SCAFFOLD AND METHOD OF FORM NG SCAFFOLD BY ENTANGLI NG

FI BRES CROSS- REFERENCE TO RELATED APPLI CATI ONS [ 0001]
wahios/1emepd i cati on clainms the benefit of U S, PCT/SG2005/000198

provi sional application serial No. 60/663,872 filed

March 22, 2005, the contents of which are incorporated

herein by reference. FIELD OF THE | NVENTI ON [ 0002] The

present invention relates generally to scaffolds, and

et anol 1t G AN B0 BT RERREQLD FRock)

Porous scaffol ds sERTARGLINGIRIBRESI ous fiel ds and
i ndustries, including tissue engineering. [0004] There

are _known techni f ar | scaf fol ds

i CRASS RErGRENCE 1QRELATED ARPRIFAHONS Sof ut i ons.

For exanpl e, an aqueous chitosan solution may be
[oodneezrigiap@itation tlaims thef hemefitef A Sd prvisiorsal sppliction serial

The porous structure n_be i rsed in an. al kalin
No. 01685, fred blareh 36, 200e e camttiep” BREE ALY ICPllRET e
heréifi byQefefdtirel i date fibres with a chem cal binder at

el evated tenperatures. [0005] However, these
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[0004] There are known techniques of preparing porous scaffolds directly
from solutions such as chitosan solutions. For example, an aqueous chitosan
solution may be freeze-dried to form a fibrous and porous structure. The porous
structure can be immersed in an alkaline solution to be stabilized. Another
possible technique is to consolidate fibres with a chemical binder at elevated

temperatures.

[0005] However, these techniques have some drawbacks. One problem with
these techniques is that the scaffold material is subjected to drastic temperature
change and chemical treatment, which can have some adverse effects on the
properties of the scaffold or some components incorporated in the scaffold. For
instance, the porosity and pore size of a scaffold can significantly decrease
during drying and it can be difficult to control the porosity and pore sizes of a
scaffold formed by a freeze-drying technique. Further, excessive heating or
certain chemical treatment can destroy proteins incorporated in a scaffold or their



bi onedi cal scaffolds in many applications. [0006]
Accordingly, there is a need for an alternative nethod
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precedi ng paragraph. [001 1] In accordance with a
[0009) t MEtierefope it acdortidnecepwitis entaspestafitheopresertémeention, there

s prvieeia mephot 81 b Sune By p R SeaHRP The Miinb & 88iBlses
providing fibres comprising polyelectrolytes forming a polyelectrolyte complex.
The fibres further comprise a cross-finker linking the polyelectrolytes within
individual fibres for inhibiting secondary polyelectrolyte complexation between
adjacent fibres. A fluid is applied to the fibres to entangle the fibres to form a
porous structure. The cross-linker may comprise silicon and may link the
polyelectrolytes through Si-O bonds. The fibres may be formed from a polyanion
solution and a polycation solution by interfacial polyelectrolyte complexation.

[0010] In accordance with another aspect of the present invention, there is
provided a scaffold formed in accordance with the method described in the
preceding paragraph.

[0011]  In accordance with a further aspect of the present invention, there is



pol yel ectrol ytes form ng a pol yel ectrol yte conpl ex.
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i nhibiting secondary pol yel ectrol yte conpl exati on

bet ween adj acent fibres. [0012] O her aspects and

features of the present invention will beconme apparent
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DESCRI PTI ON [ 0020] In a process of form ng a scaffold,
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[0016] FIG. 3 is a stereomicroscope image of a scaffold, exemplary of an
embodiment of the present invention, at a magnification ratio of 150,

[0017] FIG. 4 is a scanning electron microscope (SEM) image of the scaffold
of FIG. 3;

[0018] FIG. 5is an SEM image of a fibre incorporating silica formed by
interfacial polyelectrolyte complexation; and

[0019] FIG. 6 is an SEM image of a collagen-modified polyelectrolyte complex
fibre incorporating silica.

DETAILED DESCRIPTION

[0020] In a process of forming a scaffold, exemplary of embodiments of the
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cross link the polyelectrolytes within a strand of
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destfib&x gaplary hydroent angl enent treatnent is
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example, the fibres may be entangled by hydroentanglement, also conventionally
referred to as spunlace, jet entanglement, water entanglement, hydraulic
needling, or hydrodynamic needling.

[0023] An exemplary hydroentanglement treatment is illustrated in FIG. 1.
Loose fibres 10 to be treated are placed on a support 12. The total thickness of
fibres 10 may vary. Generally, it may be less than 20 mm. Typically, it may be
less than 5 mm. Jets of water are applied to fibres 10, for example, from nozzles
14. While three nozzles 14 are depicted, the number of water jets may vary in
different applications. The water jets strike fibres 10 to compact them. The water
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stabl e porous structure. A stable structure can retain
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duration of applying water can vary dependi ng on the
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[0028f erivRkn thd WhRr fetg StrikBAibARRAIRat uifcielyi Higilspeed or
pressure, the impact of the water jets can compact fibres 10 and cause fibres 10
to tangle. High speed water is applied until fibres 10 are sufficiently entangled
and compacted to form a stable porous structure. A stable structure can retain its
shape and have good stability in water. The duration of applying water can vary
depending on the particular application. A person skilled in the art can readily
determine the minimum duration required to achieve a desired stability of the
resulting scaffold in a particular application.

