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(57) Abstract: Medical devices,
such as endoprostheses, and
methods of making the devices are
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iari

described. In some embodiments,
a medical device includes an

elongated hollow body formed
of a polymeric matrix containing
one or more regions of a
;‘? pre-determined  weight  percent
of carbon nanotubes in general

alignment in a pre-determined
orientation.  The medical device

relatively greater transverse dimension.

can have a compressed state with
a first transverse dimension and
an expanded state with a second
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CROSS-REFERENCE TO RELATED APPLICATIONS
Chis application clauns priority to U8, Provisional AppHeation Serigl
Nee 60/815,071, filed on June 20, 2006, The contents of U.S. Application Sertal

§  Ne SOBIS 071 are incorpovated by reference as part of this applcation.

TECHNICAL FIELD

This tpvention relates {o medical devices, such as endoprostheses (o.g., stonts),

RS

BACKGROUND

The body defines various passageways such as arteries, other Mood vessels, and

C

10 other body lumens, These passageways sometimes become coctuded or weakened, For

exgmpie, the passageways can be occluded by & tumor, vestricted by a plague

O
weakensd by gyoaneurysm, When this occurs, the passggewsy can be reopened or
renforeed, o even re;\;ﬂm;:e{,t with a medical endoprosthesis. An endoprosthesis ig

tvpically a tubular member that is placed 1n & humen in the body, Examples of

15 endoprostheses nchude stonls, covered stonts, and stent-grafls,

?d\“\snesa can be delivered inzide the body by & cathefer that supports the

CASDES

a compaoted or reduced-size form as the endoprosthesis is tra

1o g desived site, Upoun reaching the site, the endoprosthesis s oxpanded, for example, or

N

alowed to expand, so that it can contact the walls of the lomen.

24 The sxpansion mechanism may include forcing the endoprosthesis to expand
radiglly, For example, the expansion mechanism can melude tho catheter with g balloony

which carries a balloon-expandable endoprosthests. The balloon can be mflated to

S

§

deform and o Hx the expandod endoprosthesis at a predetormined position in contsct

,...4

with the lumen wall, The balloon can then be deflaled, and the catheter withdrawn

X SRa
that van be reversibly compacted and expanded, e.g., slastically or trough & materad

phase transttion,  Duoring wiroduction info the body, the endoprosthests 1s restrained in g

compacied condition. Upon reacking the desived aplantabon site,
i
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removed, for exampls, by rotracting a restraining device such a3 an ooler sheath, enabling

s,

the endoprosthesiy to selfexpand by s own internal elastie restoring foroe, e.g., absent

hEed

external application ot tnergy.

SUMMARY
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The disclosurs relates to medics! devices, such as endoprosthoses.
is based, fmrer afin, on the discovery that incorporating regions of generally aligned
carbon nanoiubes mto a Modegradable (bicerodable) polymeric nuatrix allows for
generation of medival devices that can both self-expand (with ne exiernal application of

energyy ond bindegrade (hioerode).

In one aspect, the disclosure features medical devives having an elongated hollow

&

body formed of & polvineric matrix containing one or more regions of & pre-determined

weight poreent of carbon nenotubes in general slignment in a pre-determined oriestation.
Embodiments may inchede one or more of the following features.
The polvmeric matrix of the medieal device cun be biodegradable, e.g., can be g
pelvlactic-co-glyeolic acid) (PLGA, a polyester {v.g., polyiactide andior poly(B-
caprofactone} andior polytartrate), andior & polyanhydeide {e.g., p(CPP-8A} and/or p(FA-

vineric matnx can be biostable, e.g., cirn be g poly{styrene-h-isobutyiene-

N

sdical device can include biomolecules.

