1 | MPROVEMENTS | N FI BROUS STRUCTURES The invention rel at es to f| ous
structures, for exanple fibrous mats or fibrous tubul ar Mor e

parti rly but not exclusively, the invention rel.ates to 5 flbrous
synt q; ; vascul ar grafts. In the pasj, it has been proposed to produce
fibr tructures such as mats by a %rocess using el ectrostatic
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portions of The electrostatic spinning process is described in
some detail in U.S. Patent Specification No. 4044404 and
proposals to use the electrostatic spinning process for

20 making synthetic vascular grafts have been made, for
éxample, in a paper by Annis et al in 1978 (Trans. Am.
Soc. Intern. Organs). The microstructure of the fibrous
material produced during électrOStatic spinning is also
described in the Annis et al paper. More recently,

25 developments have been made in matching properties of \‘)
synthetic vascular grafts to in viv ;cgnd{fions, as in our
British Patent Application No. 8217 Szland in controlling
anisotropic properties of grafts in our British Patent
Application No. 8216066.{%13)286)

30 - According to the invention thére is provided an
integral fibrous structure of a plurality of continuous,
polymeric filaments, individual filaments extending from one
side of the structure to the opposite side of the structure,
the portions of the filaments on one side of the Structure

35 being of a first polymeric composition and the portions of



2 the filanments.on the opposite side of the structure being of a second
pol erEI’I c conposition different fromthe first polyneric conposition<khe
term: ‘different - ‘pol yneric conposition” is intended 5 to cover a vapf
of the conposition of the filanments where the polyner itself dees
clrange across the structure but, for exarrplae an additive is presen
composi tion at omsrﬂm@énfmmrstmtcﬁnbémﬂe sdidepo€s ¢he strubeuoppbemg

side of the strucu ct r e r |
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contain a | arge tio e first polynerigc.. conposition,and
portions of the ﬂ;f”‘gﬁ% %a‘ﬁfa S SR olgﬁiosaq éadé%gvgf_ hBrSF?EEt El'f"e%ﬁgy
contain a’lar _ge mmositmn ofat henes exinded qdblb}reersm‘wctmp'esbuitonot present
Alternatively, ¢change abruptly to
provi de distinct Fayer 8%‘%#1:?% Oéhie&é;?é structure a\?l ng different g ymeric
conposi ti onslO There nEe betrigauneney QemaRises § trepsisipncegea. bekween
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The polymeric composition of the filaments may vary

progressively between the two sides of the structure, and
the composition of the portions of the filaments:in the
transition area adjacent the one side of the structure may

_ - contain a large proportion of the first polymeric

20 composition and the portions of the filaments adjacent the
6pposite side of the structure méy contain a large
proportion of the second polymeric composition.

Alternatively, the composition of the filaments may
change abruptly to provide distinct layers within the
"\ 25 structure having different polymeric compositions. There

may be more than two layers in the structure. _

The structure may be in the form of a mat, or may be
a tubular member. '

When the structure is a tubular member, the portions

30 of the filaments at the inner surface of the tubular

member are preferably of the first polymeric composition to
provide compatibility with material with which the inner
surface will come into contact, and the portions of the
'filaments'atfthe'outer surface of the tubular member are

35 preferably of the second polymeric’ composition to provide




35 preferably of the second polyneric conposition to provide 3

¢ strength characteristics and other physical properties to the
enber. The tubul ar nmenber may be cut to provide one or nore
felements fromthe tubulargwall. If the internal 5 dianeter of