[0027] To create enough impact, the water pressure and flow rate at nozzles
14 should be sufficiently high but may vary depending on the application and a
number of factors such as fibre material, fibre size and shape, the desired
properties of the resuiting scaffold including porosity, pore size and mechanical
strength, and the distance from nozzle 14 to fibres 10. Suitable water pressure
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[0031] Different fibres may be entangled together to form scaffolds with
different regional properties and characteristics. For example, a scaffold may

have different layers for mimicking an in vivo environment.

[0032] Fibres may be added during hydroentanglement, such as to an initial
layer of fibres before the initial fibres are fully entangled. In this manner, thicker
scaffolds may be produced.

[0033] In alternative embodiments, the fibres may be subjected to a

hydroentanglement treatment different from that shown in FIG. 1. For example,
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application. For example, the lengths may be in the range of 1 to 1,000 mm.

[0036] The fibres may be pre-treated, such as washed, before being
entangled. As can be appreciated, wetted fibres can be easier to manipulate than
dry fibres.

[0037] Fibres 10 can include any polyelectrolyte complex. A polyelectrolyte
complex can be formed by two oppositely charged polyelectrolyte molecules, a
polyanion and a polycation. A polyelectrolyte is typically a macromolecular



ent angl ed. As can be appreciated, wetted fibres can be
easier to mani pulate than dry fibres. [0037] Fibres 10
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olygectr&%s(are brought close to each other in a process known as interfacial
polyelectrolyte complexation. For example, alginate (a polyanion) and chitosan (a
polycation) can form a polyelectrolyte complex in such a process. In such a
process, a polyanion solution and a polycation solution are brought close to each
other, forming an interface. In the interface region, local complexation can occur.
Complexation refers to the binding of two oppositely charged polyelectrolytes to
form a polyelectrolyte complex. The polyelectrolyte complex formed can become
insoluble due to neutralization of charges. Thus, a strand of fibre can be drawn

from the interface region and polyelectrolyte complex fibres can be prepared.
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complexation, a larger polyelectrolyte complex 28 is formed, which holds fibres
20A and 20B together. It should be understood that FIG. 2 is a schematic
diagram for illustration purposes only and is not meant to accurately reflect the
actual structures of the fibres, the polyelectrolyte complexes, or the
polyelectrolytes.

[0042] The cross-linker in fibres 10 can be any suitable molecular species that
can cross-link the polyelectrolytes within individual fibres for inhibiting secondary
electrolyte complexation of the polyelectrolytes between adjacent fibres during
the hydroentanglement treatment, thus preventing over-condensation of the



fromthe adjacent fibres. As a result of the secondary
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polalr RO e FormtiBiatiom tetieen fres s Bhibisi. HAvesine saaffold can
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precursor can be a nDnoner ol i gonmer, or polymer. As
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di 86&8996’ legﬁaly%mp%né%m nggﬁpcg\gg@a{d”@fg, For instance, a silica
ne@@rly e4re 6ios8liink ehed iR éw?§g+é3%§§ i k%erﬁ% o?fjbre by
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as a silica-containing species incorporated into the

[00‘414]3f epoR@RctrBtdtdmsies ﬂﬁ%réweﬂgé%%e\gﬁéﬁ ! fr€s also contain
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may become accessible by other polyelectrolytes. It is thus more likely a
polyelectrolyte complex can form between nearby fibres due to the attraction of
opposite charges of these charged ionic groups, as illustrated in FIG. 2. During
an entanglement treatment, the fibres are pressed against each other, providing
a good opportunity for secondary polyelectrolyte complexation between adjacent
fibres to occur if it is not inhibited.

[0045] The cross-linker in the fibres can inhibit secondary polyelectrolyte
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res Yn water so that fewer charged ionic groups of
the pol yel ectrol ytes are accessi bl e by nei ghbouri ng
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f d i.
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thetmogwndcmre 6lie§|6?él tften@aﬁ‘e!dyféané&t sentplies by aeipsting e
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exation wth alginate and chitosan as the
poI yel ectrol ytes and TEQOS as the precursor for the

[0047bs s Asingnesan bayaprigrigiad. g ‘FrBS%F“"cﬁMC?B§§r?"YaﬁU§?W8t e
mof’é&la-lr%g@clbg‘ that can cross-link the polyelectrolytes in the fibres. For

example, suitable acrylates, succinimides, carbodiimides, quinones, and the like

may be used as cross-linkers or precursors for cross-linkers.

[0048] The cross-linker can be incorporated into fibres 10 by dispersing the
cross-linker or a precursor of the cross-linker into one of the polyelectrolyte
solutions before forming the fibres. While it is possible to add the cross-linker
after the fibres have been formed but before hydroentanglement, adding the
cross-linker or its precursor during the formation of the fibres can be

advantageous. In the latter case, the cross-linker may be better incorporated into
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the interfacial region can be between about 8:1 :0 and
about 1:16:19. It may be advantageous if the ratio is
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ring. An exenplary nodifier is polyethylene
d'“g? (J'c’:rot[:‘éI %’LéG) whi ch can nodi fy the surface property of

theflbres As is known, a PEG nodified surfac can be
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polurelectrrolytas sueln ap by gativeations Gonyemenihs golyvietastrolytes have

many charged sites in solution, such as carboxyl or amino groups, with which the
modifiers can conjugate. When a modifier such as a protein bears an electric
charge in the solution, it should be dispersed in the similarly charged
polyelectrolyte solution to avoid premature formation of complexes. For example,
when collagen, which is usually positively charged in solution, is to be included it
should be dispersed in the polycation solution. Further, the amount of modifiers
should be limited if they can conjugate with the charged groups such as carboxyl
or amino groups of the polyelectrolytes so that sufficient charged groups are

available for fibre formation. In this regard, the amount of a biological component,
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proliferation. The nodifiers may al so include growth

factors, drugs, or the like. [0051] The nodifiers can

be incorporated into fibres 10 by ei ther dispersing

t hem i, th .of th ct
suchy 5 FleRFA R RYHR SPet CaCrar OIS Sl A Ps)
that %8 McHEkASH ATl grerMg Mot BE Ipyobligrabye! ectrol ytes have many
charged sites in sol ut| on, such as carboxyl or am no

