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‘(e ~ 14 March 2007 An Apparatus and Met hod For Produci nglmgﬂﬁq]@s Field
5 The present invention relates broadly o an apparatus and a nethod for
produci ng al i gned nanofi bres. Background 10 Presently, mllions of
surgical procedures requiring arterial prostheses are perforned each year,

wor | dwi de. However, tﬂﬁrfﬁ@&“ﬁ%ﬁggéﬂd %rgggg&tg%ﬁ#gmﬁy&ghet I c scaffolds
for small-di aneter bl : a patient's own
bl ood vessel for transplants. This procedure is time consum ng and 15 nay
|l ead to unnmary conplications. Electrospinning offers a nethod of

devel opi ng B vessel scaffolds that resenble that of naturally
occurring blood vessels. A significant advantage of electrospinning is its
ability to generate a non-woven, nanoneter scale fibrous 20 structure
using a i de var ilheypreenp dhyemtion relates yoadly telaacepmspinnhg petodsior

I nvol ves: passi(ﬂg. an.external..electric field to a polyner solution. This
causes ions B H’@aﬂlgp Einogmeﬁ‘tion to nove towards an el ectrode of ,
opposite polarity. Wien an electric charge is applied to a nmetal syringe 25
needle filled with the polynmer solution, a droplet of the polynmer solution
forms at the tip of the syringe needle, and the ions in the pol yner

sol ution of ]iaicigﬁfoqlﬁliari ty are forced to collect at the surface of the

droplet. On —ectric potential of the surface charge on the dropl et

surpassée8 a critical value, the electrostatic force overcones the surface - .

tension of the droplet and a thin jet of polynmer solutiagon erupts 30 from
tRe surface of t ﬁ?sﬁ}ttibll'@ghftné qfowﬁsiaalna9¢eépreédﬁ@uma@rﬁe§§hp@§fﬁ§ep s of
lymer  caBefi§mfel! bRAL G2 SwdRIMEET HEWRIES tRite 2arE ObdrREHY  no acceptable
synthetic scaffolds for small-diameter blood vessels. Surgeons have to harvest a.
patient’s own blood vessel for transplants. This procedure is time consuming and

15  may lead to unnecessary complications.

Electrospinning offers a method of developing blood vessel scaffolds that
- resemble that of naturally occurring blood vessels. A significant advantage of
electrospinning is its ability to generate a non-woven, nanometer scale fibrous

20 structure using a wide variety of polymers.

A typical electrospinning prdcess involves passing an external electric field

O- | ~ to a polymer solution. This cavses ions in the polymer solution to move towards an

electrode of opposite polarity. When an electric charge is applied to a metal syringe
. 25 needle filled with the polymer solution, a droplet of the polymer solution forms at
the tip of the syringe needle, and the ions in the polymer solution of like-polarity are
forced to collect at the surface of the droplet. Once the electric potential of the
surface charge on the droplet surpasses a critical value, the. electrostatic force

. overcomes the surface tension of the droplet and a thin jet of polymer solution erupts
30  from the surface of the droplet to form a Tayior cone. The resulting jets of polymer

can be collected as polymer fibres on a collector:




.14 March 2007 . 2 Most conventional processes for devel opi righj?.‘{ra?go ssel
scaffol ds using electrospinning produce tubes wi th nanofibres at are
deposited randomy or aligned either circunferentially or longitudinally

Wi th respect to the tube. Tubes that are produced in this manner have
their limtations. For exanple, tubes with randomy deposited nanofibers
may not exhi bit consistent mechanical properties. Tubes with
circunferentially aligned nanofibers @ e generally weak along their

I 'ongi tudinal  agh§con@Rlohd! ﬁ)%es\i%gﬂr g&%ﬂj tlr'?drg@@d 47%86‘?%&%&@ u?ii ofibers are
generally weak circunferentially. u r ccording to a tirst aspect of
t he pr ese¢iectiaspianingpnoduchimibes wish prnofibrbe that arcaiopesitad temdémly orpligakdci ng

~aligned n L.bers. co i Skng: i nner et ruct yre: .an. auxiliary

el ectr ode'?}}Hl%g‘lr"llg&élT§f grgfl@fé’toérl Or%bt%lgig?s)l& %@ﬁfeﬁﬁecig’ntﬁf %Lﬁ’gsgubﬁf g’@ﬁ%‘?ged fromthe
spi nner et pretiudedtinithes mudrer Rave thenlilt@ihng. Ror Ek/hsle i t6beg et aldhelyween t he

spi nneret ,structure._and the agﬁ)l iary el ectgode that . causes the di scharged

