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[ 0002] The present invention refers to an apparatus
and a nethod for the manufacture of a
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[0004] However, the major obstacle with the use of electrospun scaffolds is the lack
of control of its pore size, which is inherently small (typically less than Spm). This is due
to nature of the electrospinning process that randomly deposits layers of non-woven
fibers on each other. Few researchers have addressed this issue, but it has several

implications. Firstly, cell infiltration is poor as cells are unable to permeate through the
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JObIEARY Ths altded tebddnbor @Y manufacture of electrospun scaffolds which meet

the requirements for tissue engineering.

SUMMARY OF THE INVENTION
[0007] In a first aspect, the present invention refers to a method of manufacturing a
three-dimensional scaffold using an apparatus for electrospinning comprising a high-

voltage power supply; at least one spinneret connected to at least one container



[0007] In a first aspect, the present invention refers
to a nethod of manufacturing a three-dinensiona
scaffol d using an apparatus for el ectrospinning
conprising a high- voltage power supply; at |east one
spi nneret connected to at |east one container WO
20026d3&7H9 PCT/ SG2007/ 000413 3 conpri si ngpér/S@hstiob@is
with at | east one polyner dissolved therein; and a
collector, wherein the nethod conprises: formng
crystals froma nolecule or group of nolecules in
vapor phase conprised in the surroundi ng atnosphere
atomiptiging arfohiien (fitht 4 deastopnieckalyyper dissplaede thareinpand a collector,
cg&%gg&ghmﬁgéc@mgggperature whi ch al lows formation of
crystals at the surface of the collector;
el ect r osypi farming crypals Sem . melacOPRETPUD ofgelecules s yapaiehase
pol ymer di &aﬁ%h%ﬁqn tHe NGk &inBing hAH3shetR ﬂg%ﬁﬁcfé' o¥the collector,

conti nuin e formation of crystals and th

el ect rospi whﬁrwgthe §‘P1¥‘?ffP’th§ﬁ%E?E’§F‘9t‘“°a‘ﬂH°h ﬁlle%@mﬁmf* Agerystals
crystal s by asulificestthoddlledtddP08] | n anot her aspect t he
present invention, rg&;rﬁ fo a three- w WEHSqu dissolved
scaffol & DEBawiirs THOP HOBPEYRG felefst QRp Aplymer dissolve
|nventlOn,mﬁbﬂ&ﬁmmiﬁhﬁy@ﬂie di ameter of the scaffold
is equal or greate an 5 m J0009] In.a furt
aspect, % h®® tﬁl E Aot eclnés}% t &% h% Cu$ °tf915p15mng
t hr ee- dinﬁmﬁmmamﬂmamaffold of the present invention
for tissue-en er n yet another aspect,

t he presenﬁ“ﬁﬂ@%ﬁ? %%gfgi%gém%gnan el ect r ospi nning
ajeperiat Us afimiter aipecttbapreskot inveptiaf referst th aelgreeddimmemséinalrsadffold
SG&: me(albig a%etﬁola%f gl %?e@é?& bgh\ﬁgﬂlt&lﬁgﬁm th& 8&9 [l.xlaﬁl:t@rgof theascaffold
hi'gh-voltage power suppP east one spl nneret
cismaraterezratenthan S 8mt ai ner conprising a solution with
aEOOd) ast O guride} Yipedt, dﬂesp?@eﬁ‘teﬁkvttﬂﬁgﬁ §bfors ©Nfle uBe of a three-

coIIector wherei n t he, col tor has. a tenperature
whimensionel sgaffold of dhpgrsens mB'Fnt'E’P fisfigengineemne. syr f ace  of
t 19810301 118 Cfie lanotitdd ears@cn theh ﬁreﬁ‘dny Sﬁv&h’(ﬁmaﬂ’e&rsf or A dlettrospinging

g%lﬁ%(?:u' o&%l;e gi.[ﬁ]g ctu e of a eg-l&]mensmnap s tf %%%%Ht mventlon,

atnospner e Surréund |ng he “colTecto

comprising:
® a high-voltage power supply;
° at least one spinneret connected to a container comprising a solﬁtion with
at least one polymer dissolved therein; and
. a collector;
wherein the collector has a temperature which allows formation of crystals at the surface
of the collector, wherein the crystals are formed from a molecule or group of molecules

in vapor phase comprised in the atmosphere surrounding the collector.

BRIEF DESCRIPTION OF THE DRAWINGS
[0011] The invention will be better understood with reference to the detailed
description when considered in conjunction with the non-limiting examples and the

accompanying drawings, in which:



BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0011] The invention
wi Il be better understood with reference to the
detail ed description when considered in conjunction
with the non-1imting exanples and the acconpanying
drawi ngs, in which: WO 2008/ 069759 PCT/ SG2007/ 000413
4wbQbbkAderdl 9. 1 shows a process flow of cryopeRé&oorgs
el ectrospi nni ng process (CHI EF) In the non-limting
exanple illustrated in Fig.,1, the nmethod of the
present invention involves the use of a collector
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t 5&n from g SE ighure et 4n pbljage Ve (Bigy 6 P dhedpres ptesiye a threé-
S8ifdRdidaRIespaiddl sitlchird iHdeke RinRaieerd wiaathéihin filirbisrwalls, which

f] brous wall.s, which sel f Jorous i ke
&é’r?tpf”i?H%l e)?"‘é‘ie]étb‘in?lg'seé) HOSP%a% € [0015] Fig. 4 shows

a[oetﬂjemii'ng c4 ishdwssd schemaie itifistrative bié@.e (dagetseipp fagreonventional

élec %?Pgﬂn%%a{l‘]h ?s X vgsapdre{wﬁéllgfyt’ng ggcthﬁ]e%efa D&\é’aﬂd a typ1ca1

rified or cone a atyplca
SEM image of a non-woven mat of nanofibers deposited on the collector.