t he tubl¥ar menmber is |arge enough,” for exanple a few centinetres, the ;
segnent aflesd rakele smrengxnnnnamaquankatiemowwﬁdgtnarn@hyﬁanaﬂ and may be *
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15 during production thereof such that the portions of the '
filaments at the side of the structure remote from the
surface is,of_the'Seoond_polymeric composition. . |
The composition of the filaments may be changed
abruptly or may be varied gradually across the structure.
20 By way of example, one embodiment of a fibrous
structure and its method of production according to the
invention will now be described with reference to the
accompanying drawings, in which:-
Figure 1 is a diagrammatic view of apparatus for
25 producing a tubular fibrous structure; - \_/
_ Figure 2 is a graph illustrating concentration of '
one polymeric composition in a structure_wall,.and
Figure 3 is a part sectional view of a tubular
- fibrous structure produced.by the apparatus of Figure 1.
30 - Figure 1 shows diagrammatically apparatus for _
electrostatically spinning a synthetic vascular graft.
Polymer solution is ejected from capillary needles 10
towards an electrostatically charged mandrel 11 rotating at
several thousand'revolutions per minute, for example 5000
35 r.p.m.. Typicaliy,_the.mandrei 11 is at a potential of



towards an electrostatically charged mandrel 11 rotating at severa

thousand revol utions per mnute, for exanple 5000 35 r.p.m Typical Ly _
the mandrel 11 is at a potential of 4 -12kV with respect to the pgegN es
10. As polyner solution |eaves the needlei 10, polymer filanments f
these filaments are attracted to the rotati'ng electrostatically charged
marfdrel 11 to fonmmw“wi&mouespbeucmoreharnaadlebe16. nﬁsdpelymememamtﬁnn

fibrous. structur n u c e
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altering the qaﬂotentlal of _auxiliary el ectrodes . The ca ary needles 10

are supplied Slrer ?GPutPSanPEHPé ﬁﬁﬁFFBPBelﬁast¢ﬁﬁﬁmﬁﬂ¥¥ﬁcPEH3t e
bei ng supplied Eirdutdndums TémonddlEromethagmandeeT toONpEsE e 16. £1Bess
tubes 14 and 15 1gﬁatude a flexible coil 17 and 18 respectively. The tube 14
has a valve 19 ahd t'he tube 15 has a valve 20 t.0 enable the respective
tubes to be closed. Yschaslichilnpropersdes2efcther bubupeni fitbrows csUsicigans

the valves 20 19aakadn The Fn%@re‘i ?.i E?ﬂpbéegontpglf‘eé'ﬁftv diafiaoﬁ of

driven syringe 23 and the tube rom a second alr-Tam

‘syringe 24 and tie éﬁﬁﬁﬁapﬁsr@ﬁéﬁﬁé§ BSI?Hﬁrméﬂﬁﬁ?iontm?oﬁygﬁt?@wpg%wmﬁﬁe

23 or syringe 24ided landepycilaidte?Ing the pbeentedl eof 19uk DVRESE & Tec tFdul s
11. A purge |i & 25 including a closure Valve 26 allows purging of the
maxif ol d 13. Thé&“dpparatus of Figure 1 allows formation of an integral,

uni nterrupted fibrous Ther gapdddary veéstliasole aﬁepstgptied'Withwpnﬁxmewound

the surface of tfag jARA ¥romla manifold 13, the manifold 13 being supplied
15 by tubes 14 and 15 meeting in a T connector 16. Both tubes
' 14 and 15 include a flexible coil 17 and 18 respectively.
The tube 14 has a valve 19 and the tube 15 has a valve 20
to enable the respective tubes to be closed. Control
lines 21 and 22 control opening and closing of the valves
20 19 and 20.
The tube 14 is supplied from a first air-ram driven
:syringe 23 and the tube 15 is fed from a second air-ram
driven syringe 24. and the apparatus enables polymer
solution from either syringe 23 or syringe 24 to be ejected
N 25 from the needles 10 towards the mandrel 11. A purge line
' 25 including a closure valve 26 allows purging of the
manifold 13. B
The apparatus of Figure 1 allows formation of an
integral, uninterrupted fibrous structure of-continuous
30 polymeric filaments around the surface of the mandrel 11,
the portions of the filaments at the inside surface having
a different polymeric composition from the portions of the
filaments of the outside surface of the fibrous structure.
This can be advantageous when "the tubular fibrous
35 structures are used for, for example, synthetic vascular




t he portions

grafts.