nanof i br eSPORjted nagofiberiynayptiexlipl consiyam Aer I progertipy: [Labgsgrith  Accor di ng
to a sec oa@uaﬁaeﬁﬁalgfaﬁgﬁa RSB ark BYRMIIyOReaklaliifzhdiSloREiRMidekiq Met hod for
produci ng al i gned nanofi bers conprising Creating an electric field between
a spi nner @& tubgsywjth lgpgitudinglly aligned npacfibprsare senerlly weask ciremnfssstialiys char ged
nanofi bers to align substantially diagonally on a collector. The electric
field may cross a deposition surface of the collector at an angle a. The
spi nner etSwhmary ure nay conprise an electrically conducting plate in
electrical contact wth a spinneret. The electric field may be created
between the electrically conducting plate and a knife-edge of the

auxi | i ar yebelitg odefirstldpéd bLihe 3R0ent imd@niod, iierois prdededpinAppdrarus fary protrude

or may be aced_inljne wth the electr.icall conducting plate, The
col | ect orprgf}%‘fﬂ’é %@W@%%s ERABPTIfiTICE B SPIBPRICISNSER AR awilary sleatredst t o
and a collector for collecting nanofibers discharged from the spinneret structure; wherein
- . an electric field is created between the spinneret structure and the auxiliary electrode that

causes the discharged nanofibres to align substantially diagonally on the collector.

According to a second aspect of the present invention, there is provided a method for
producing aligned nanofibers comprising creating an electric field between a spinneret
structure and an auxiliary electrode that causes discharged nanofibers to align

si.lbstantially diagonally on a collector.

The electric field may cross a deposition surface of the collector at an angle . The
spinneret structure may comprise an electrically conducting plate in electrical contact
with a spinneret. The electric field may be created between the electrically conducting

plate and a knife-edge of the auxiliary electrode.




a pl ane of deposition of the nanofibres. A charge may be t he
col l-ector. The spinneret and the auxiliary el ectrode may @g%%g%%@e

charged. A relative distance between the spinneret structure and the
auxiliary electrode may be adjustable to vary an angle of alignment of the
nanofi bers. The tiltable conponent nmay conprise the electrically conducting
pl ate. The collector nay be novable to vary an angle of alignnment of the
nanofi bers. The collector nmay be novable to vary an angle of alignnent of
t he nanofi bers. The collector may conpmppse a mandrel. Brief Description of
the Draw ngs The invention will now be further described by way of
non-limting exanples, wth reference to the acconpanying draw ngs, in

whi ch: Fi gumeuploﬂtae qﬂﬁlremﬁm@lpeotﬁmroem@u;awa@m mim@mtnmadlam@u&or produci ng

al i gned ording to an rrbodl nt .of t sent i nvention.
Fi gure ¥4 te algé’ Herkbe ot ?ff“é&?agf TR °rrT‘§¥P§'P°I’;§éP tytia ypaelldto £ 1 uid and

an el egphheof depbdtigertahanmdiibics. AchaRp aiadtbdspsiieditb Berdlldstoli gure 3 is a
scanni ng el ectron mcroscope (SEM photograph of a nanofibre tube obtained

using the apparatus of Figure 1. Figure 4 is a schematic di agram showi ng a
change in t ke mgieeettaﬁdmeaaklhemal@:nbdehﬂybmpﬂbsndgpmgedQ&&:lﬁﬁlel ector,

di mhodi f h 2007 3
P gur o Sehet AT R FIRALL TRk hod 05 «BHERR UepheRkrbL S b rIElC g

aIignedvary]ammiglmfeﬂl,gnmemﬁmmnbﬁbeyet anot her enbodi nent of the present
invention. 5 Figure 6 is a schematic di agram showi ng the travel path of the
jet of fluid and the electric field generated by the apparatus of Figure
5. Fi gure 7Thstidablecomrionentstaycomprisaihocbstisplly (@EMtingtpbtte gThptvliséton

nanof i Bpgy hd ABCLPPLARLH H51NT 2liBGn SR BRIRLYSofors TBY 81 r0r may be

movable to vary an angle of alignment of the nanofibers. The collector may comprise a

mandrel.

Brief Description of the Drawings

The invention will now be further described by way of non-limiting examples,

. with reference to the accompanying drawings, in which:-

Figure 1 is a schematic represenfation of an apparatus for producing aligned

nanofibres, according to an embodiment of the present invention.

Figure 2 is a schematic diagram showing a travel path of a jet of fluid and an
.electric field generated by the apparatus of Figure 1.

Figure 3 is a scanning electron microscope (SEM) photograph of a nanofibre tube
obtained using the apparatus of Figure 1. '

Figure 4 is a scheématic diagram showing a change in the angle of an electric field

with respect to a collector, according to another embodiment of the present invention.




k]

10 Rigure 8 is a schematic diagram showi ng a change in th 4Eﬁgé}}e%]®f7 t he
er

-electric field with respect to the collector, according to ano

- enbodi nent of the present invention. 18 Figure 9 is a schematic di agram

showi ng a change in the angle of a spinneret wth respect to the

col l ector, according to yet another enbodi ment of the present invention.
20 Detail ed Description CGenerally, the described enbodi nents provide a

nmet hod and apparatus for produci ng nanofibres that are aligned diagonally.