(00533gi FeS dhanees Bripeauli Ay @o& e Bkl B8 ErcEe, £

conipl&aﬁ@rll tchAuel hc@h%'d@nb@wt@n&ﬂ&ekm tethhitgesisiich a8 wet
char ged pol yel ectrol yte solution to avoid premat ﬁ
spinnRgHEENAUES. %@@S@%@mowﬁ?at@k‘aﬁ%wor%%ﬁ t@%M%%jLejw er

and W H?J dr%eﬁﬁé“‘da‘i ﬁHr%' fHrratRINA8EnhiGusPhet drRferstbdd t O
be 1 nc e It shoul d be dispersed in the polycation

andsahutel readuymerfcmmed byteersansuktlledfin theoart pad wilkhethed be
deséﬁ |ﬁ%e'tefll r[)é?&}‘n P@ﬁh&%’téflg%? ?ormlﬁd‘?tgr@ﬁ by hteRggalr 0ups

as car
polyetdcjrelyte cmmpnpuamrscart lbﬁatousdﬁrf |an @tam;dﬁa‘hlgh’deG Buéaragte

ot BB ot SR8 . PRldsibied ot ich HdRIiot i o
tISSiﬁe gﬂ@heerirfgtq,u_ldtwnbl Ir?g lBa)nhnddeﬁieﬂlals %Fladcﬂ (ZQOE)/ prot: anhy
at [ W n .
op. BEtEDS Ak ) ko CeRoPBe Y ol aiEGeRiss) aiabsr Famatgn
by Iﬁ!é'rib@i@l Poﬂy@ﬁeﬁgélﬁlfdél @émpl@kr:a‘t&ine dﬂa@b?fftcﬁekm I(tmmg; o, 37 pp.
| ual ven
701§J<92543Nweﬂl")sma§ﬁ T AmeBEIeA Al SOTeTg, PanBS ESUH

spaB@c@' bfdp‘l@tdne Fibet StridiGrek P b@l&i%ntdbﬁpﬂéx&sof Ichnésin aidlgdlian,”
fier. The conventional fibre formation techniques

Macap@otﬁw@sﬁm Cammunieation. (18881, V9l 18 PBr #0128 L|!)§r RYRA
appﬁéértlg:nﬁﬁt)"ggatf()tﬁ%.ﬁﬁdﬁer%%)@()?&ﬁpfo 860 65/9 e, kP(i‘ﬁ*)ehg ﬂfﬂl@héd

tail

Marich t26; 20@3;snddé Sy patent pwnherds, géésnrﬂn gMQtAt{szfr&rﬁ’%\éltf igsHed
Nm)e?nboerq& GIGERLE coﬁ?ﬁ&%‘f\’e% P%Hlfﬁ%r@incor anRriAbl on
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Mat eri al s Research, (2004), vol. 71A,

[0053] Briefly, in an exemplary interfacial polyelectrolyte complexation
technique, a polyanion solution such as an alginate solution and a polycation
solution such as a chitosan solution are brought close to each other, to form an
interface therebetween. Complexes of the oppositely charged polyelectrolytes
are formed in the interface, which prevent free diffusion between the two
solutions. The complexes can be drawn out of the interface, such as upwardly by
a pair of forceps or a needle. As the complexes at the interface are withdrawn,
further complexation sites become available and more complexes are formed.
The complexes are typically insoluble or can become insoluble in the solvent due

to neutralization of charges and thus, a fibre can be continuously drawn out of
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pp. 586-595 ("Wan I"); Andrew CA. Wan et al.
"Mechani sm of Fi ber Formation by Interfacial

warzioy/ed1esx r ol yt e Conpl exati on”, Macr onol ecul eseC/20D45/000198
vol . 37, pp. 7019-7025 ("Wan I1"); Masato Anmai ke et
al ., "Sphere, honeyconb, regularly spaced droplet and
fiber structures of polyion conplexes of chitosan and

gel l.an, " ro Iecule 1998
the o TR bropaiasagEanhears v e SRHTP EaRtb 2V
dia%ﬁgrgwme%icmmgezoow 005521 1 to George A F.

Roberts, published March 20, 2003; and U.S. patent
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er such as silica may be incorporated into

thet prly€leetrale splutips. e egample. siiba SONqIEHIOB EaN pecUr When a

ol SEHESE s 050 PO Sy et gy B
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algnnatg a%gn?utosany toS orm O%u-d"BSHc?s IEo'r ﬁ'us%"cesil?e silica molecular

species may react with the 6-OH of chitosan to form a Si-O-C bond, and with the
COOH group of alginate to form a silyl ester (-Si-O-C(O)-). As can be
appreciated, the Si-O-C bond is more stable than the silyl ester bond.

[0055] As can be appreciated, other silica precursors may be used. For
example, it may be possible to replace TEOS by tetramethyl orthosilicate
(TMOS), Si(OCH3)a.