3

The maedical device can have & compressed state having a st trangverse
dimension and an expanded siate having a second relatively greater tramsverse dimension,

€3 3 oy T YRS O S“‘ - ¥ e oriee e 5 U T
The wedicad device can include one or more seif-expanding, Iocal regions of the carban

nasotubes. The medizal device can be configured to sell-expand, e.g., expand without
pxternal application of energy, from the compressed state o the expanded state. The

compressed state can include Junsinel and abluminal grooves aligned approimately
perpendicidarty to the carhon nanotubes. Blomolecules, e.g., paciitaxel, can further be
sttuated mainly in the shluminal grooves. The deviee in the compressed state can be

foured to it within the lamen of a delivery catheter and after emission from the

., to setfexpand.
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The carbon nanolubes are uneonnected t© cach other, The carbon nanotubes can

bie fonctionalized, The carbon nanntubes can be single-walled or molti-walled, g,
doable-walled, The carbon nanotubes can be distributed in at least one seifoxpanding,

-’

local region along the length of the medical device:
inclode at

nanoiuhe

the pre~-detormined orientation,

Vhe bodv of the medical devize

The body of the medical device can be porous.

can be poneporous. The body can be formed mto interconnected bands and connectors.

In anpthor aspect, the disclosure features g mothod for delivery of a medieal
devige, the method including: §) configuring & medical device having an elongated

hollow hody formed of a polymerie matvix containing oue o1 more regions of & pre-

o

detevained welight pereest of carbon nanotubes in gonoral alignment in a pro-deternined

L

grientation into a compressed stgte having o first transverse dimension; {4 mserimg the

medics! devive inte & delivery catheter lumen; (311) emitting the medieal device out of the
tumen of the delivery catheter; and {iv) pormitiing the medical device to sell-expand, e.g.
with ne application of external energy, into a state having a second relatively greater
ransvorse dimension.
Babodiments may include one or more of the following festures.
The polvmeric matrix can be hodegradable, e.g., can be a polydiactic-co-glyeolie
<

achl}, 8 polvester {e.g., polviactide andior poly{E-caprolactone} snd/or polytartraie),

andfor 1 polvanhydride (g, p{OPP-SA) and/or p{FA-8AY). In snother embodiment, the

A
polymeric mateix can be Biostable, e.g., can be poly{styrene-b-isobutylene-b-styrene}
The medics! device can include blomoleenles

Fhe medical devive in the compressed state can include lominal and ablumingl

grooves sligned approximately perpendicularly to the carbon nanotubes. Biomalecules,

e.g., paclifaxel, can be situated mainly in the ablumnal grooves.

The carbon nanotubes are unconnected to each other, The carbon nanotubes can
be functionalived. The carbon nanotubes can be single-walled or multt-walled, g,

double~walled. The carbon nanotubes can be distributed fn st least one seif-expanding,

>l
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focal region along the length of the medical device, The selfexpand *1;0 focal reglon can
St taast TS & -3 PAIN N g \f \3 e e

ol least 1096 by weight of carbon nanotubes, e.g., 20%: by weight of carbon

nanoinbes,

Al tonst about 70% by weight of carbon nanotubes may be gonerafly aligned in

the pre-doternuned orientation.
The body of the medical device can be porovs. The body of the medica! device

3

cant he vorporons. The body can be formed into interconnected bands and connsoions.

i another aspedt, the disclosure foutures a modical devies having 2 bady oft g

contral region of interconmected bands and connectors forming gn elongated tubular

i'!)

tructore and defining a central lumen, and proximal and distal regions wclading o
polymerte malrix conlaining one or more regions of 8 pre-determined weight percant of
carbon nanotubes in general alignment 1n a pre-determined orientation.

Brbedtraents may include one or more of the following features,
Jong

americ matrix can be biodegradable, o.g., can be a poly{lactic-co-glyeolic

e, polviactide andfor poly{E-caprolactone) andfor polyiartrate),

andfor a polyvanhivdride {e.g, p{CPP-SAY andior p(FA-SA Y. o another embodiment, the

\

polymernic matrix can be biostable, e.g., can be polvistyrene-boasobutylene-b-styrench

The proximal and distal regions can heve a radisily-conpressed state having #

first frnsverse dimension and an expanded state having a second velatively grester
trangverse dimension. The proximal and distal reglons cmn mchude one or more self-
expanding, loeal regions of carbon nanotubes. The proximal amd distal regions can be

0y

configured to selfexpand, e.g., expand without external application of energy, from the

sompressed state inte the expanded state. The medical device in the compressed state

an inchude humdnal and abluminal grooves ahigned spproximately perpendiculariy o the