[0016] Fig. 5 shows SEM micrographs of the cryogenic electrospun scaffolds
collected at different relative humidity of the chamber. (a) 25%, (b) 40% and (c) 55%. It
can be observed that as humidity increases from 25% to 55%, the pores of the cryogenic

electrospun scaffolds become larger and more defined.



SEM i mage of a non-woven mat of nanofi bers deposited
on the collector. [0016] Fig. 5 shows SEM m crographs.
of the cryogenic el ectrospun scaffolds collected at
different relative humdity of the chanber. (a) 25%
(b) 40% and (c) 55% It can be observed that as

hwaia6bshgordoncr eases from 25%to 55% the por pdrgdaod7facnas
cryogenic el ectrospun scaffol ds becone | arger and

nore defined. WD 2008/ 069759% PCT/ SG2007/ 000413 5
[0017] Figs. 6 (a), (c) and (e) are SEM m crographs
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sdlaf payt dtrafires ofSgrydgenia pbictidspun svaffeld afiér 5 sm aid [Egm\inuteb of
ie i val. bet

2 shibdtRe Wil "R in@lvar e Tl 15&8111 B REL %hctm ;elggrﬁ 6, both
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S |l e B has pore structures that are larger in
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14. Henat
eosi nB Sujtp:s%/ I’]inlznr%a %hv{s) %att Oﬁ%s‘t%amﬁl ;]ds tm:sl %33 s E %ﬁé & convggiorha]l
t hlee:cosm@md dhadt infltrapechut popiferatalonafifs ehrthce (Riguno(a) and (b)).
i edn{r;satﬁ%mmahs aﬁfa}eafoﬁa@;ﬁ%neraecﬁ&g czéo@cﬁof(&é S Briclcncss

7(a and (b)). I'n contras asts cultured on

ithe @fitscrqstragstion bydmt o iuest7(@hedgemain etticked e Dy 14
gﬁ\\' 1@f)edllGeptibits & &6 0SS-section by Day 7 (Figure

and remain attached on Day 14 (Fiqgure 7(d)).
sentig osipvinthe Berds) ofFing vwcs eXIFEMENtE e Vhichy pqnkergjpnal
| Bledtiogunescpiisld AR CES waa\m;qhnsaomvxe@t Fighelshowd @6tk 95b el

© Aot 250 Ve o i (PG RO 4HE GREC PR, fizatiiod TRV
S beahdtaiytis agbta@inrsethidy m:fmciffukkamphhtsd s1EBGIyane8us$3hfaMﬂ4 days. (a)

h sin i_pi of sca Ids
subcul ?ane use?egg?sg& T£°§a fﬂda a{‘ féb@) Bo%n\l/ [ Ong\’:) n&nvenﬂonally
e Ple@ttosm@ﬁenffoki@aﬂ(ﬁ(bﬁ ma@iﬁcam fc) GEYni foozxanagmﬁpat(ob)md (d) CES

C QN6 R inlapRabaii¥n, {@')s@&?d@%?é%ﬁ&%ﬁﬂld@ﬂﬁ ¢ A8 Ca agilyics).

rmgnl fication, X nmagni catl onh an
Clmiamme represents 200 um in (a) and (c) and 50 pm in (b) and (d). The pictures lying next

to each other in Fig. 8 are identical but the left hand picture is a black & white print of a
color picture whereas the right hand picture is a grey scale version of the colour picture
on the left hand side. Regions of the scaffolds infiltrated with cells are circled by the
dotted lines.



at 400 x magnification. (S: Scaffold, C Capsule, M
Underlying nmuscle, B: Capillaries). represents 200 m
in (a) and (c¢) and 50 min (b) and (d). The pictures
lying next to each other in Fig. 8 are identical but
the left hand picture is a black & white print of a
CRbbosdesdour € Whereas the right hand pi cturgedse2607860815
scal e version of the colour picture on the left hand
side. Regions of the scaffolgds infiltrated with cells
are circled by the dotted |lines. W 2008/ 069759

PCT/ SG2007/ 000413 6 [0020] Fig. 9 shows hemat oxylin
alfP2@hsi Figs t9aslhpvi ghetataxylinr fapd depsinnphining eef scaffolds implanted
S bt ltbnRBQBHSloYrals %IOZSr &ys (hoe on%gnhqm elécﬁ‘asgun scaffold at 100 x