[0056] Advantageously, preparing the fibres through an interfacial
polyelectrolyte complexation process does not require freezing or heating, or the
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reC|a is nore stable than
acettimecm $qllutlafsﬂ'é|e Tiﬁﬁﬁ solutios wps peenasied by adinecE QP éyya 0.15

ot her_ si pr r ¢
St R B RS89 %, SHRRECS ston
waé vbheedd foc abmt(o'ﬁb(ﬁ)two Bo(EaHE) danly oo Pbpse was observed. As

t
cait it BppRcrr. i TECEERIhE Jolish il hdoh 2l Bl tered.
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0057] The exenpl ary enbodi ments of the present
contenIn Were afserRrRRETeH | ustrated by the fol | owi ng

non-limting exanples. [0058] Sanple polyelectrolyte
[00599" eFOMRGD- iR damples, endleiniice-tepoiinegée PEG{MAE-PEG-

MAL) and RGD peptide were added to the polyanion solution. A 0.35 w/v% MAL-
PEG-MAL (3400 Da) solution was prepared in 100 mM sodium phosphate buffer
(pH 6.0). About 1 mg of GCGYGRGDSPG peptide was dissolved in 1 mL of the
MAL-PEG-MAL solution. The mixture was allowed to react for one hour. About
6.5 mg of cysteine-modified alginic acid were then added to the MAL-PEG-
MAL/peptide mixture, and allowed to react overnight at room temperature. The
reaction product was dispersed in 1 w/v% alginic acid solution at a volume ratio
of about 1:3 to form the modified polyanion solution.

[0060] For collagen-modified samples, about 2 w/v% collagen 1 in 50 mM
phosphoric acid was added to the polycation solution at a volume ratio of about
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conpl exati on.
of al gi nate.

The pol yani on solution had about 1 wv%
The pol ycation solution was acetic acid
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[0063]

To form fibres from the polyion solutions, droplets (20 to 120

uL/droplet) of the polyanion solution and the polycation solution were placed

close to each other in a Teflon channel about 3 mm in width. The droplets were
brought into contact to form an interface region, using a pair of forceps. A fibre
strand was drawn from the interface region. The fibre strand was adhered to the
arms of a roll-up apparatus rotating at a rate of about 0.833 rev/min, yielding a
fibre drawing rate of about 1.25 mm/s. Further details of the roll-up apparatus

and the fibre formation process are described in Wan I, supra.
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The particular choice of the content of a
pol yel ectrol yte may depend on its nol ecul ar wei ght, as
wocane/tne4isnder st ood by persons skilled in the adr/sG2005000198
[ 0062] The sources and particulars of the chemcals
used for preparing the above solutions are listed in
Table I. TABLE |I. [0063] To formfibres fromthe
[
(08B oTt SRy M hectBOELR ERolss, eotle SamAPRnES oo
fomeedwith areazdhg:ﬂé@é qontexds im the Imelycahprasqmﬁmo Madifiethfihres
el d S were brought into
W%Jc%ﬁ {'ﬂ: d\w[)n] %rﬂog'ﬁgclj Rggrc}nagcoilﬂoz]él on, using a pair of
forceps. A fibre strand was drawn fromthe interface
[006%) onThersempledibeeswermnekawased tthdatenmine théiemarprolagy and

cipehel RorRBRIE. Hin % 0L FeegD e Rbuen 126

Mmds&opémEm equiﬁped With ah O)Xferd labirampniaP Elctron Bispersive

|b{E§)forrr$]SL| s?—%/ S Q&SS ar@p?@ﬁf&fs;wgq%d@lgﬁe%teprfoﬁ'H@g'“g

us‘n 4 GEOLIUFTR1300Pine ddé@éﬁﬁlthﬂﬁ%ﬁuﬂ@*tﬁﬁ@om8 Becycﬂfonéldaﬂ were
TEGCS contents in the écatlon sol uti on. ified

impOEH 4BAGRAIEh VaFYHEG Farithe ERX #RAIS, doe gammeémere not gold-
coafddtions. [0065] The sanple fibres were exam ned to
deternmine their norphol ogy and el enental conposition,
using a JEO ( tnszSM 5600_Scanni ng El ectron M croscaop
[0pegd) Reprienyeasiaminteredkt BRI sPeeta wathiesprded an & Digilgh™
Ffs 7068 $ﬂF€s;3%dtn%)he(t(§@9u |vV|§1 |8 m@é 236b pﬂefoa%anatce(p;\)

bres were ol d-coated for usi ng
dej@!@onﬂ)@ e tiras aerewagHum §p p@er bumgalpaq!@d inte theds
dét‘M nIL_’Fg.P Ed Wit Relih Wfﬂe tbpﬁ‘)r théré By tes. The
ana ySI S e Sa S were not

splegtraiwere re@n@cbmrthﬁe rﬁng@rczidOOFzerR) cmﬁeuyttha cweadehtnon of 256

<SAEOL A5G U204 £)TR000s FELERLERTR Shovec
tomrbmr’plaek Gidodesd. Wee speetwdatadmere dispd ito identifylabientcal :
in detector. They were then purged with
C%%%’%ﬁ&r'ﬂﬁﬁ}? %ector for 15 mnutes. The spectra
were recorded in the range of 400-4000 cm1 by the
[0067]addFIG. &ris ah SEM image (at a magnification ratio of 5,000) of a sample

fibre containing silica. The presence of silica in the fibre was confirmed by an
EDX analysis of the fibre.

[0068] FIG. 6 is an SEM image (at a magnification ratio of 5,000) of a collagen
-modified fibre.