£

£

carhbon nanciubes, Blomolecules, .., pachiaxel, can father be sivated mainly in
abluming! grooves, The device in the compressed state can it into the lumen of g

delivery vatheter snd after omussion from the delivery catheter can achieve iy expanded

staie
The carboay nanotnbes are nosonnected o cach other, The carbon nanctubes can
be functionalized, The carbon nanotubes can be single-wallad ov multi-walled, g,

double-walled. The carbon nanotubes can be distributed in af least one seifexpanding,
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loval regivn along the length of the medical device, The selfexpanding, local region can

it

egst 1% by weight of carbon nanotubes, o.g., 20% by weight of carbon

include at ;
nanotubes,
At least about TU% by weight of the carbon nanotubes may be gonerally aligned

in the pro-detorauped orentation.

catnres & medica] device having: &) o porous
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mernbrane with at least one region formed of a polymerie manx cotainming a pro-

Lotd

~

determined welght poreent of carbon nanotubes in goneral slignment inos pre-deternuned

Y

gricnistion; and (i1} & support shait carrying the porous membrane,

Erubodiments can incloade one or more of the fa}ii«;msiz‘:g features
The region formed of the polymenc mairix can have g radially-compressed state
having a first ransverse dimension and an expanded state having a second m}fﬁivaiy

greater ansverse dimenston. The medical deviee can be configared to self expand from
the compressed state o the expanded state, e.g., without external application of energy

53

The polvmeric mataix is biodegradable, ¢z, cun be g poly{lactic-co-ghycolis

5,

acidy, & polyester {o.g., polylactide andior poly{E-caprolactone} andfor polyiarivatel,

M

andfor a polvanhvdeide {e.g, p{UPP-SA) andior p{FA-SAZL
(

At least about 70% by welght of the carbon nanotubes may be generally alipned

in the pre-detormined orieatation.

The compositions and methods deseribed herein provide endoprost that can

3

B selfenpanding and biodegradable (doerodable). The described medics ces have

pers
i
Feid

n
e
o,
¢

the ability to clastically recover large straing and selfexpand without exteroal application

5
3
A

b spring foree i3 provided by one or more regions of g

o~
¥ SDRrIS
OO 5.} .

)

1

carbon nanotubes that ean be placed In numerous types (}fpwi}-ﬁ‘}‘m‘ic matrix, 1 the
polymeric mairiy used o generate the medical device is blodegradable, alier delivery io
the body, the macrostructure of the medical device can be absorbed and removed by the
Body Hsell The matrix of the medical devices can also be filled with biomolecudes, and

the devices can gct ag biodegradable drug depots,
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The term “Mowolecude,” as used herein refers to chemical compounds,

therapeutic sgonts, drugs, pharmaceutizal compositions and similar substances that can

lens otherwise defined, all technical and soienBific torms used heretn have the

3

same meaniug as commonly understood by one of ordinary skill in the arf to which this

disclosure belongs. Although methods and matertals similar or squivalent fo those

N 2

herein can be used in the practice or testing of the present disclosure, suttable

mathods and materale wre described below, Al publications, patent spolicstions,

wr reforences mentioned herein are incorporated by reference in thetr

entirety, In case of contlict, the present specification will control. I addition, the
materialy, methods, and examples are llustrative only and not intended o be lmiting,
{rher foatures and advantages of the invention will be apparent from the following

detatlod desenption, snd Hom the olaims,

DESCRIPTION OF DRAWINGS
Fig. 1A iy a perspective view of a stent in @ compressed state. Fig 1B isa
herspective view of a stont in an expanded stte. Fug 1C 13 & diagram of & seclion of

wall of the stent. Fig 1115 2 cross-sectional diagram of the stent wail of Fig, 14, taken

Fig, 2A s a porspective view of a stent in & compressed state inside
catheter. Fig. 2B is a perspective view of the stent in g compressed state emitted from the

delivery vatheter. Fig. 20 13 a perspective view of the stent in an expanded state. Fig 20

is g digeran of 8 section of 3 wall of the steat,

i, 3A 15 a porspective view of a stent in a compressed state with blomolecules

situated m abluminal grooves. Fig 38 1 2 diagram of a cross-section of the stent wall in

the compressed state, taken along Hne AL-AL. Fig 30 ix 8 porgpective view of {he stent
{ \ prsy