Conventionally el ectrospun scaffold

nEgEE Rt @ﬁOnVEIH)OHGHrf\IFéﬁ?SPWPﬁWd #1498 k msgrifietien 49 (GBS @t
athG]rﬂQlagmﬂ&ﬂﬁh irdqay CB% at 400)x fbeRiftthtionl & S¥affold, c Capsule, M:

R 8l B U e
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cryogeni ctrospun SC ol ds bet
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(BBl o 4 Do el b s RSt 2 o
h aﬂaorpofdhqno@r pstuef: onbhqaleft h@dskiet Regpons oft thodeafoldsohfiiated with

phgggkgumggﬁgggkhgﬁukgght hand picture is a grey scale
version of the color picture on the |eft hand side.
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CkubGit@dold)y hideratd 9t ﬁddalyé Q%SConEzQﬁgﬂa]]ly FeleBtroshith SHEWS at 100 x

henat xylin.and eos alnlng f scaf fol ds_i npl ant ed
efemo (R PSP B lesappin Tk d00  pmticanon, ) CES a
me:eniamﬁmhwanel(emmmamn x&ﬁ@ﬁfﬂahtd)lna@S $&MProMd, C: Capfs?le llx(/jx
it ' , ( nyve ectrospun ,sc 0
gtﬁg%lg{ng antirr%sg?ﬁ ]]S.i txﬁaglﬁéﬁ Flg) ?@ééovys atlﬁlﬁ c)c(aﬁsp are limited to the
neggiphdry obithe ewvanigna(l dect@EBinascaifidd even magmda‘yis cmuro ) whSeeas
Saaf £9bslnicC elegﬂﬂﬁw %cand pngo‘ﬁ{ﬂlé{élﬂ 6da® by Brells
Caplllarles) Fi'g e cells afe T I mTeq
t PIeRfEts 20 M iHe} gpd&«r) apthéo e i@ heddhaThegtieheres lpinp pext to each
seRéfivkg. ﬁ?fﬁé‘xdéﬁucaﬁ BuBy Rt ﬁlﬂd%f([tlﬁ‘ﬂ ) blé/c‘.‘lﬁ%f @lﬁ& prfnnﬁ a colour

cryogeni c el ectrospun scaffol'd is conmple

p%‘ﬁtéfer"gie{fas ¢ right hand piturs isa @Ry scals(ysTsippiof tb(’éj’lm’aPiéF“‘(B@)l the
alefl Hafd sidé. Refibns afrthe §cdffoldsT E1tRAted tvdtheslld Ye RGclB@ Y tHe Qotted
eﬁ%h other in Fig. 10 are identical but the left hand
plcﬁure is a black & white print of a colour picture
wifezdas Eige 1t giatvs hMasiorpk CTrith®nies s@infjige pf scaffaidsv @instanped

0 tur hand side.
Ofubbifc Gt k&
O{u uheesc ? %é dI-A?’] %ngealtlon K hios ugr Secafgiﬁ? Ttegocob)}
t mggn@p@c@d(b) pqnnglg'pnally electrospun scaffold at 400 x magnification, (c) CES at
100 x magnification and (d) CES at 400 x magnification. (S: Scaffold, C: Capsule, M:

Underlying muscle). There is markedly better cell infiltration in the CES with

macrophages and collagen-producing fibroblasts penetrating deep into the scaffold at Day
14 than in the conventional electrospun scaffold. s represents 200 pm in (a) and (c)

and 50 pm in (b) and (d). The pictures lying next to each other in Fig. 11 are identical but



[0022] Fig. 11 shows Masson's Trichronme staining of
scaffolds inplanted subcutaneously for 28 days. (a)
Conventional ly el ectrospun scaffold at 100 x

magni fication, (b) conventionally electrospun scaffold
at 400 x magnification, (c) CES at 100 x

g miogneadi on and (d) CES at 400 x magni fi cedm/smo074d6413
Scaffold, C. Capsule, M Underlying nuscle). There is
mar kedly better cell infiltyation in the CES with
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apparatus for electrospinning comprising a high-voltage power supply; at least one

spinneret connected to at least one container comprising a solution with at least one

polymer dissolved therein; and a collector, wherein the method comprises:



occur in a scaffold, scaffold pore size needs to be at
| east 100 mcroneter. It is generally known in the
art that optimal bone regeneration occurs for pore
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example between about 50 to 500 pm in size (see Fig. 3b). However, it should be noted
that pores obtained by the method of the present invention can exceed 500 um. These
pores are bounded by bundles of fibers that form a strut-like support. As can be seen from
a SEM picture taken at an oblique view (Fig. 3c), the large pores have a three-
dimensional spatial structure and are interconnected via their thin fibrous walls, which
itself are porous like conventionally electrospun fibers.

[0033]  The term “scaffold” as used herein, refers to an artificial structure capable of

supporting a three-dimensional tissue formation. Scaffolds are supposed to resemble the



conventional el ectrospun scaffold as shown in Fig. 3a
shows a hi ghly porous network of non-woven subm cron
fibers in a planar orientation. The pores are bounded
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form of solid crystals when the temperature at the surface of the collector is lowered to or

below the freezing point of the molecule or group of molecules which is/are comprised in

the atmosphere surrounding the collector. Since the question of forming crystals depends



i s subsequently dehydrated by freeze-drying to renove
ice crystals, leaving behind a cryogenic el ectrospun
scaffold (CES) with |large pores (see Fig. 3b and 3c).
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mcreasmg or decreasmg the ﬂow rate of the solution comprising the at least one polymer

dissolved therein. The flow rate of the solution or in other words the solution feeding rate
can be changed by increasing or decreasing the pressure in the at least one container
comprising the at least one polymer dissolved therein. In general, a higher feeding rate

for the solution leads to the formation of thicker fibers.