[0069] The swelling abilities of different sample fibres were also measured.
The fibres were secured on a glass slide with an adhesive tape. Each fibre to be
tested was immersed in about 1 L of deionized water. The water was allowed to
evaporate completely. The fibre diameters were measured with a light

microscope before and after swelling. The maximum swelling ratio was
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scans at a resolution of 4 cm1 . Al PA-FTIR spectra

were nornmalized with respect to a carbon bl ack
wGer@aderss The spectra data were used to i dentPdHSG2005/000198

chem cal conpositions in the fibres. [0067] FIG 5 is

an SEM image (at a magnification ratio of 5,6000) of a

sanpl e fibre containing silica. The presence of silica

calpylﬁfegieas{ 1'6%%%3 tg%%gftll\é ﬂ%ﬂ( r@ém%rézgén‘%@@ A Swliinghd

thea@nadd fitrei dlametet beford swellfg) The teat eslitsagieow thaddhid | ed

fibre. [006 swelling abi]ities f diff
e Sl St EE e ey o HaEs dsireapag Hemb e iR o apout
3. ?@ﬁéﬁ ffé Warél¥£€cﬁ'$|§08|\lo¢lﬁné\ﬂfrbbtléiﬂlnaﬁ@ psvyu@ndrewmndiawbs
bre to estead was I mMmers In

Inqn@aaemfm zwt@raboqrhw%a'f@fth%@,cra?%%aetfé%aﬁ'em ¢d not
caﬁ%@bﬁﬁ@ér}fchmge fn'bth%‘?né&uﬂﬂﬁ{ & Slineraliomeasured with a

M Crosco ore and after swelling. The
maxi mum swel [ ing rati o wascal cul at ed as the rati

[0070] we dhersaenmie fibresvere SFied in airelhe drigd fthres yere P’Vﬁéh% with
deldifeR4ited GWFCEQF R RELibRR 1Y ALOMElonRRd Water W@ﬁé

results sh emaxmumswell ng rati o of
plas:ad‘p!h e 1f 7-mLers1ncmaanérefg@@1 ttmeoaﬁdaaimtedao Stang fabaWU@ 2
mi H%n t he hydrol yzed TEGS vol une fraction in the

Bld ycation solution was increased fromzero to about

0.17. Further increase of the TECS vol une di d not
[00ZA]s e Wiegmasheddibreswaregben subjesteddgianiidrasmianglpgent

e [ I

egthitt ot A o RS TRER s RGP iyl apbik B THe
totﬁy:;meaajf kthye orﬁemngassnamjfrahmabom 53 min”. Reionized watervatmt er

o Sul e P LS AR o

theffibheen forn @ dthisle ssafiplecTrefldvo rate may be increased up
(#) roentangl enment treatnent on a frit in a die. The
to 'An i nternal vol ume of about 0.5 nlL The total
area of the openings in the frit is about 57 m®.
[0DR2]0Ni Metwaket dowvate wessthed reducedgh 586 mili/mirato wash the
forrrr{ilécia sggffo?do f%_r gggther énn%lguttag rto ?ebrr?g\;e é)nnyereg}du% 5015 as well as to
allow for complete polycondensation of the silica precursor. Further cross-linking

may improve the mechanical properties of the resulting scaffold.

[0073] The sample scaffolds were stored in deionized water and then
sterilized.

[0074] For cell seeding and culturing tests, circular scaffolds of ~5 mm in
diameter were produced.

[0075] Sample scaffolds were vacuum dried overnight, and the resulting
scaffolds were imaged using a stereomicroscope (Olympus™ SZX

stereomicroscope system).
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entangle the fibres to forma stable scaffold. The

flow rate may be increased up to 2000mUm n. [0072] The
wowrtoenofssdow rate was then reduced to 5-35 ni/ mP@T/86G2005/000198

wash the formed scaffold for another 5 minutes to

renmove any residual acid, as well as to allow for

conpl ete pol ycondensation of the silica precursor.

th r9ss-linkij ' '
10078} o Fig e 350 4 BEMITa s FRadsordeaBEDRMEd srom
sappRBlfibrecedritahity siktaasdescaiobd abalel. oni zed wat er and
then sterilized. [0074] For cell seeding and culturing

ts,. Ci | f f ol f 5 ' '
1047731 st of T st tEieSp oo s Do SRk ool formed
frofviiires torporathg $ikcar fesvel Highey poeedity @nddanger poiensigesithan
using a stereomc tm.. S
B N R
is SRBEtEd ePvaryBeRs 109 t8 989aTasdah Heoummatstoba mypamsdresskiled

fibres containing silica as descri bed above. [0077]

in therashthesperostty eha seafiall MGy PEJNEIIEH BRI PHEENIUD| e
deggf%fggh%r E%rf@@, A SERdididyoRs, THEPRRIESSH FISw STirbish Péroes

. porosity and_l arger pore sizes than those
Mdata, nfedontot Univietsity of Terenka Riesg. H 4 iR.-HcMikhai @nd - fabeps,

, f ol [ ; f 1 :
MEstliGunEER Thoml Al o Sy SEREEES, Ghithisler, WY 13
F. &ullient Reropsridadia y Foiid Aranspdift ehd Aosg Shecieasiarcldiegsi ng

a . techni que [ i (g €y i degger,
AGHE SR SR BB HehBr ot e P LR etg an el 099
Crlgf%&éﬂiﬁtby,"@ry%f Rataartl esd Tedi@iblogyR( 9 «dha29, paBd3 Bhe

obens crostructure and, Thermal, Anal ysis of Solid
OB Reath G ST e it TSR DR Bor ous

Media - Fluid Transport and Pore Structure, San D ego:

[06%8)derTocteBt exlisseet@RZandagrdwif, tiegieculartsaahple staftoldsiwere

waRTRRdALS BYE O(TREHRN i A teieeg b SETR 2P
etidno® ft fat ifasnBO afin aimel bynexpopareatbedtravdslet nadizfion érete8@ enin
after ethanol removal. Under sterile conditions, the scaffolds were rinsed once
with phosphate buffered saline and twice with tissue culture media, Dulbecco’s
Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS).
HepG2 cells were trypsinized from confluent culture to obtain a cell suspension,

and ~ 10° cells were seeded in each scaffold-containing well.