$u

inan expanded state with biomolecules. Fig. 3D is a diagram of 8 cross-section ot the

stent wall i an expanded state, taken along line C1-CH
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o

g, 4

AN

%

instde g delivery catheler, Fig 4B 13 a perspective view of the stent w the compressed

¥

state with Womoleguley after emission from the delivary catheter, Fig 4C i g
perspective view of the stent with omolecules g an expanded state. Fig 4D s 8

F

diagram of & section of g wall of the stent,

tors

Fig, SA i3 a porspective view of a stent in a compressed state inside a bload

3

vessel, Figo 5B is a perspective view of the stent in an expanded state inside a blood

Fig, 6 is a flow chart of an embodiment of & wethod of makmng o slent.
Fig, 7 is a How chart of an embodiment of a method of making & stent,

Fig. A 18 a perspective view of a stent with proximal and distal regh

1,

compressed state. Fig, 8B i3 a perspective view of the stent with proximal and distad

<

rogions i an expanded state. Fig. 8C

et

is a diagram of a section of a wull of the stent,

Fig, U4 is o porspective view of an intravascular filter in an expanded state,

Fig. 9B is 2 diagram of a seetion of & wall of an intravascular filter mwmbrane. Fig 9l

i g perspective view of @ stont in a compressad state with Momolecules

v

a perspective view of an intravaseatar Silter I a compressed state. Fig 918 is a disgram

of 4 section of g wall of an Intravascular filter membrane, Fig 98 s o diagramoota

1

section of 8 wall of an intravascniar Gher membrane.

DETAILED DESCRIFTION

Referring to Figs, 1A-1D, & stent 10 has the form of an elongated hollow shaft,

&

Stent 10 has a compressed state as in Fig. 1A with a first trapsverse dimension and an

3

expanded state as in Fig. 1B with g second, relatively greater, transverse dimension.

5

Stent 10 10 the sompressed state has abluminal grooves 11 and

Yoot

aminad grooves 12, The
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shape of stewt 10 i1 the compressed state shown o Fig, 1A iy one embodiment only. The

b .

shape of stent 10 in the comprossed state can differ from the shape shown, One or muwe

vegions of the wgll 13 fonming the body of stent 10 includes polymenie matrix 14 and
carbon nanotubes 15 in general alignment in a pro~determined ortentation nunde the

5 polymeric matnx 140 Preforably, at least 70% of carbon nanotubes 15 are gonerally
aligned within matvix 14, Aligned carbon nanetubes 15 are not connected to cuch other.

The wall 13 forming the body of stent 10 can be porous, Le., include a phavality of

.3
2%

ppeninga {nn shown) extending through the wall o ablow body Huid and blomolecules w0

pass thrpugh the membrane, The well 13 can also be non-porous. The wall 13 ¢

<

formed inln inferconnecied bands and connectors {1.e., resemble a meshwork) {not

e
<

shownl,

fea

The polymeric matrix 14 can be bindegradable. HExamples of biodegradable

....>

als tha can be used as the polymeric malrix include polyv{lactic-co-glyeolic acid)
{PLUOA} and polvirethanes aud polyurethane copolymers with the general formula
15 {direct]ly below), whers XY s, for example, 1t 20, »n s, for example, 2 fo 1008, and the

tQ

A

total degree of polymerization m s, for example, 2 o

(]

Y

e
ey

H

PRSI

H

Ed

30 The Moabsorbability of the polymers is enhanced by copolymerization of polyvarethane
and POSE (polvhedeal oligomerte silsesguioxane diol) with suitable monamers,

Fxamples of suitable monomers mchude caprolactone, ethyleneghveol, ethvlene oxade,

)
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{sctic geld, and glycoliv seid. The copolymers from these monomers can hydrolyze and

2.
£z
«*

e the polvimer Hnkage
Other examypres of biodegradable materials that can be used as polymernie mabrix 14

melude a general class of polyvesters {e.g., polylactide, poly{B-caprolactone},

ad polyanhydrides (e, p{COPP-SA) and plFPASAY The p{OPP3AYis a

el 3 ¢

£ st

sopalymer of sebacte soid {SAY and 1,3-bis{p-c tr‘boxypkezzax propane, while the plFa~
SAYis a copolymer of BA and fumarie anid (¥