' The appar at us gerRigwt|5yis 35cloampicirsesseatatipn 6N&1 gparAucRk bRAh&hg alghedn

auxiliary el ectrode. The, diagonally aljgpned nanofibers are produced by
control | i ng "RRSIRIFS: deeqrdingde Vet angtherembqdigngntofthe prgsenténvenigmneret . This is
achi eved through controlling the electric field in conbination with

-under st andi ng how factors such as gravity, viscosity, humdity, etc,
influenc® the pdliguref istresghetnati®diagragu sioviing Hlesviravel 3ntesfthedet of fluid
representation.of an.a ratus, for producing . diaggnally aligned nanofibres
in accordan@ﬁg\saetqlle%c g%ﬁp?@w%é’ftﬁ%?é’%égﬁﬂméventi on. The appar at us
100 conprises a spinneret structure 120, a collector 140 14 March 2007 4

and an auxiliary electrode 160. The collector 140 is generally disposed
between the auxiFiguse ¥ ieh ecanningeelec6On aricrosdope $PEND ehetogsiph € b wagofibr@0. The

spi nneret s cture 120 s positioned such that the plane of the blade 126
i s subst antihg:i IO&H‘%Iierdplgmﬁ%ﬁla argtys ?ﬁég“rfe%ngi tudinal axis of the collector
140. Thepspi nneret structure 120, in the exanple 5 enbodi nent, conprises a

single spinneret _in the formof a syringe needle 122 having an
éect rical |y groliiete8 is pschematiqdiegreprshnyingreduinge irvthe agle bEthewttetrinf an

field with respect to the collector, according to another embodiment of the present

invention.

15 Figure 9 is a schematic diagram showing a change in the angle of a spinneret
with respect to the collector, according to yet another embodiment of the present

invention,

20 Detailed Description

| Generally, the described embodiments provide ﬁmethod and apparatus
for producing nanofibres that are aligned diagonally. The appaiatus generally
25  comprises a spinnerét, a collector and an auxiliary electrode. The diagonally aligned

nanofibers are produced by controlling the direction of a jet of fluid leaving the

- spinneret. This is achieved through controlling the electric field in combination with

" understanding how factors such as gravity, viscosity, humidity, etc, influence the
path of the jet.

30 _
Figure 1 shows a schematic representation of an ap_pératus for producing -

diagonally aligned nanofibres in accordance with an embodiment of the present

- invention. The apparatus 100 comprises a spinneret structure 120, a_collcctbr 140




s+ elegtrically conducting material, such as nmetal. A bl ade %%$ﬁ£&1 ached to

rthe syringe needle 122. The blade is nmade of an electrically conducti ng
material, such as netal, and is electrigally connected to the syringe
needl e 122. The blade 126 is 10 positioned on the syringe needle 122 such
that the syringe needle 122 is Q substantially m dway between the | ength

“of the bl ad Y ' 4-0f t i dl.e 12 tryd
s placed 1 s it REctiR £H01Th cAliGror bl BB g GhASen Bmpr | ses
a kni f e- edgesukfidrpeldctrsdenpideand thésliaherstitfhcte 226!MTHY sfinercHOPENSE 12Dt

shoul d be apg)reqi_at ed that the auxiliary el ectrode 160 may be in the 15
form of ot hd? PeHtigyed suehythatths pisne of thediaded2piipsubsantallypedpendigulae torthde of
other el ectitif ' e} A fluid used r. formn

nanof i bres, Iéﬂf%ﬁ]hg?sél gﬁgg#yc}ﬁrr%?&segﬁhﬁ ﬁg%&ﬁ? gplf]]é%}'ee[ %"{cﬁ'ée légi ? ?8¥“§R1Puct ure
120. A s¥Hri rgibodiment o@hpideswniingle dpt@fbrétoin’ £ Ulodheoft Hayfih@neddle 302t he

pol yner sol :fléi on through the syringe needle 122. A variety of polyners such
as homopol yH8vag apslesinclly erousded Ha 424 heswaingenesding12) wey bospidantay, | ets
of the Q pgj ' | e r he i .of the. syrjnge
needl e 122 ar%ffﬁ%g%?g%%%ﬁgﬁlﬁlgwﬁﬂé%%o Iaecrﬁ%?lt' Iﬁdﬁ%&s‘% %6 F%El"cggq s‘éSth?n this
exanpl e enbeyptiimgentegdla 132sThd bladevioitadgef ad electeisaltptaaducingaherial, sabRlY i S

applied to the.spi nneret structure 120 by a high voltage power supply (not

Shown - andriaiad B pE Rl Sritesied o B eominspiicedot oo blade, 196 o y

el ectrogle 166sitibmedCchbga ﬁixﬁ‘% ectdF s fioel b h 126 of the
spi nner et S?I’LIIC'[ ure 12E0Iﬁ gnd ehgéﬁl‘?flgzegg%}}%gg g#e"‘?ﬁxznégu%: |1§?§22e%‘§ctrode
égo, as shoswbstantigilyymidway batwees theplehgthi dfythe fbladec] 260 lahddes SpipR4 iofdhd o t he

i nneret structure,l and the auxi]ia .electrode 160 nay be sw tched.
Th:a magni t 3%“”%?”%3%@6?%&3%‘6“‘{}&0{3%'8%1'0?@1188 W%ﬂ}egda ol % tlde augidiaghgl e of
al i gnment  oéletthRleN@0oniiises £RMASEdRA 2MniNS ntRk of alell sudf L Ahmiddget er m ne

an optimumelectric field to carry out the electrospinning - ---------
------ 14 MpwRverp@7should be appreciated that the auxiliary electrode 160 may be in the