[0079] The test results show that sample scaffolds formed from RGD-modified
fibres are more amenable to cell attachment and proliferation than non-modified
scaffolds. Good cell viability, however, was found with both modified and non-
modified sample scaffolds. The collagen-modified scaffolds have tree-trunk-like
morphology indicating incorporation of the collagen. The results demonstrate that
the scaffolds formed according to exemplary embodiments of the present

invention can serve as excellent tissue template and/or platform for presentation
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[0078] To test cell seeding and growth, the circular
sanple scaffolds were transferred to the wells of a
wo26eamiids3pl at e, and sterilized by i mrersion i PCTG%2005/000198
et hanol for at least 30 mn, and by exposure to
ultraviolet radiation for 15-30 mn after ethanol
renmoval . Under sterile conditions, the scaffolds were
i A Q,S&Q f inpe and tw ce
Ofvl\)n'rl({l]i@tg?lss eléé\ﬂglrtgggg neliaatgse%%gz]g oeée ified Eagle
Medi um (DMEM contai ning 10% fetal bovine serum (FBS).
[00BYc> A=ney oaebe appyesiatad zastyantagecusinf saaffotdsdarroed es t o
Gl ensi ‘= I seeded
AcBRAEITnrchtore RTREATEL S ndhich POR:sfS and Ge ok S8e
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| £ fidres.are re nable.to.cell .
ol s b B BT s BRER T aHisRrs which could
have @divetsdffeGzash thelrhodifiebisuth ¥s pheteig eficorp@ratddOirfFthe
p wi th both nodified and nonnodi fied sanpl e scaffol ds.

bﬁ?e col | agen-nodi fi ed scaffol ds have tree-trunk-1ike
nor phol ogy indicating incorporation of the coll agen.

[0031] r ek further ddvamage of thesd axerhplansptésdadss it Mapurities
I o exe esent

ccordin | ary enmhodi nents of the pr
e urifest e sEPYaties. SRS e alow shiipaide weight,
cadvd/ sonvehiahfipremdved flonG SRIES Bg ®r dXaflRI el wHiBNREPare
eniag}gre ul ate cell adhesi on and phenotype. [0080] As rnow

lgsbtofppp dhg egadigld. advant ageousl y, scaffol ds for med
as described herein are porous and can have high

[0@8R]OS Ihyadanidn] iRIsgelafoéle edby RSformychii§its hb(ifig IRIFBhE Y
&,r ocesses descri bed above do not require excessive

regignal RIQRETHRR BN Fhafaslefistns Ryr entargingdliferentibras tagetrsr s
or stabilizers which could have adverse effects on the

[0088]i f i EHesscafoltisrepired ak destribear asdvatca Hatk apbliétions in
fi ?;ré(i% %00,819]t A further advantage of these exenFI ary

maypy, weludingitisghe PRYINFETN% S~ 5aM suikEinguAdR selt ewiuse

sy§t@ﬁ§fo@h%3thrcﬂgﬁbuta&u§‘%b%‘émnﬁsdeg-ﬂe%slTEfbf%BHé%%o?%'ir%% for
can be conveniently removed fromthe fibres By for

expasion ef crllssucyas istene gels. apd theliktgl ed to form the
scaffold. [0082] In addition, it is relatively easy to

[od8u]M S ik Aegériphian, wierflihef@nifibns for a reaction or process are
not expressly provided, the conditions can be assumed to be the standard
conditions and can vary within the range of normal conditions. In particular, the
normal conditions may include standard conditions such as atmospheric
pressure and room temperature.

[0085] Other features, benefits and advantages of the embodiments
described herein not expressly mentioned above can be understood from this
description and the drawings by those skilled in the art.

[0086] The contents of each reference cited above are hereby incorporated
herein by reference.
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regi onal properties and characteristics by entangling
different fibres together. [0083] The scaffolds
w@e@paoass as descri bed above can have appl i cat PONSG2005/000198
many fields including tissue engineering, 3-D cel
culturing, 3-D cell culture system for high-throughput
drug screening, drug-releasing fabrics, containers for
[mfe?ggan%fce;%uq1 el é%v%%'%cﬂ?eosérﬁﬁbéiﬂénﬁs ar@ﬂﬁ’teﬁﬁ@d 'td k&
84] i's description, when the conditions for a
ilustralive @y and jir oz wey hmltangn d&heedqsacab,gcﬂ gmbodimendsi are he
d
suEgible oo de AR forkh e EpeRe R GFERE etais pn
oraayudi lopenanen The insentiony raiher tshistendedrtd enmndpals’s@lssumay