Polymerio matnx 14 can also be ‘aios_t.abic and manotacturad from such materisls
as poly{stvrene-b-isobutyviene-b-styrene} (SIBS). A myvlon faver can also be placed over
SIBS to improve stability. Examples of polymers that can be ased with the disclosed

stent are disglosed in U.S.5.N, 105683314 filed Ootober 10, 2003 and m LSS N,

HIOSR 435 filed Geotober 5, 2004

Carbon ngnctubes are cylindrical carbon molecules that exbubit great strength and

’ )

onigue electrion] properiies, and are efficient condoctors ot heat, The orlented carbon

nanotubes 13 can be single-walled and muolti-walled, e.g., double-walled. Carbon
nanotobes 13 can be funetionalized. Carbon nanotubes 15 may be generally aligned
within e poelymornie wama 14, ¢.g., alignment of more than 70% of the carbon
napotubes s praforred, using, for example, an AC electrie fiald, ay disclosed m UBEK

114384, 738, Sied on March 3, 2006, In one embodiment, stent 10 can include gt least

1% By weight of corbon nanotubes 15 1o at least one selffexpanding, local region along
the length of sterd 19, 1o another embodiment, stent 10 can tnclude 20% by weight of

carbon nanotubes 18 m at least one sell~expanding, local region along the length of stent

i Refeornug o Mg, TA and 1B, stent 10 with soch ngh loading {at least 1% by

wetght) of cavbon naotubes 13 can be compressed and expand with & low creep spring

a

gffect, Al lcast one study bas shown that highlyv-oriented mats of varbon nanotobes can

Vs

¢ oompressed o hlded springs without the effect of ereep, Cav et v

Thus, the tnvention provides, inter ofia, polymerie, biodegradable (biveradable}
and self-expanding wedical devices, o, stent 1L Some currentlyensed selfexpanding
stends are made of Nitinol, which is not biodegradable. Shape memory polymers are also

available, bot these matertals require heat o restors them to thewr original shape. The

ot

@
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current inveniton provides solfcexpanding medical devices that can be designed 10 expand

without the need for external application of energy. The spring foree is defivered by the

carbon nanotubaes described above that can be aligned in varous types of pulyvmers, e.g.,

Reforring to Fig. 24, doring use, stent 10 15 delivered to o target site via
hetor 24, Stont 10 s comprossed state fits into a hunen of & delivery catheter 20
and is defiverod into 8 vessel, Referring to Fig 2B, stont 10 is ejected from the catheter
20, Reforving to Fig 20, stent 10 18 pormitied to selfoxpand, e.g., expand without

external apphication of energy, against a wall of the vessel, thereby maintuining the

patency of the vessel. As the stent 1} expands, Hs contral hanen opens and allow

wall 13 of stest 19 is biodegradable {(biocrodable). After df.?:iiver}-' to the vessel, the
x 14 erodes in the body and exposes carbon nanotubes 18
Hecanse the individual nanotubes 15 are not connected to each other, they can be
ghsorbed by the surrpanding tissue or removed, especially Rmetionalized nanotubes that
are absorbable in watsy, for example, nanotubes with COOH or NH; grovps. In s

‘i

embodiment, the macrostructure of stent 10 disappears frowm the body. In avother
emboditnent, the polymeric matrix 14 of stent 10 can be biostable. In this embodunent,
stent 16 can be removed from the body with a catheter system. Stent 10 can be used, for
sxample, to remove non-obstructive lesions of the vessels,

Cathetor systoms that can be used with stent 18 sve desortbed in, for example,

Wang U.S. Patent 5,195,989, HambBo US. Patent 3 270,086, and RKaeder-Uevens UK.