Letters, vol.86(11), p.13504). An inert carrier gas,
such as nitrogen, can be used to deliver the vapor
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factors that can have an effect on the pore structure
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invention. Thus, the method of the present invention further comprises varying at least
one of the parameters selected from the group consisting of needle size and design,

voltage and the concentration of the at least one polymer in the solution.



collagen within the sandw ched scaffold. In this way,
there will be fewer inflammatory cells that

infiltrate the sandw ched scaffold and the construct
will only consists of fibroblasts and coll agen.
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also been investigated as a way to increase the throughput and production rate of

electrospinning of poly(ethylene oxide) (PEO). Multiple needle tips have also been used
to prepare blends of poly(vinyl alcohol) (PVA) and cellulose acetate. Using four tips and
varying the number containing PVA and cellulose acetate allowed for fibers with various

weight ratios of PVA and cellulose acetate to be produced. Using two tips and a collector
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st eady Tayl or cone and consequently, a stable
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[0074] For some applications it might be of some advantage not to use solvents. In

these cases polymer melts can be used alternatively. Thus, the present invention is also
directed to a method wherein a polymer melt is electrospun. For the method of the

present invention the use of polymer melts is not limited to a specific polymer melt. For



p. 2223-2253) at page 2226-2230, a list of polyners
together with a possible solvent -is given. Another
exanple is the list referred to in the article of
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provided in conjunction with the matrix. Similarly, polymers containing peptides such as




21 exanple, polynmers, such as poly(lactic acid) (PLA),
pol yet hyl ene (PE), polypropylene (PP), nylon 12
together with PA-12, polyethylene terephthal ate (PET),
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different layers with different pore sizes.

[0085] Even though those scaffolds might also be used outside the field of tissue
engineering, they are preferably used for tissue engineering purposes. Therefore, the

scaffold of the present invention might be seeded with one or more eukaryotic cell lines.
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[0089] The scaffolds can also be used for localized delivery of therapeutic agents as
well as controlled release of such agents at the target site in a subject.
[0090]  The present invention also refers to an electrospinning apparatus for the

manufacture of a three-dimensional scaffold of the present invention, comprising



different layers with different pore sizes. [0085]
Even t hough those scaffolds m ght al so be used outside
the field of tissue engineering, they are preferably
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liquid jet from the nozzle. This electrified jet then undergoes a stretching and whipping

process, leading to the formation of a long and thin thread. As the liquid jet is

continuously elongated and the salvent is evaporated, its diameter can be greatly reduced
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producing better alignment than a non-conductive one. Also, an array of electrospun
fibers has been produced using two conductive, collection rings. The fibers have been
suspended between the rings, and fibers up to 10 cm long have been obtained. In one
example it was also demonstrated that PEO can be spun using a multiple field method in
which the polymer jet passed through three parallel rings, each connected to an
independent power supply. This method produced smaller fibers that collected in a more

focused area. Thus, the apparatus of the present invention can use more than one power
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herein. Thus, for example, the terms "comprising", "including", "containing", etc. shall be

read expansively and without limitation. Additionally, the terms and expressions
employed herein have been used as terms of description and not of limitation, and there is
no intention in the use of such terms and expressions of excluding any equivalents of the

features shown and described or portions thereof, but it is recognized that various
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stable Taylor cone is formed and a constant polymer jet is ejected towards the collector.

Electrospun fibers are deposited while ice crystals simultaneously form on the chilled
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] Method for cryogenic el ectrospinning
[00112] Based on these findings, it can be postulated that parameters that govern ice

.1

crystal formation on the mandrel, such as the temperature of the mandrel, temperature
and relative humidity of the environment, affects the pore structures of the cryogenic
electrospun scaffold. Conditions that favor aggregation and formation of ice crystals
result in higher volumes of ice crystals between bundles _of electrospun fibers; hence

resulting in larger pores of the cryogenic electrospun scaffold.



[00107] The polyner used in this exanple is

pol y(D, L-1actide) (PLA, LASIA H100J, Tg 58 C, Tm 165

O, and the solvent is

1,1,1, 3,3, 3-hexaf |l uoroi sopropanol (HFIP, analytical

-grade, Merck Singapore). [00108] Cryogenic el ectrospun
swohiihsssso( CES) are fabricated as fol | ows. Pé—’l’?sdzﬁowoomn

dissolved in HFIP at a concentration of-15 w .-/ vol . %

The PLA solution is then placed in a 30 m syri nge

fitted with a 26 gauge met ab needle, which is in

contact with the earthed plate. The environnental
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[ 00109] EffeQﬁ q& ve @unhglty of the environnent
on pore struc ure o cryogeni c electrospun scaffol d