the fibrous structure.

of the filaments at the inside surface having .a different

conposition fromthe portions of the filanents of the outside.
Thi s can-be advantageous when the tubular
; structures are used for for exanple, synthetic vascul ar 5
Tt _has been found th
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EXAMPLE : _
_ The sequence of operation of the apparatus of Figure
1 in this example is as follows.
1. Fill the syringe 24 with a first polymer dope and
20 fill the syringe 23 with a second polymer dope.
- 2. Using the valves 19, 20 and 26, prime the tube 14
with the second polymer dope and then prime the tube 15 and
the manifold 13 with first polymer dope.
3. With the valves 19 and 26 closed, commence : o
25 electrostatic spinning with the first polymer dope contained \,}

in the syringe 24, the tube 15 and the manifold 13.

valve

4. After a time, open the valve 19 and close the
_20..2After expression of remaining first polymer dope

out of the needles 10, spinning continues in an
30 unlnterrupted fashion with second polymer.

S. -The abruptness of the transition from the first

polymer dope to. the second polymer dope is a. function of the

rate

of flow of second polymer dope into the manifold 13

~ and the volume of the manifold 13, needles 10 and T.
35 Junction 16. This transition can be controlled by the use
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out of the needles 10, spinning continues in an 30 ‘uninterrupted fashion
wi-th second polyner 5. The abruptness of the transition fromthe first

pol yner * dope to'the second pol yner dope is a function of the rate o TT.0W
of second pol ymer dope intqg the manifold 13 and the vol ume of the ‘ﬁ&' d

needl es- 10 and T 35 .junction 16. Thi $transition can be contrd d by
tﬁﬁruse 6 of 6hetNaJv&1€§ 26 6ﬁmtﬂhﬂnurgerniﬁaiadﬂmmhchaaahebusaéeaotwent-

at a vari-able rate inin i.r The onc nt ration gragjent
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graft was too hi ghrypé ém%?élmw&wwmcémg Qse@ R kA thawnofiine
o _excessi've bl ood platelet capture on the inner

bl ood or pl asma h
surface and conpg%ﬁV§eatﬁ%9Yrﬁ?ﬁﬂﬁﬁESlstance of the graft. The solution
here woul d be to incl udefunthwr edew}eiycmmm'ft afl Xhehifridtsio lewampl ef arieeanphe

: h h
b0l yier - producestidfond SobBELEY teedtidil, Ml RS rBt oHE, pFRBELLL sty
the overal | §Paf efwthe %h@mmrqﬁ waretaaihiah by & Iﬁiéill@tttién wager .

Figure 3 shows i|@8ngi8agedopiérd PrdrismbraX MAdi d@l!ﬂrooﬁf %frt plE'&ﬁtaf A AR
developnent moulf mean addi ti on of, an outer ner to the

l.aye rd, pol
grattf shown in F ﬁﬁ?et% eXERSSHYS fRieee &kﬁ%ﬁﬁgl 9§ﬁ$q§? @§e&hﬁn
el ectrostatic spsanfage pand osompSavise thx o oes igitatiee2dfi the. §raft.
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pol yacrylonitri
15 +third polymer, for example one having a high Young's

modulus, which when deposited on the second polymer
produces a dense matrix with low interstitial volume. In
this way;"the'overall graft wall permeability is determined
' by this outer layer. Figure 3 shows in cross section part
20 of a bi-layer graft. The further development would mean
addition of an outer layer of a third polymer to the graft
shown in Figure 3. '
‘Many different'polymers can be used in the
; electrostatic spinning proéess. Several examples are given'
— 25 in U.S. Patent Specification No. 4044404, such as
polyurethanes, polyamides and polyacrylonitrile, all of
which can be spun from solution, and polytetrafluorethylene
and polyeSters which may be spun from dispersion. Water
soluble polymers such as polyvinyl alcohol, polyvinyl
30 pyrrolidone and polyethylene oxide may be spun from aqueous
solution. '

