another layer comprises

an inner layer of said fluid flows, and said polymer fiber is tubular.

7. The process of claim 6, wherein said polymer fiber has an inner diameter of

about 20 um or larger and an outer diameter of about 60 um or larger.
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18. The process of claim17, wherein said cells are dispersed in said
| am nar flow such that different |ayers of said polynmer fiber
conprise different types of cells. 19. The process of claim1l7 or
claim 18, wherein said cells are dispersed in said | am nar flow such
t hat di f&.er @ht dragesssofainysanalopdbymed td Bhehecsina geaesrdilf E@mental inner
concentrations o}) Cﬁl{l@d 20. The ‘)rocescﬁ of an}é one of cl ai [EE é‘ to
19, wher ei n'BE %P2 Jpwe SORATISES FILBAYMES PECE Y AN Rt p@lymer
medi um  21. TbeisRReeSy QfiinBAY¥aione of claims 1 to 20, wherein one or
nore of said flui'ds conprises phosphate buffered saline. 22. The
process of any one of clainms 1 to 21, wherein said pol yner precursor
conpri sés géhataracessdeiotgiph&nyheredpsaidi polwoediiberdtas adianmetenaf abowgr20
pol ysul fone, 23., The process of any one of clains 1 to 22, wherein

2
sai d cross-r“'frh%lr%g%rgent conpri ses hydrogen peroxide. 24. The process
of claim23, wherein said mddle |layer of said fluid flows conprises

hor ser adios h Therpscskasef. ardbond bEclpings €36 90vharyin@ar] @fiddié fyes conimpisdd,
conprising initiating said cross-linking in said mddle |ayer.
a plurality of middle layers, and said pdlymer fiber comprises a plurality of

polymer layers.

11. The process of any one of claims 1 to 10, wherein said cross-linking agent
comprises a cross-linker, and said polymer layer comprises a polymer formed

by cross-linking said polymer precursor with said cross-linker.

12. The process of any one of claims 1 to 11, wherein said cross-linking agent

comprises a cross-linking initiator.

13. The process of any one of claims 1 to 12, wherein said cross-linking agent

comprises a cross-linking catalyst.

14. The process of any one of claims 1 to 13, comprising solidifying said polymer
fiber.

15. The process of any one of claims 1 to 14, comprising immersing said polymer

fiber in a liquid bath after said polymer fiber has exited said conduit.

16. The process of any one of claims 1 to 15, comprising dispersing a cell in said

laminar flow so that said polymer fiber comprises said cell.

17. The process of any one of claims 1 to 16, comprising dispersing cells in a
plurality of said layers of said laminar flow so that a plurality of layers in said

polymer fiber comprise cells.

18. The process of claim 17, wherein said cells are dispersed in said laminar flow

such that different layers of said polymer fiber comprise different types of cells.
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19.

20.

21.

22,

23.

24,

25.

The process of claim 17 or claim 18, wherein said cells are dispersed in said
laminar flow such that different layers of said polymer fiber comprise different

concentrations of cells.

The process of any one of claims 1 to 19, wherein one or more of said fluids

comprises a cell culture medium.

The process of any one of claims 1 to 20, wherein one or more of said fluids

comprises phosphate buffered saline.

The process of any one of claims 1 to 21, wherein said polymer precursor
comprises gelatin-hydroxyphenylpropionic acid, calcium alginate, or

polysulfone.

The process of any one of claims 1 to 22, wherein said cross-linking agent

comprises hydrogen peroxide.

The process of claim 23, wherein said middle layer of said fluid flows

comprises horseradish peroxidase.

The process of any one of claims 1 to 24, comprising initiating said cross-

linking in said middle layer.
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