Batont §,7268,712. Stents and stent delivery are also exemplified by the Radins® or

Ryrubictl® systems, avatlable from Boston Scientific Scimed, Inc, Maple Grove, MN,

o

Further reforring to Figs. 3A and 38, in a particular embodument, stent 10 inclades

o

1 Rkl 3
3
H

Blomolecules 30 situated mainly in the abluminal grooves 11, Relferring to Figs. 30 and
3D, expansion of stert 19 exposes blomolecides 30, Biomolenides 30 can melude
various therapeutic agents, drugs or pharmaceutically active compouads, e.g., paclitaxed

and others desortbed i Phan U8, Patent No, 5,674,242, Zhong U8, Palent 6,676,987,

g
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and ULRRN T {}!"232&253, filed August 30, 2002, Biomoleconles 30 can include, &

¢ agends, sutioxidanis, anti-inflarainatory agents, anesthetio

faey
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oo target site via a oatheter. Stent 10 with bromeolecules 30 ina compressed state fiy

into a humen of s delivery catheter 40 and i3 delivered info o vessel. Stent H iy gjectad
from the vessed and pernsitted o reach an expanded state, e.g., seliexpand, ey, without
external ;;ippiz ation of coorgy. As stent 10 expands, its lumen opens and the blood flow

a

through 0 Iy o particudar embodiment, the polymenic matrix 14 of stent wall 13 18

Py

hiodegradable. After delivery to the vessel, the matrix 14 degrades, exposing o

carbon nanotubes 15 and biomaolecules 30, Carbon nanotubes 15 pan he absorbed
surronding tssue or removed, clally funclionalized nanotubes that are absorbabled

watey, foar example nanotubes with COOH or NH; groups. Biomolecules 30, hikewise,

can be ahsorbed by the surrounding tissue or removed by the body vselll o another

s

1

smbodiment, the polvmeric matrix 14 of the stent 10 can be biostable. In this
embodiment, the slient 10 can be removed from the site with a catheter systeny

Reforring o Pigs. 5A and 5B, stent 10 can bo used, for example, to ireat blood
vessels 50 with vulnerable plaques 31 or non~obstructive lesions 51, e.g., non-cbstructive

Ly

atherosclerotic plagues or non-ohstructive thrombotic lestons, Stent 10 van alse be used

troat or reduce the lestons 31, .z, with use ol bromoleaules 30 thal target lesong SL

Mon-obatraetive lesions reguire aecess o blood for nutrient supply. Yulnerable plaques
e.g., atheromaious plagues) can rupture and release tissue debris into the blood stream,
’i’%ms, shielding lesions or plagues 51 from the blood is advantageons. Such sinelding can

be accompiished in an embodiment where the wall of stent 10 s nos-prnas, La, does

st atlow body fluids andfor biomolecules to pass through s wall. Both non-obstructive

lestons 51, .2, fesions that block less than 40% of & bload vessel, and vulnerabie plagues

51, can be prone 1o fissure and disraption. Non-porous stent H} ean resist potential
ivakage of Hasue debris out of ruptured lesions or plagues, Currently-used covered stenly
are able 10 aveid some leakage, but in the long term can interfere with the stiffness ol the

+

Hood vessels, Biodegradable stent 10 is advantageous because i doss not remain

3 3

permanently in the vossel, but rather, as deseribed supra, can degrade and be removed by

i1
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the body, Curront expandable stents, e.g., Nitinol stents, exert a large amount of contact

pressure uposy oxpansion. Such high presswee can further disrapt Tesion §1 and ingrease

an already-ougoeing influnmation of the blood vessel, In addition, Nitinol selfexpanding
stenty prevent MR scresning that can be useful to follow the changes in the lesiony,
Thus, risk factors associated with the use of currentlv-available expaniabie stents Hmit
thair yse i ireating non-obstroetive festons or vulnerable plagues. Referning fo Fig. 34,

stent 10 s delivered in g compressed state to g vessel 30 with g non-obstructive leston or

;3

vulnerable plague 31 Referming to Fig 5B, stent 10 expands, .., self-expands, and
1

comtacts the walls of the vessel 30 and the non-obstructive lesion or vulnerable plague SL

-

Fhe expansion of stent 16 oxerts less contact pressure on the walls of the vessel 5O than
currently expandable stents, e.g., Nitinol stents, Stent 10 opens vessel 56, and

bromolecudes 30 delivered by stent 10 larget feston 51, I one embodiment, stent 10 can
b removed after deltvening blomolecnles 3¢ In another embodiment, stent 1G]

i

consisting of carbon nanotubes and bicdegradable polymer can be allowed o deprade and

b romoved 5,”3;\-* the bady itsell
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£
p
i¥]
&3
e
s
L]
P
£
o
)
.
Z
7
”
124
b
&
%
yd
v
p—
et
£3
el
pa