15 form of other shapes, for example, rods, strips, etc. and may be made of other

electrically conducting materials.

A fluid used for forming nanofibres, such as a polymer solution, is fed to the

spinneret structure 120. A syringe pump (not shown) is used to regulate the flow of

20 the polymer solution through the syringe needle 122, A variety of polymers such as
‘homopolymers, copolymers, etc can be used. Duting electrospinning, jets of the

polymer solution are ejected from the tip 124 of the syringe needle 122 and

deposited onto the collector 140 as nanofibres.

25 In this example embodiment, a positive voltage, for example, of about
+12kV is applied to the spinneret structure 120 by a high voltage power supply (not
shown), and negative voltage of about -5kV is applied to the auxiliary electrode 160

- " to create an electric field 190 between the blade 126 of the spinneret structure 120
~ and the knife-edge 162 of the auxiliary electrode 160, as shown in Figure 2. The

30  polarity of the voltage supplied to the spinneret structure 120 and the auxiliary -
electrode 160 may be switched. The magnitude of the applied voltages may be
Vari¢d to alter the angle of alignment of the nanofibers deposited on the collector

140 or to determine an optirum electric field to carry out the electrospinning




'« 5 process. The voltage supplied to the spinneret structuighﬁgc &*ﬁically
“ranges from 6kV- to 20kV while the voIt%Qe supplied to the auxitTary
el ectrode 160 typically ranges from 2kV to 10kV. 5 The auxiliary el ectrode
160 is disposed such that the resulting electric field 190 is at an angle
a wth respect to the longitudinal axis of the collector 140, and crosses

t he surface prbcesh @he ebltapetsapplicdQo tHspltihetdd suctiie 400 BRA¢allylrhgzes Bonect or 140
i's not given_ any cﬂgr‘%ﬁ |t should be Q appreciated'that the collector 140
may be gr ourftédoF0 lerthe voltage supnlisdite & avsiliaptriectiode 469 amically ¢ o

encour age t heg,fepas 3y anofibers onto the collector 140. Charge
applied to tﬁ[ééic%:aﬁ{e%%‘g% 1qn%(;/}r']affect the angl e and extent of alignnent of

the nanofibers. The collector 140 is in the formof a mandrel in the
exanpl e 15 enbodiment and is rotated during deposition of the nanofibres to
‘facilitate alignment of the nanofibres on the collector 140. The  collector

may be rotated atrh¥apdif eie%ﬁ‘@&éjf?() %‘éﬁ?%g%dl s%ﬁﬁlll hat 8 Iéfgﬂg% ﬁ%%uchﬁélﬁm to

2000rpm The direction of a trave e e I'fection of
the el ectri d90 &zt i ehgle d90itlareepach chi thal@dkitnfinkhaisd thelcdldtodagthegdar r ows,
respectively, as sho in. Figure 2. The collector 140 di sposed between the
auxi | iary ePssesdirsuiigee afbfhe eollectosdffiner et structure 120 is positioned such
that the collector 140 is at an angle a relative to the electric field
190. When the jet 170 | eaves the spinneret structure 120, both the initial
monent ut@ of t he [ethisléfbatinenththef alleeton 49 isnottgivenaasectiahe. jlieshobibd 0 25

initiall | ticall ds. . the electric field 190
trot voon ¢ nEbtie! ok Sy ool 48 Bt Giomiat e dmeseemay tRPRSd 19 ar y
ectrode 16Q &AL&6S140 taeeﬂceéra%{ the @epbbid¥ lo{ Sgiﬁgﬁmé!tﬁé/ c&%%‘?%@?t h

under the influence of the eleCtric I el jet 170 travels
t owar ds t heChirge appliedftp ¢halcdBOtor timy affactfhielangke amd extane pd sligrenlem of ke

col l ector 11?'391’0ﬁ ars” Iesccﬁf%%go%l {2 e(}s 'n bae chrf;r‘;[ r(])f Oz]; ntlgn \1{§| inOfthé he?cain%{e
15 . embodiment and is rotated during deposition of the nanofibres to facilitate alignment
‘of the nanofibres on the collector 140. The collector may be rotated at various

speeds, typically in the range of 300rpm to 2000rpm.