[00110] The d#f ecPanpfe B h& 7oimifeye humidity of the

faRY 7] onﬁ%{ﬁes%retlsb%le@%ﬁué&sr ucture of cryogenic
eI ectrospun scaf Is 1nvestigated. The rel ati
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gatand &)Y &NB (Pigodl (b)e (d) andl ()t ir€ poroas thignghamt the thickness of the
scaffold, as observed by the slow building up over the 5, 10 and 15 minutes. However,

pore sizes are smaller in the early stage, becoming bigger as the spinning proceeds.
Sample B has pore structures that are larger in diameter and shallower, as compared to

Sample A. Both of these observations can be attributed to the time interval X. The



(Li bbrecht, K G, 2005, supra). These conpl ex
structures aggregate nore readily and occupy nore
space, resulting in the larger pore size of the
cryogeni c el ectrospun scaffold at higher humdities.
Moreover, the rate of ice crystal formation increases
Wybhoedgedhgdi ty; hence the proportion of icepgr¥sb@lodoss
to fiber is increased resulting in a nore open
structure. [00112] Based on,these findings, it can be
postul ated that paraneters % at govern ice crystal
formation on the mandrel, such as the tenperature of
t Weitingpadiod betweemypeming uilews medrystels ad prow ihwize,diehog resilting th
e @@] tructures of the
CP¥g§§ﬁ¥§EEEF§£%§%§%S% %%#%F§ Condi tions that favor
aggregatlon and formation of ice crystals result in
Fﬂh@ VRS oRd s&.&.ﬁn@sw%;y'agén,@&éc%%mmcﬁ%n%n-mmu
ectrospun fibers; hence ‘resulting in larger pore
ofnterpgtiopt y ogeni ¢ electrospun scaf f ol d. WD 2008/069759
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Mk Sdonstructs are cut into 7 pm sections using a microtome (Leica RM2125RT,

ﬂ

Germany) and stained with hematoxylin and eosin for analysis.

[00123] The hypothesis that cryogenic electrospun scaffold with its large pores has
improved cell infiltration in vifro compared to conventional electrospun scaffolds is
tested. This is studied by seeding 3T3/NIH fibroblasts on the surface of both types of
scaffold and maintaining the cell-scaffold constructs under static culture conditions for up
to two weeks. Hematoxylin and eosin staining shows that fibroblasts cultured on 50 pm
thick conventional electrospun scaffold did not infiltrate but proliferated on its surface
(Figure 7(a) and (b)). In contrast, fibroblasts cultured on a cryogenic electrospun scaffold
of the same thickness inﬁltratgd the entire cross-section by Day 7 (Figure 7(c)) and



B-15 (spin for 15 rains, X=5 rains) [00118] Figure 6
illustrates the result of this experinent. Figure 6
(a), (c) and (e) are. SEM m crographs showi ng the pore
structures of cryogenic el ectrospun scaffold after 5,
10 and 15 mi nutes of spinning wthout any tine

| WbShgAke74en bEtween spinning respectively. Pﬁ/ﬁi&ﬁ(ﬁ/oﬁms
(b), (d) and (f) are SEM m crographs show ng the pore
structures of cryogenic egzctrospun scaffold after 5,
10 and 15 minutes of spinniffig with a tine interval of
5 mnutes in between each cycle. From Figure 6, both
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spi nni ng proceeds. Sanple B has pore structures that
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26¥péhkd and extended to visualize all three pockets. Each of the scaffolds and the empty

pocket are retrieved with the surrounding tissue. The samples are fixed overnight in 10 %

buffered formalin, embedded in paraffin and 7 um sections obtained using a microtome
(Leica RM2125RT, Germany). These are then stained with hematoxylin and eosin to
assess cellular infiltration and vascularization. In addition, sections from the
subcutaneous implantation study are also stained with Masson’s Trichrome stain to assess
tissue capsule and collagen formation. Imaging is performed on a light microscope
(Olympus CKX41, Japan).



The fibroblasts are used for seeding onto each
scaffold at a density of 4 x 105 cells/cnR2. The
cell-scaffold constructs are kept in culture in DVEM
suppl enented with 10% FBS and 1%

anti biotic-antimcotic solution (AAS) for up to 14

O Soodbeedsdt C and 5% CO2. The constructs argegsdod7bems
7 m sections usi ng a m crotone (Leica RVR125RT,
Gernmany) and stained with hematoxylin and eosin for
anal ysis. [00123] The hypot3ﬁe3| s that cryogenic

el ectrospun scaffold with its | arge pores has

i [mmrz@yedhae lid mhrlllédl;l' bé@t cONinfillraldd 1.0hE OAD B %Jcﬁbll)_ltl]ages and
isis

venti qnal trospun .scaffolds is _tested
PR o s it PP RERS FoEp i el I 1 s 3
Oafnd oy ihdtbfﬁ@ﬁﬁl ng)alffu&@aﬁﬁm’aﬁd ayn dg dRys(Figiei 9mgntcblﬁrast cells are
e 0 cO truct r st ati
ilen 35 B bRy BB bt bbotl S Rbl sl ot o Bl
StOai Fiendjstgbudins otf ifmctlénab rcells| wighiss tieubcafiolé dndicates &hm the apen
{dbite GOBY BLdoA0 Bec RAAS LIRSS cfd?lrngm%& g ﬁm

infiltrate erate Su ace
71029k nd gespad o WW@@?H isade, presepreopl Alopd vewskls mee@ba‘mg the