The constraint on the fibrous structure and method of
production accordiﬁg to the invention is that the two or
more polymers used to vary the composition of the filaments

35 during the spinning prbcess must be either dispersible or
alternatively soluble in the same




“whi ch can be spun from sol ution, and pol ytetrafl uorethyl ene and pol yesters
*which may be spun from di spersion. Water sol uble polymers such as _pol yvi nyl

al coh pal yvinyl 30 pyrrolidone and pol yet hyl ene oxide may be spun from-
aqueo olution. The constraint o the fibrous structure and net hod of

pr.odu on according to the invention is that the two or nore polyners usecL;
to vary teplxargosivstemof Thus it aresmdids bes powsiivg et o §|P|1nnMig—hprocess :
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exanp e, froma ethane5 toapolyester It will also be '
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be varied by tHe priei.sleraﬂsa)fbearammqilamd dhat ithet peropeintiesi. ofcarposi ti on
Itself do o&t&[s‘] Ear exanpl e, a
silicone ['ubri ccanaa[lytjtﬁ%l?%eII é; to a. po a:yjet%grmeaggle;grrg thg spun as the
i nner sur fHRQ?QﬁCQaQﬁéft adtdﬂe‘ﬂd‘tﬁ-erew fidc dhef polymgrart craPegitiensane
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presence eparnin
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regard 1o UM 11 hloied lin Ueh JRRY DAithed Ynveniti . SCONtT nuoUSI Y,
| i nes of weakness exj st between

15 The advantage of the embodiments of grafts
hereinbefore described are that the different layers can
be optimised for particular properties, either in its

- morphology (e.g. porosity, pore shape, fibre size) or in

its chemistry (e.g. type of pol_ymer, p'res_enc'ej'of drug. For

20 example, a drug such as heparnin or prostacylin may be
included in the inner layer to improve the prdperty with
régard to contacting blood). If such layers are built
~up discontinuously, 11nesiof’weakness exist between the
contiguous surfaces and delamination is likely to occur

25 at quite low mechanical stresses. The advantage of the \,)

- method hereinbefore described is that it builds different '

layérsuinﬁo an integrally formed fibrous structure so
that the successive:wall components are merged in a well
controlled way. :

30 An illustration of the advantage of a bi—layer graft
according to the example described is that in an initial.
canine common carotid trial, a 300% improvement in patency
over non—laminated,=sing1e component grafts was found.
Other possibilities, for example pledgets and drug

35 releasing-vascular.grafts_are also quite possible.

B R T I T I I R R ]




conti guous surfaces,and delam nation is likely to occur 25 at quj
nechanlcal stresses. The advantage of the nethod herei nbefore de
that it*builds different layers.into an integrally fornmed fibrou
so that the successive wall conponents are nerged in a well cont
3Q, ~ An illustration of the advantage @& -a bi-layer graft according to
t he exanpl e described is.that in an initial canine common carotid trial, a
300% i nprovenent in patBEnoi Iy dre rappriexiiateide thati wgliéecmhpoambbdgmahts was
. hher  POSSIAddit Aot WP 1840358, B0L Sikiciires! $bEAGLE0s
vascul ar grafts are SO qui'te possible. -8 Tt wll be~a Pecrat e

whil e the enbodlrmyﬂﬁpukﬁnnﬁnﬁﬁ$$&ﬂt@@eiMUeDG59haﬂ$fﬁﬂn@&éYsBPQéugab%efQP

use as vascul ar. gr@fdrar tﬁ%ﬂdﬁée@*d%ﬂu%e%qlé%biﬂa%pﬂh'tﬁaﬁha tRat BlLanar
fibrous structures such as mats and that such 5 alternative structures

woul d have widle afptidtdike strugtyngs yould RﬁVFnVéSFaPpPFBFGE§°§Fructure
of a plurality of continuous polyneric filanments, individual filanents

ext endi ng from one side of the structure to the opposite 5 side of the
structure, the portions of the filaments on one side of the structure being
of a first. polymeric conposition and the partions of the filaments on the