The direction of a travel path of the jet 170 and the direction of the electric
20  field 190 are indicated by the solid and dashed arrows, respectively, as shown in
_ Figure 2. The collector 140 disposed between the auxiliary electrode 160 and the |
O spinneret structure 120 is positioned such that the collector 140 is at an angle o
-r_elative to the electric field 190. When the jet 170 leaves the spinneret structure 120,
both the initial momentum of the jet 170 and the force of gravity cause the jet 170 to
25 initially accelerate-vértically downwards. Howevér, the electric field 190 between
the blade 126 of the spinneret structure 120 and the auxiliary electrode 160 causes
- the jet 170 to travel in a generally arched path under the influence of the electric
- field 190. As the jet 170 travels towards the electric field 190, the nanofibres are
- deposited on the collector 140, which is positioned in the path of travel of the jet
30 ° 170. The electric field 190 is used to control the direction of travel of the jet 170
ejected from the spinneret structure 120 such that the nanofibres are deposited

‘aligned in a generally diagona} ori_entatioﬁ on the collector 140.




. 30 170. The electric field 190 is used-to control the dir O travel

- of -the jet 170 ejected fromthe spinneret structure 120 §%§ﬁmaﬁgb7the
nanofi bres are deposited aligned in a §enerally diagonal orientation on
the collector 140. 14 March 2007 6 Various structures, for exanple,
nanofi bre tubes, can be nade using the process described. A scanning
el ectron m crosc 0 Lber tube
that is producedq’%gloélg Eﬂgsgté%"?% 1edé%%’:ﬁ$5€tgﬁé%g§1eb€%a§%%ﬂhﬁ Fi gure 3.
It is obser pesteisddrscribed. Aavainy esctngnicB3Cope(SEM) phatigidpheaf thaduefacs e 5
general ly aligned diagonally. To ohtajin the nanofjbers shown in Figure 3,
the spi nner@ﬁfgmqﬁgm e b isjpredv Veing hecapnapigls Sescribsil Qogys 16 shovpt
auxiliary elpggi 9¢isbi0eryBrufl i hafo IR AE 0 o ik NanofBer gheglr i ¢ T el d vas
oriented at #rbnﬁthézsplnneret structdge 958 to the f% auxiliary
el ectrod® 1@enerititakigneddiagonatiygure 2, it is possible to vary the angle of
alignnent of the nanofibres on the collector 140. This can be achi eved by
various ways, for exanple, 15 by varying the angle a of the electric field
190 between the §Ypblairfh¥ nehSMerOdRwhi Fighds e spiRhdiBtndd 1200k € 120
with respect to the collector 140. An exanpl e enbodi ment of the present
i nventi on slgbshagharge hErhikV whilhthe amiiagy dectwide d 6Owvas gofentarphargawbfi bres i s
shown Fi gur .lne initial angle g, odhe, 20.electric fi wth respect
S0 the co't Skl The e R il an 35 ets meSPieth pkicine b tstn ¢ ho
auxi | i agy eheglis9dRcthéd: B90d t he spinneret 420 either horizontally or
vertically. In this enbodinent, the auxiliary el ectrode 460 is noved
‘i‘rizontally away fromthe spinneret 420 by a distance di. The new position
CF the auxiliary electrode 460 is represented by dashed |ines. Wen the
di stance of the 25 auxiliary electrode 460 is changed by the distance dl,
the angl e of theRettig tcFigued d, it49 Pobsiblontad VatyotheZanchd6f &ligimdns ofkigat er

t han a2), as shown in Figure 4. ) . ]
nanofibres on the collector 140. This can be achieved by various ways, for example,

15 by varying the angle o of the electric field 190 between the auxiliary electrode 160
and the spinneret structure 120 with respect to the collector 140.

An example embodiment of the pi'esent invention showing a change in the

angle of alignment of the nanofibres is shown Figure 4. The initial angle a; of the

20  electric field with respect to the collector 440 may be changed by varying the
di_stancé between the auxiliary electrode 460 and the spinneret 420 either
horizontally or vertically. In this embodiment, the auxiliary electrode 460 is moved
horizontally away from the spinneret 420 by a distance d;. The new position of the

_ auxiliary electrode 460 is represented by dashed lines. When the distance of the
25  auxiliary electrode 460 is changed by the distance d,, the angle of the electric field

490 from a; to a; (where a; is greater than a,); as shown in Figure 4.

An altemativé embodiment to the apparatus m Figure 1 is shown in Figure 5.