CHpRERN ElectRbRE st AR B 8£5T 4 a4 140£ndtﬁk€slﬁg% tﬂa%%%ﬁ%a

infiltrated the entire cross-secti on ure

ieioes 5 0 9 088D BB FranCTBOw 1 blast sl

?hbt@rﬁzbﬁidmﬁﬁwim;&e llfst bysteiit’ @schfathird. In ddhlrdst |b$cioa'3vtte§sélpki% @6kent
0 e 0 n ruct ur en ctrospun

U s e G oo St Gl TG S mn BB T ol sy be

amplainpElgi twembechandms.e The oprh istrichaé ieauliting] iﬁﬁﬂ%]lar&f Ifo&&tof tic

L& glegtr ff

GRS, Sl SHl RUSGL iR 68 oL ar

Optmaldht iaapres iz $f03 d® iiksnl(MaEh@keaA J. &t 70 2004, s%pre). Adsvokhe
f @bnakme Bk ma&sﬁﬂa%é; %Mﬁé@éaﬁ‘oﬂ%r&ﬁﬁe@ Egéiﬁ%seﬁlg %ﬁ&ﬁjl ¥acﬁ)rs that

rinsed 5 tines m nut es
ttimplate ggscylarisatien (Spmigikofiery Cy Gaehsler, [NbQ at2b)] lswslftmchdm &

iBkahiubgs, 360811 019535069 m& ?resa@éi of Rbctiohs? bRIAR %Jsay @t Supply
i npl antation _stud antatlonlslg)q’féorrre in an

RN o TR PR Tt RGBS S ecoricaton ofthick
anmaadts) ehus zs&ebomﬂgh rhdjdtahatcbaing bf ¢o&®efnhbtraaﬂ€tlt(16ﬁﬂn SoL§reIad),

i s ek ski
3or s@m |&t§h (3 eae{l/éda Wéln%a%%f s amW{)?}eﬁléﬁqIS?tWEﬁ%Vﬁ%mé’ﬁﬁmn
ivathimick Agonsgrigig) | Hen@:, dtnoad e siadd i aphplicationis rvdhiichi require shigh cell
r@ﬁ’sﬁy J$&@§re§éﬂp&w@&%ﬁuﬁe5%9 teﬁ i efeatinfs&@ ?gﬁ %/(LE‘%E%%

di ssection. The cryogeni c el ect spun sca

éhﬂaﬁéﬁﬁésﬂﬁﬁwentlonally electrospun scaf fol ds (ES)

are inserted into two of the pockets, ensuring that
acement is flat and that the scaffolds remained

égoda}]at ETFetoof mandrehtefaperatyrg, opthe pRIe cituchuge |f§f%ryogemc

electrospun scaffold

[00132] The effect of the mandrel temperature on the pore structure of the cryogenic
electrospun scaffold is investigated. The temperature of the mandrel which is used in this
experiment can be varied by, but not limited to, packing different mass of dry ice inside
the hollow mandrel. Three data points (23°C, -15°C, -30°C) are collected. All other

parameters are kept constant.



enpty as a negative control for normal healing
response. The incision is closed with interrupted 3/0
pol ypr opyl ene sutures. Postoperatively, an injection
of tolfedine 0.1 m is admnistered intramuscularly
in the thigh for pain relief. Sutures are renoved on
the tenth post-operative day. [00127] At the

speci fied endpoint (14, 28 and 56 days post

impl antation), the rat is euthanized by carbon

di oxi de inhal ation. The dorsumis shaved and the
previous incision reopened and extended to visualize
all three pockets. Each of the scaffolds and the enpty
pocket are retrieved with the surrounding tissue. The
sanpl es are fixed overnight in 10 % buffered
formalin, enbedded in paraffin and 7 m sections

obtai ned using a mcrotome (Leica RVR125RT, GErnany)
These are then stained with hematoxylin and eosin to
assess cellular infiltration and vascul arization. In
addition, sections fromthe subcutaneous inplantation
study are also stained with Masson's Trichrome stain
to assess tissue capsule and coll agen formation.
Imaging is perfornmed on a |ight mcroscope (d ynpus
CKX41, Japan). WD 2008/ 069759 PCT/ S&007/000413 33
[00128] There is markedly better cell infiltration in
the CES with macrophages and col | agen-produci ng
fibrobl asts penetrating deep into the scaffold at Day
14 (Figures 8 and 11) and becom ng diffusely
infiltrated by 28 days (Figure 9). In contrast, cells
are |imted to the periphery of the conventiona

el ectrospun scaffold even at 56 days (Figure 10). The
di stribution of functional cells within the scaffold

i ndicates that the open structure of the cryogenic

el ectrospun scaffold pronotes cell infiltration in
vivo. [00129] A second observation is the presence of
bl ood vessels perneating the cryogenic el ectrospun
scaffold as early as Day 14 and persisting on Day 28
and 56 (Figures 8(d), 9(d) and 10(d)). The vessels
contain intralumnal red blood cells, which inply
continuity with the host system c vascul ature. In
contrast, blood vessels are absent in conventionally
electrospun scaffol ds (Figures 7(b);-8(b) and 9(b)).
Thi s fordi ng—maybe expl ai ned by two mechani sns. The
open structure resulti g large pores of the
cryogenic el ect r oFpUid %E%i;fﬁé%ﬁgﬂgggggge vascul ar
ingrowth, which is optimal at a pore size
of 35 to 50 YHTfﬁﬁrgﬁall, A J. et al., 2004, supra).