e ard condit as _at nospheric
m?fﬂ%?ﬁﬁ? wit Sr%gﬁ?t%srrg%fh?pi}y%e (59881 Q her features,
benefits and advant ages of the enbodi ments descri bed
herein not expressly nentioned above can be under st ood
fromthis description and the drawi ngs by those
skilled in the art. [0086] The contents of each
reference cited above are hereby incorporated herein
by reference.[0087] O course, the above descri bed
enbodi nents are intended to be illustrative only and
in no way limting. The descri bed enbodi nents are
susceptible to many nodifications of form arrangenent
of parts, details and order of operation. The
invention, rather, is intended to enconpass all such
nmodi fication within its scope, as defined by the
claims. WHAT IS CLAIMED IS: 1. A nethod of formng a
porous scaffold, conprising the steps of: providing
fibres conprising polyelectrolytes formng a
pol yel ectrol yte conplex, said fibres further
conprising a cross-linker linking said
pol yel ectrol ytes within individual ones of said fibres
for inhibiting secondary polyel ectrol yte conpl exation
bet ween adj acent fibres; and applying a fluid to said
fibres to entangle said fibres to forma porous
structure.
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2. The nmethod of claim1l, wherein said cross-I|inker

conprises silicon. 3. The nethod of claim2, wherein
waai0e/1emsss- | i nker |inks said pol yel ectrol yt espatisG209%5000198

Si -O bonds. 4. The nethod of claim2 or claim 3,

wherein said cross-linker conprises silica. 5. The

nmet hod of claim 11, wherein said cross-linker is

sel ected from acryl ates, succinim des, carbodiim des,

. Th t hod of f clai 1t
Wg&%&%@gf@ F pol selméct ?ol gt egngrgngeloecfegl 1[nrsom °
al hi t hi t
1.caTrelned of famRomPorala e ARG s <2$ﬁa°9m ¢ aci d),

pol yacrylic acid, poly(ethyleneimne),

car posyjding ébrm%ﬂl’smgmﬁlh‘ﬁi@@@ yes {ﬁrmng 2 ﬁpb'skéﬁolyte
der 'c\Sﬁ'@)l sa‘c‘irmbtré%‘fu‘?t%i Ysthbiing Q‘&Féf sAlrfkePMKRIAESaid

nucle one protein,” acidic poF sacchari de,
der ipolyelactrobftesawithin indivtlyal apeh af said fibprs f?( mhibitendaci d) ,

of PSP boNBRErEOe bR 2P or pdeciplR 200
iﬁL%ﬂ’e‘P@%@\f ARt 3p RO Fe 18 S50 SIS SU

DNA-stdacturel, RNA-chitin, poly(glutamc
acid)-poly(ornithic acid), polyacrylic

2.2§hd nmhcyé bﬁféhﬂ?) wREInPSiy ER55YhREi g HRks @ficban

conpl exes. 8. The met hod of any one of claims 1 to 7,

wherein sald pol yel ectr ol 0 S an
salip lbsdal dosud Wosrsiesel SR p——
,ﬁ m%:hg;, -HhdhgsWwherein said fibres are formed froma
Ion solution and a polycatlon sol ution by

nt erf aci al pol yel ect r ol % I exati on,
4.p3he AR SHHANS 19" CHPI, BPRE B Sy BikebARetisep siica
pol ycati on solution conprising a polycation. 10. The

5.MahBeRetRbd of alaim 9, whbr%l’reseﬂd srIse-lipkeryisse@tteziroriaarylates,
conpr.ises al |nate L ﬁ%’éﬁe nmethod of claim9 or claim
0

1@UCW‘1'€F@F%C qudé%%d(e 8¥iNQ3%S pol yani on and
pol ycati on solutions conprises at |east one of said

6.CMP8Inéthbl of apy On@ opeigieny 5@y 5,04heraindsaid psigelecindigtes are
selected from alginate, chitosan, chitin, heparin, chondroitin sulfate,
hyaluronic acid, DNA, RNA, poly(ornithic acid), polyacrylic acid,
poly(ethyleneimine), gellan, carboxylated polymer, aminated polymer,
chitosan derivative, chitin derivative, acrylate polymer, nucleic acid, histone
protein, acidic polysaccharide, derivative of acidic polysaccharide, poly(amino
acid), poly(lysine), and poly(glutamic acid).

7. The method of claim 6, wherein said polyelectrolyte complex is selected from
alginate-chitosan, heparin-chitosan, chondroitin sulfate-chitin, hyaluronic acid-
chitosan, DNA-chitin, RNA-chitin, poly(glutamic acid)-poly(ornithic acid),
polyacrylic acid-poly(lysine), and poly(ethyleneimine)-gellan complexes.
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12. The nmethod of claim 11, wherein said polycation

sol ution conprises said precursor. 13. The nethod of
watmbmei433l or claim 12, wherein said precur SOrPCT/SG2005/000198

conr pi ses hydrolyzed tetraethyl orthosilicate (TEQCS).

14. The method of any one of clains 9 to 13, wherein

sai d pol ycation solution conprises chitosan. 15. The

net hod of any one of clains_9 bo 12, .\ﬁhe{yeiln Sfli d
8. ptheymathoghpf SHY ONE Oh Clabhp ite ds WORIEDH I PRNEIGT)aNGE omalex

t; ; . Fr e (TECS), the weight ratio of
s'gitag%gq{ﬁ%gs(g‘ﬁbgﬁgtérﬁéﬁcgkbei ng b)etvveen 8: Ogand 1:19. 16.