The apparatus 500 in Figure 5 is generally similar to that in Figure 1, thus only the

30 - differences are described. In this embodiment, the spinneret structure 520 is
positioned such that the plane of the blade 526 is substantialiy parallel to the
longitudinal axis of the collector 540. As a result of the relative positions of the




An alternative enbodinent to the apparatus in Figure 1 islﬁ%@%@:b&EFigure
5. The apparatus 500 in Figure 5 is generally simlar to that 1R Figure 1,
thus only the 30 differences are described. In this enbodi nent, the

spi nneret structure 520 is positioned such that the plane of the bl ade 526
is substantially parallel to the |longitudinal axis of the collector 540.
As a result of the relative positions of the 14 March 2007 7 spi nneret
structure 520, the auxiliary electrode 560, and the collector 540, an
electric field 590 is created across the surface of the collector 540, as
shown in Figure 6. Wen the jet 570 | eaves the spinneret structure 520, the
initial spinneetstrtafe ﬂbmhbaﬁxiliﬁr?@lecmt&%o%j zh% th@iolli@t@r 540, emviecthiofieldont al | y
forward._The electric field 5 geperate y the spinneret structure 520
and the 53@}& Olr?aé‘?dfcﬁséﬂ’ler%ﬁ%“@g%e&&ﬂ%mt%@ gsshown ip ¥igisOcel erate towar ds
the auxiliary electrode 560 under the further influence of gravitational
forces. As the jet 570 noves towards the auxiliary el ectrode 560,

nanof i ber s aVkeendbe@s STEkawn dheadpimpedstrugane 520, the iditabooakbhtymai tlidjet col | ect or

540 pl a in_the. of the.je 70. A,sganni gctron m.craoscope
(SEM p%g(?%aélrs %Sptﬁe -l?? %&tﬁé?\%vf ?’8? 01{%‘3&8%5‘%'5@5 CE"'F&%J&GZ%? @tﬁeﬁﬁragﬂ%y $par at us
in the sponectetrbadierf@fitngd thesholiaryiefecfFodpuF cause the jes Stbeearwddatehat t he
nanofi b i.ber. tube are general|. l.i gne
0 agonal s Bty Ao R SBE0R B R n B SSHal thf BPRCHs e
nanof i btteget@dA npyeymmiaat thdyuxilmryelagrodh 66@mghefitersafre dépesiddent mlignedi el d 590 -
with re t I r, D For, . exanpl as. sho in.Figure 8, the
auxi | i a?él}l%ﬁe:qtugcﬁ afg}))ﬁ@l%th?@&l%ﬁ@i%&}%ﬁeg on é’ﬁq‘g‘ %ﬁé ot ﬁboglstc?‘i@n%gpi nneret 520
by a di sleetrmenigfscofied SEMyphategaploof afanbfibreaube thitads yrodheed using €1e560 i S
represe W e . | . a result . the angl f the.electric
(ol o ool WRGLA0PARGdhRR Sy yinh BER . 10b OBl B l887500 |
changede.gr o the wandfbénthisr ac fdneiadlygligmddatiagonhiin 02). Al ternatively, the
angl e of the spinneret 520 can be changed in order to change the angie of
alignment of_the nanofibres. The change in the angle _of the spinneret 520
i s Returning now to Figure 6, the angle of alignment of the nanofibres can be varied

by varying the angle o of the electric field 590 with respect to the collector 540. For

example, as shown in Figure 8, the auxiliary electrode 560 is moved horizontally away

from the spinneret 520 by a distance d,. The new position of the auxiliary electrode 560 is

| represented by the dashed lines. As a result, the angle of the electric field 890 with respect
to the longitudinal axis of the collector 540 is changed from ©; to 6, (where 0, is greater

than 92).

Alternatively, the angle of the spinneret 520 can be changed in order to change the
angle of alignment of the nanofibres. The change in the anglé of the spinneret 520 is
- achieved by tiltiﬁg the blade 526 and the spinneret 520, as shown in Figure 9. As a result,
the initial path of the jet 570 changes to a new path 970 such that the angle of alignment of

the nanofibres is altered.

Factors that affect the electrospinning process also affect the morphology of the
“collected nanofibers using the methods described. This will inchude, but is not limited to,
_ polymer solution concentration, the solvent used, electric field, gravity, addition of ionic

salt to the polymer solution, etc. '




,. achjeved by tilting the blade 526 and the spinneret 520, LN Figure
9. As aresult, .the initial path of the jet 570 changes ?%Ngap%gvgozath 970
~ such that the angle of alignnent of - th& nanofibres is altered. Factors

- that affect the el ectrospinning process also affect the norphol ogy of the
~col | ected nanofibers using the nmethods described. This wll include, but is

not limted to, . r I nt ,atien, .t sql t use electric
field, gravity, e{ggjiﬂﬁﬁgnap%?éc?%én(fgl a?&gﬁ% ‘%’gy tahgewp%‘?egfrﬁecr “’%‘g(ﬁ@me&ﬁ," e'ih(ef. 14
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~enbodi nents of the invention haye been described herein for the purposes’
of i1l ustrathewges ¢rmodificationsnay be madggiftiout deneging em the seapgandispivbut

departing fr.@md; .cope and spirit of the invention. 5 In another exanple
enbodi nent, 0t he l?gefrﬁﬁgg't or .may be noved laterally along its |ongitudinal