Al so, the abundance of nmacrophages within the
scaffol d produces angi ogenic growh factors that



stimul ate vascul ari sati on (Sunderkotter, C., Goebeler,
M, et al., 1991, Pharmacol ogy & Therapeutics,

vol . 51, p.195-216). The presence of functional bl ood
vessels that supply cells with oxygen and nutrients
‘and renove waste products allows the fabrication of
tWoGkoso@enst ructs, thus overcom ng a maj or sEEEEXOMHIAB
of conventional electrospun scaffolds. [00130] It has
been shown that the CES pr g tes cell infiltration and
vascul ari zation wthin thi"Ck constructs. Hence, it
can be used in applications which require high cell

qe(nsk]t y Fi:gn@lz Elkvevs nneesmq—_ﬁc@gramaﬁlﬂﬁeadwg&ﬁc sletbsim scaffolds

scle tissues (Lev S. et al.
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const ant T 11 ~~ |aglw
tembedded within the electrospun mesh. The subsequent removal of the ice crystals

through freeze-drying forms these pore structures within the electrospun mesh.

[00134] In addition, for scaffolds formed at sub-zero temperatures, it can be observed
that the mandrel interface of the scaffold have less defined and smaller pore structures as
compared to the air interface but still much larger pores than scaffolds obtained using

classical electrospinning at room temperature.



I 1 WO 2008/ 069759 PCT/ SG2007/000413 34 [00133] Fig.
12 shows the SEM m crographs of the cryogenic

el ectrospun scaffolds collected at different mandrel
tenperatures. For definition purposes it should be
mentioned that the "mandrel interface" is the side of
t Ll d facing the mandrel and the Si
s@gfzﬁng@%sfam ng the air is called the "air ?ﬁlg?g@@m
It can be observed that a conventional dense

el ectrospun scaffold is obt33i ned when the nandrel
tenperature is kept at 23 'C. Wien the mandrel
tenmperatures are -15C angpaiNfs, | arge pore structures
(> 5 m can be observed on both the mandrel and air

interfaces of the scaffold. As illustrated in Fig. 1,
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col | egtiRkze drghgct rospi nni ng said sol ution conprising
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3. The method according to claimi 1, wherein said crystals are formed from CO,

comprised in said surrounding atmosphere which are removed by sublimation.

4. The method according to claim 1, wherein said crystals are formed by directing a

jet of vapor dispensed by at least one spinneret at said collector.

5. The method according to any of the preceding claims, further comprising
increasing or decreasing the saturation of said atmosphere with said molecules or

group of molecules which are to be deposited on said surface of said collector.



continuing. said formation of crystals and said

el ectrospi nning sinultaneously, and renobving said
crystals by sublimtion. 2. The nethod according to
claim1, wherein said crystals are ice crystals forned
fromwater (H20) conprised in said surroundi ng
aworepber® which are renoved by freeze drypegsc2807/00036
met hod according to claim1, wherein said crystals are
formed from CO2 conprised jn said surrounding

at nosphere which are r emoved by sublimation. 4. The
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t enpegalrdihnilel agMSartd €€2i ng of said nol ecul es or group
of nol ecul es fgr om said surrounding atnosphere at said
surface of said collector. 7. The nethod according to
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|ncres easi t.he .t enper at. arou said
col l & b e Rl Bty BT A feradhos oF i
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one pol ymer in said solution and flow rate of said

sol ut ris sai d_.at | east gne p
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pol ynmer is a bioconpatible polyner. 11. The net hod

according to any of clains 1 to 10, wherein said at
| ealdt Thrreethod|agqpeding to any of claims 1 to 10, whercin said at least one polymer

is selected from the group consisting of poly(D,L-lactide) (PLA), poly(urethanes),
poly(siloxanes), poly(silicones), poly(ethylene), poly(vinyl pyrrolidone), poly(2-
hydroxy ethyl methacrylate), poly(N-vinyl pyrrolidone), poly(methyl
methacrylate), poly(vinyl alcohol) (PVA), poly(acrylic acid), poly(viny! acetate),
polyacrylamide, poly(ethylene-co-vinyl acetate), poly(ethylene glycol),
poly(methacrylic acid), polyglycolic acids (PGA), poly(lactide-co-glycolides)
(PLGA), nylons, polyamides, polyanhydrides, poly(ethylene-co-vinyl alcohol)
(EVOH), polycaprolactone, poly(vinyl acetate), polyvinylhydroxide,
poly(ethylene oxide) (PEO), polyorthoesters and mixtures thereof.