The nmet hod of claim 15, wherein said wejght ratio |
9. fThnmetooror ey £ 0f cloiths a6, WBeTRIySEF TAIRP FfRdored ffom a

gé) iémo@s&gn&rﬁand\% BBt sluidrby mierfacwpeiye&ctrbmees

ri'ses bring said polyanion and polycation _
sainplexaton; said polyanieatsalusionsomnsisingra pelyaiparNd&gidon,

and. dr.aw _ng.sai d fi. said interfacial region.
1P ycﬁqgwﬁggjﬁ@gcg?\p&'gﬁ% éa})?ég\}\'ﬁg'r ein said interfacial
regi on conprises chitosan and al ginate with a wei ght
10¢ Bhheé methaghoflaimtQ whetrein 5aid golyanien solutiert cemprisasealginate.
claims 1 to 18, wherein said fibres further conprise a

I m . Whel t _ e :
T o S D o R0t S8 it
cpofpeatiop solutions tamprisesiatilgasi nedd seigrress-inker apd a

t Al claim 20, wherein said nodifier

c rﬁgﬁgggéfé%'&lf@asé%ng%ré of a protein and a peptide. 22.
The nethod of claim19 or claim20, wherein said

120bhk friethoccalmbrims b witer¢in setd patycatipn selufien Kpmerisegs3idol

( ol l agen, and a peptide with an

aﬁ%@ﬁsﬁggl ycine- aspartate (RG) notif. 23. The net hod

of any one of clains 1 to 22, wherein said fibres are
13:Bhé methbd of claiaisel 1derrdlaigy Baivheseiasaisk Prepwispr e@MEpisasui d

[ : h I
oPitob 2 AP BARIR HEASE Mo an Taner curface

of said die. _ _ _ .
14. The method of any one of claims 9 to 13, wherein said polycation solution

comprises chitosan.

15.The method of any one of claims 9 to 12, wherein said polycation solution’
comprises chitosan and hydrolyzed tetraethyl orthosilicate (TEOS), the weight
ratio of said chitosan and TEOS being between 8:0 and 1:19.

16. The method of claim 15, wherein said weight ratio is from 8:3.7 to 1:9.4.

17.The method of any one of claims 9 to 16, wherein said step of providing fibres
comprises bring said polyanion and polycation solutions into contact to form

an interfacial region, and drawing said fibres from said interfacial region.

18.The method of claim 17, wherein said interfacial region comprises chitosan

and alginate with a weight ratio from 8:1 to 1:16.
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24. The nethod of any one of clainms 1 to 23, wherein

said fluid conprises water. 25. A scaffold fornmed in
waezwenaaste with the nethod of any one of cl ai P®I1/4G1005/000198

24. 26. A porous scaffold conprising: tangled fibres

conprising polyelectrolytes formng a polyelectrol yte

conplex, said fibres further conprising a cross-I|inker

14 TRE N SE bPaRPOIELEGLIR Y1 i rlehein sLaWiMéQWhe?%Sﬁprise
pal ryadii&ertfoohrpﬂéymgmmre;xmy axfrsahbﬁlwean adj acent fibres.

27. The scaffold of claim 26, wherein said

2@ r@%ﬁpé}bg&%g ?TV%' \bglﬁé ?n' éé & R{bdlf%?’ Cor-lﬁpﬁiéscg‘fs[lggge modn‘ylng
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pelupstheed.r ol yt es thr ough Si-0O bonds. 29. The scaffold
of claim27 or claim?28, wherein said cross-Ilinker
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swoeiofiarprotei, archa beplideri des, and qui nones. 3 1. The
scaffold of any one of clains 26 to 30, wherein said
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of claim 32, wherein said polyelectrolyte conplex is
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tangled fibres comprising polyelectrolytes forming a polyelectrolyte
complex, said fibres further comprising a cross-linker linking said
polyelectrolytes within individual ones of said fibres and inhibiting
secondary polyelectrolyte complexation between adjacent fibres.

27.The scaffold of claim 26, wherein said cross-linker comprises silicon.

28.The scaffold of claim 27, wherein said cross-linker links said polyelectrolytes
through Si-O bonds.

29. The scaffold of claim 27 or claim 28, wherein said cross-linker comprises

silica.

24



34. The scaffold of any one of clains 26 to 33,
wherein said fibres further conprise a nodifier. 35.

WO he/weesBf ol d of cl ai m 34, wherein said nodi fPET/SG2005/000198
conprises a surface-nodi fying substance. 36. The
scaffold of claim34 or claim35, wherein said
nodi fier conprises at |east one of a protein and a
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36, wherejn f|er ri ses at | east one of

sa
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Wi th an arginine-glycine-aspartate (RGD) notif.
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<R ethgieneimige). gellan.icarkaxylaterbpolymes andipatergialymer,
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protein, acidic polysacchande derivative of acidic polysacchande poly(amino

acid), poly(lysine), and poly(glutamic acid).

32.The scaffold of claim 31, wherein said polyelectrolyte complex is selected
from alginate-chitosan, heparin-chitosan, chondroitin sulfate-chitin, hyaluronic
acid-chitosan, DNA-chitin, RNA-chitin, poly(glutamic acid)-poly(ornithic acid),
polyacrylic acid-poly(lysine), and Apo!y(ethyleneimine)-gellan complexes.

33.The scaffold of claim 32, wherein said polyelectrolyte complex is an alginate-
chitosan complex.

34.The scaffold of any one of claims 26 to 33, wherein said fibres further
comprise a modifier.

35. The scaffold of claim 34, wherein said modifier comprises a surface -modifying
substance.

36. The scaffold of claim 34 or claim 35, wherein said modifier comprises at least

one of a protein and a peptide.

37.The scaffold of any one of claims 34 to 36, wherein said modifier comprises at
least one of polyethylene glycol (PEG), collagen, and a peptide with an
arginine-glycine-aspartate (RGD) motif.

38. The scaffold of any one of claims 26 to 37, having a porosity of 10% to 98%.
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