- opposite si'de. of the structure bei ng of a second pol yneric conposition-
different fromthe first polymeric. 10 conposition. 2. A fibrous
structure as clainmed in aim1 conprising a transition area between the
sides of the structure, the portions of the filanments in the transition
aﬂea’haV|ng a ' ' '
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polymeric comp051tion comprising a mixture of the first and
second polymeric compositions.

3. A fibrous structure as claimed in Claim 2'wherein.the
composition of the portions of the filaments in the |
transition area adjacent the one side of the structure
contain a large proportion of the first polymeric
composition and the portions of the filaments in the _
transition area adjacent the opposite side of the structure
contain a large percentage of the second polymeric
composition. '

4, A fibrous structure as claimed in any preceding Claim
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wherein the polymeric composition of the structure varies
progressively between the two sides of'the structure.

5. A fibrous structure as claimed in Claim 1 wherein the
composition of the filaments changes abruptly to provide
distinct layers within the structure having different
polymeric compositions.

6. A fibrous structure as claimed in any preceding Claim

comprising a multiplicity of changes in polymeric
composition of the fibres.

7. A fibrous structure as claimed in any preceding Claim
in the form of a mat. '

T



10. A fibrous structure conprising a tubular nenber as clalnﬁf ﬂﬂg
bular

or d ai g\ 9 cut to provide one or nore segnental mnﬂm‘ I
wal | . ‘A met hod of form ng an integral

clalned in any precedi ng Claim which nethod conprlses the steps of Cg%i)
dlrectlng filaments of a first polyneric cH%p05|t|on at a surface to s

buttding up a filbrous At fUBFOGE StrbdEufe ras @I&m&tiim AP Diel iddN C13ths
altering 20 the nBo? élop of .t he f# ngq%s durln producti on thereof such
that the portiong h&nt FREnERTe 4 structure renote from
the surface is oB.the AecbhdopslghnmcturnnaxmnlaimedJﬂh ClaAm@ witrein the
clainmed in dai e o! [‘@?s' i AR echanged
abruptly. 13. ”k;}t¥ﬁﬁé bP Eﬁg 3?%&9 at ﬁﬁ?&%é&%ﬁﬁﬁ#%e conpoéﬁtlon of
the fil amentsSi styhuiasn rg?tabenal ape a@fo@tsetﬂer%t rReiymer:icl £ompog Ldomo ¢ cof
formng an int egbabvtaéreaﬁpatayfiyf whth ShPEd AHT Al th iR %Héb‘ifn?{e‘i'
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as. s
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' 10 strength characteristics and other phys1cal properties to
- the tubular member. ' '
\,/ 10. A fibrous structure comprising a tubular member as
claimed in Claim 8 or Claim 9 cut to provide one or more
segmental elements from the tubular wall. .
15 11. A method of forming. an integral fibrous structure as
claimed in any preceding Claim, which method comprises
the steps of directing filaments of a first polymeric
composition at a surface to start building up a fibrous
structure of the first polymeric composition, and altering
20 the compoéition of the filaments during production thereof
such that the portions of the fiiaments at the side of the
structure remote from the surface is of the second
polymeric composition.
, 12. A method as claimed in Claim 11 wherein the
N 25 composition of the filaments is changed abruptly.'

' 13. A method as claimed in Claim 11 wherein the
composition of the filaments is varied gradually across the
structure. '

14. A method of forming an integral fibrous structure

30 substantially as here1nbefore described with reference to
and as shown in the accompanying drawings. |
15. A fibrous structure made by a method as claimed in any
one of Claims 11 to 14. ; |
16. A fibrous structure’ substantially as hereinbefore

35 described with refereﬁce to and as shown in the accompanying
drawings.
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