is selected fromthe group consisting of

pol y(D, L-lactide) (PLA), poly(urethanes),

pol y(sil oxanes), poly(silicones), poly(ethylene),

pol y(vinyl pyrrolidone), poly(2- hydroxy ethyl

met hacryl ate), poly(Nvinyl pyrrolidone), poly(nethyl
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pol ycochmoapiphest fobistyrepe| pawsuiide, polysuiferst eplytetrbfbometdylene, |
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pol yet hier ket one, 'y _
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pol yosiadi ezrlsemategliyphenyl ene oxi de, pol yphenyl ene

sul fide, polypropyl ene, polystyrene, polysulfide,

pol ysul f one, pol ytetrafl uoroethylene, polythioether,
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of t hbswriasetafsdidipadymer3. The met hod according to any of

clains 1 to 10, wherein said at |east one polyner is

a pol ynmer having_am no aci ds added to the pol yner
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clains, wherein said at | east one polyner is

di ssolved in an inorganic solvent or an organic
S0l16£THe meflpd addoelingeb kRixtn &4 ediedinrsgidtogzasic aolment 4k, selediat fisinn
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acet i&haﬂ&ﬂ d’l,lf,ﬂf,gbgle?a‘:i ‘i‘luoro-Z-propanol (HFIP), tetrafluoroethanol,
dichloromethane (DCM), tetrahydrofuran (THF), trifluoroacetic acid (TFA),
camphorsulfonic acid, dimethyl acetamide, isopropyl alcohol (IPA) and mixtures
thereof.

16. The method according to claim 14, wherein said inorganic solvent is selected
from the group consisting of water, hydrochloric acid, sulphuric acid and mixtures
thereof.



ethanol, 1,1,1, 3,3, 3-hexa fluoro-2-propanol (HFIP),
tetrafl uoroet hanol, dichl oronethane (DCM,
tetrahydrofuran (THF), trifluoroacetic acid (TFA),
canphorsul foni c acid, dinmethyl acetam de, isopropyl

al cohol (1 PA) and m xtures thereof. 16. The net hod
awoahidiogygset 0 cl ai m 14, wherein sai d i nor ganper/scdoy®ods13
is selected fromthe group consisting of water,
hydrochl ori c acid, sul phuri,g acid and m xtures
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furt hgy Ql:ﬁégéo QF’cdm&%? U(PE@A),t B&?@Qﬁene 1194phtﬁalate polyethylene
t hr ee rTenS| Onal SCa

tal ned
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pore ditm@ay@fhyxaﬁe Sﬁuabzsac&fa‘agiouctbﬁe) e6d FurtheF bRAdadrGhixtures
t han § m. 20. The three-di nensional scaffold according
to cl 4ff?'19, which consists of at |east one
bi oconpati bl e and/ or bi odegradeabl e pol yrrer 21 The
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W t h pfedefliag elaimsp Wh@,relsuﬂzee@re digmetarrnd sgif seasfold lmeml ereagater
scaf f ghgs ggcording to claim 21, wherein the different

| ayers are made of different polyners. 23. The

t hr ee- di nensi onal scaffold according to any of clains
19 zoon?e&hremﬁieeshdshasaiaﬁold s&afdﬁfgl 16l clabin $%66RM ohdish @Ftat least

| east oeeuk i.ne. .24. Use of a
t hr ee? D& %h% %“:3’1“1%8? eg})&%%qlmeﬁg to any of clains
19 to 23 for tissue- engi neering.

21. The three-dimensional scaffold according to claim 19 or 20, wherein the scaffold

is made of different layers with different pore sizes.

22. The three-dimensional scaffold according to claim 21, wherein the different layers

are made of different polymers.

23. The three-dimensional scaffold according to any of claims 19 to 22, wherein said

scaffold is seeded with at least one eukaryotic cell line.

24. Use of a three-dimensional scaffold according to any of claims 19 to 23 for tissue-

engineering.
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according to claim24, wherein said scaffold is used
as skin replacenment or bone replacenent. 26. An

el ectrospi nning apparatus for the manufacture of a

t hree- di nensi onal scaffold according to any of clains
1% oh26sRe7seCONPri Sing @ high-voltage power seRgadieroodis
| east one spinneret connected to a container
conprising a solution with at |east one pol ynmer

di ssolved therein; and a &8llector; wherein the

coll ector has a tenperature which allows formation of
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said crystals a e formed froma nolecul e o gr
ol ecefbese gplagsmierted i n t he at nosphere surroundi ng said
collector. 27. The el ectrospi nni ng apparatus accordi ng

to claim 26, wherein sajd collector is_ rotatable
ar o%né.n 3]€ct{0é%}§ttmg)qp@argtﬂ @_r the manufacture of a three-dimensional scaffold

according to any of claims 19 to 25, comprising

. a high-voltage power supply;

. at least one spinneret connected to a container comprising a solution with
at least one polymer dissolved therein; and

] a collector;

wherein the collector has a temperature which allows formation of crystals at said

surface of said collector, wherein said crystals are formed from a molecule or

group of molecules comprised in the atmosphere surrounding said collector.

27. The electrospinning apparatus according to claim 26, wherein said collector is

rotatable around at least one axis.