axis to Bnable a nore even distribution of the nanofibers along its axis.
10 I n yet another enbodi nent, | tiple |ayers of the diagagnally aligned
nanof i bers can b&? @?ﬁ@féi%@ﬁplﬁﬁ%@%ﬁ}tﬁlth%?@}ec@ﬁﬁlaaﬁedﬂ%glﬁtﬁra@y@@gdi agonal
l'ayers. Ap%tloﬁg?]tﬁaﬁhéﬁﬁis%temﬁé a%ﬁ‘o?%bé?f&lgﬁ’ﬂ&‘{& of?ﬁ%hﬁﬁ»‘ﬁbgﬁt fshat can be

used to change t'he angle of alignnent o e nano res 1s to Change the
angl e of thexisl5 collector relative to the electric field. The diagonally
al i gned nanofi ber tubes produced using the exanple apparatus and mnet hods
descri bed -can be used in bionedical applications such as small dianeter

bl ood vegsel scaid pltdsotRér ehodfineit] ﬂﬁﬁip’léﬂlaﬁérsb ofthB AagbphllyPHlignB@Pes 20 and

structures with aligned nanofibers can"al so be made.” Further, the apparatus

dfs cri bed i Ranoiidews canbe deposisestivmthetcollecigr dnd apgngpdtio cross-diagonal layers.

Apart from the methods described above, another method that can be used to
change the angle of alignment of the nanofibres is to change the angle of the
15 collector relative to the electric field.

The diagonally aligned nanofiber tubes produced using the example
apparatus and methods described can be used in biomedical applications such as
small diameter blood vessel scaffolds or nerve-guided tubes. Other hollow shapes

20 and structures with aligned nanofibers can also be made.

Further, the apparatus described in the example embodiments may be used to

deposit nanofibers on a braided tube or any substrate, instead of on the collector.

25




1

deppsit nanofi bers on a braided tube or any substrate, in ojooen t.he

- collector. 25 14 March 2007 9 Cains 1. An apparatus for pro uci ng

al i gned nanofi bers conprising: a spinné&et structure; 5 an auxiliary

el ectrode; and a collector for collecting nanofibers discharged fromthe
spi nneret structure; wherein an electric field is created between the

spi nneret stgy g* re and the auxiliary electrode that causes the discharged
nanof i bres gn 10 substantially diagonally on the collector. 2. The

-apparatus according to claim1l, wherein the electric field crosses a

deposi tion surface of the collector at an angle a. 15 3. The apparatus
according to-any Agmapparatyser prodeeing Aligned ibejeomirisinghe  spi nner et
structure conprises an &} conduct i ng plate in electrical contact
with a spinneret. 4. hgngglrgg%tﬁ%hggaccor ding to claim3, wherein the
electricdfield is createudkili2fy eﬂmﬁndé;ranﬁhe electrically conducting plate and

a knife-edge of the auxw1 (Hy trode 5. The apparat us according to
claim4, wherein a tip°8rectordoen ﬁ@?&?ﬂnﬁﬁb?fﬁélfé%afg‘%ﬂf from thg aced inline with

‘the electricallyg HCtuR@r ) ate 1 25 6. The apparatus according to any

one of the preceding clains, ‘wherein the collector is noveable in two
di rections substanti awﬁlyrepamleleetnd field iplcatedobetdre@p tiet spdimeref stidogre

nanofi bres. 7. The L us rd| to an e, of he p ecedi n cI ai ns,
wherein a 30 ch%?dg albﬂ" Z‘H’ ‘i?H?qSe%? scharge nanbibres to
10 substantlally diagonally on the collector.
O 2. The apparatus according to claim 1, wherein the electric field crosses a
deposition surface of the collector at an angle «.
15 3. The apparatus according to any one of the preceding claims, wherein the

spinneret structure comprises an electrically conducting plate in electrical contact
with a spinneret.

4, The apparatus according to claim 3, wherein the electric field is created
20 between the electrically conducting plate and a knife-edge of the auxiliary electrode.

. 5. The apparatus according to claim 4, wherein a tip of the spinneret protrudes
- O or is placed inline with the electrically conducting plate.
.25 6. The apparatus according to any one of the preceding claims, wherein the

collector is moveable in two directions substantially parallel to a plane of deposition

of the nanofibres.

7. The apparatus according to any one of the preceding claims, Wherein a
30 - charge is applied to the collector.

8. ‘The apparatus accdrding to any one of the preceding claims, wherein the
spinneret and the auxiliary electrode are oppositely charged.

10104SG194-text-1* draft




+ 8. The apparatus according to any one of the preceding clg g}éﬂ}}é\%@zel n the
*spinneret and the auxiliary el ectrode are oppositely charge ?L SG
194-text-15" draft 14 March 2007 10 9. 1¥he apparatus according to any one
of the preceding clains, wherein a relative distance between the spinneret
structure and the auxiliary electrode is adjustable to vary an angl e of

al i gnment ofg t he angppRrams- ac'éor%ﬂtg th&nABRATARHS @&8@9 cﬂéeimtso\nlﬂayelr? e of

the preceding clains, wherei.n at "l east” a conpon Spi nner et
structure i Jelative slistanaeobetwegn dhe &n@heredafstmbtum mBdtthe cluxiliny electofdebiar s. 11.

The appar at usyeass t iy b ahbidoRBighteRlel ifle ifigietL) the tiltable 10

conponent conprlses t el ectricalMy con |ng p Sate. 12. The appar at us
according to any one of t he precedlng clalns wherein the collector is

novabl e &0 y 15 1 The
rovabl e 60, VALY kgl SLAMEERS afl ohd%s 0 HCEBANS gt el
col | ect or cdeRst psempanemirad the Splmmret/stmeturmna titable jbo vaty ah agglel of afigrtment

nanof i bers Q)@mérﬁaﬂoﬁg?rgreatl ng an electric field between a spinneret
structure and an auxiliary electrode that causes discharged 20 nanofibers

to align substantially di agonal ly on a collector. 15. The et hod accordi ng

to claim 14, qwherpipn C S 03| t rface of

t he coll ector at an atr';I arﬁu‘?g éEdfgdlﬁ%eﬂoTﬁ%rﬂé ﬁ)(s)c?nraa gOr r@utaﬁe of
claims 1@ oﬁomﬁonﬁméﬁl@pﬁsﬁsﬁbe elechinallyetonduttingqiatee conpr i ses an electrically
conducting plate in electrical contact wwth a spinneret. 17. The net hod

according to claim 16, wherein the electric field is created
O 12, The apparatus according to any one of the preceding claims, wherein the

coliector is movableto vary an angle of alignment of the nanofibers.

16 13.  The apparatus according to any one of the preceding claims, wherein the
collector comprises a mandrel.

14. A method for producing aligned nanofibers comprising creating an electric
field between a spinneret structure and an auxiliary electrode that causes discharged

20 nanofibers to align substantially diagonally on a collector.

15. The method according to claim 14, wherein the electric field crosses the

deposition surface of the collector at an angle o.

25 16. - The method according to any one of claims 14 or 15, wherein the spinneret
structure comprises an electrically conducting plate in electrical contact with a
spinneret.

| 17. The method according to claim 16, wherein the electric field is created.
30  between the electrically conducting plate and a knife-edge of the auxiliary electrode.

18..  The method according to claim 17, wherein a tip of the spinneret protrudes
oris placed inline with the electrically conducting plate.

10104SG194-text-1" draft




« 30 between the electrically conducting plate and a knife-
rauxiliary electrode. 18. The nethod according to claim 13?%&‘@%@?& ti
of the spinneret protrudes or is placedlinline with the electrically
conducting plate. 10104SGl94-text-15 draft 14 March 2007 11 19. The
met hod according to any one of clains 14 to 18, conprising noving the

collector inqpwo dfﬂeeﬁlreiﬁb'asac%&%ﬁﬁﬁt' llel,t10 | - of deposition
of the nanofibers. 5 20. The net odé@cé:%erﬁ%h{soha{noy1%n%nﬁ$§@§em%£%4 to
19, wherei n ecepiipgtar instwosgifactiens substangallyoparalitl do a fane Fhdepusttibndf sieeor di ng
to any one ohakdiiBeyss 14 to 20, wherein the spinneret and the auxiliary

el ectrode are oppositely charged. 10 22. The nethod according to any one of
claims 14 to 21, wherein a relative p-, distance between the spinneret

struct ur es angp t heTeaIXhbtad \c&d f ' vary an _angle of .

ali gnment of the nanof%ﬂt;er ° f@ﬁééggﬁﬁgq%? %@gn%@%&or Eé'n‘ﬁh%rgma%ﬁh%ﬂ%'sof
clains 14 t o2ppied {hibesolieddar. | east a conponent of the spinneret structure
is tilted to vary an angle of alignment of the nanofibers. 24. The et hod

according to clains 23 and 16, wherein the tilted conponent 20 conprises
the el ectricél-l y Benmadhechrccprdingto arey.onud claim b4 tm2e, avidireig theosgimeretne of

clains 14 tOan%‘*he‘é{?ﬁﬁeﬂl'glekf?@d&%elzc%ﬁ%if?yé@tr@"ed to vary an angle of

al i gnnent  of the nanofibers. 2 d according to any one of
claims 1 to 25, wherein the collector conprises a mandrel.

10104SGL94- tpxt - ge qﬁé}%d according to any one of claims 14 to 21, wherein a relative

O distance between the spinneret structure and the auxiliary electrode adjusted to
vary an angle of alignment of the nanofibers.

15 23. The method according to any one of claims 14 to 22, wherein at least a
- component of the spinneret structure is tiited to vary an angie of alignment of the
nanofibers.

24, The method according to claims 23 and16, wherein the tilted component
20  comprises the electrically conducting piate.

25.  The method according to any one of claims 14 to 24, wherein the coliector
- is moved to vary an angie of alignment of the nanofibers.

- . 25 26. The method according to any one of claims 14 to 25, wherein the collector
comprises a mandrel.
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