Because contact pressure of

he ysed cavlier in treatment of non-obstructive lesions than currently-available

.

expandatde atont

o

Referring to Fig. 6, & method 60 of making stent 1015 described. none
gmbodiment, stept HY s manufactured by furnung & closed tube shape of polymaesic
e el ~ e 33 o a-"l‘ Thes micsharmeete mmateiy 1 a1
mrairix and sligned carbon nanctubes {ONTs), as1n step 61, The polymoerio matrix 1418
chosen from blodegradable or biostable polvimers (g8 described above). Carbon

nanctubes can be mixed nto a polymer, e.g., polyamide-12, by common sheer

4

compowrling or selvent mixing, Carbon nanotubes can functionadized with such

=

chemical pronps as, eg, COOH, NH:, OH or 8H. Biomolecules 30 can also be
incorporated fnto the struchre. Aligrment of carbon sanotubes 13 withuy matnix is 14
impoertsnt oy optimizing the mechanical porformance. As disclosed w US.S.N
FH368,738 filed on March 3, 2006, carbon napotubes 15 can be aligned nsing an AU
slectric field, Proferably, at least 708 by weight of carbon nanoiubes are gligned in one

or more selected rogiond in o pre-determined ortentation in the method 60, The solid tabe

pevay

state, the cut-alfeciod arcss are

et

is then out asw step 62 10 form stert 10 11y a compressed

vemoved {step 63} and stent 10 s finished (step 84) by fwther modification, for example,

1

o)
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by addition of hiomelecunles 30 that ave situated maindy in the ablomnal grooves H ot

stent 100 In another ombodiment, the polvmernic matrix 1d-carbon nanotubes 15
composite can be divectly vast into a stent shape
Clarbon nanctubes 13 ave cormmercially avatlable or con be synthesized. Carbost

P

¢, for example, in 2 mixture from Rice University (Houston,

AN

nanotubes 15 are avaiabl
TH). Synthesis of carhon nanotubes 13 is described, for example, in Bromkowsk ef af,
S

S Fae, Soi. Teohmol., 19(431800-05 {2001y and Davis 2t af, ﬁ?r{iii%”ﬁ??2.:*)-:"8{3'33?£ié?& 370154

160 {2{}{}&‘5}‘ Disprrsion of carhon nanotubes 13 inso

g <
Chem Mater,

In some embodiments, nanotubes 15 can be modified to enhanee interactions with

ix 14, The dispersion of carbon nanotubes 15 in the polymenic matnx

or by orone treatruent, Nanotubes 15 can be chemically modified with one or wmoeve

o

vv

funciional groups, s.g., alcohol, carboxylic actd, amide or SH groups, that morgase

teractions {o.2., compatibilitg with the polymerie mateix 14, Fonctionalization of

)

tes 13 48 desortbed, for example, in Babr ¢f of | 4 de Chem. Sec.,

{2001}, and U.S, Patent Application Pablication 20037009316
Functionadized carbon nanotubes 13 can also be obtained from Nanooyl SAL{
www.nsneeyLoeom )

Referring to Fig. 7, another method 70 of making stent 10 is desortbed, Stend 10

is manutactuced by forming an altrathin flat sheet of aligned carbon
iy

{step T1), wrapping i several Hmes In a cigarette roll fashion (step 72} and immuersing the

strociure in 8 polyvmenic matrix 14 or spraving the structure with the polymenic matrix 14

{step 731 Stent 10 s then folded info a compressed state. Stent 10 can also be futher

o

modified, for example, by addition of blomolccules 30 that will be sifuated

ey

abluminal grooves 11 of the stent
Stent 10 can be of g desired shape and size (e.g., coronary stents, aorhic stents,

peripheral vascular stents, gastrofntestinal stents, vrology slents, and nearology stents),

&

3

Depending ou the application, stent 10 can have a dismeter of betwean, for example,

e

about I mm to about 48 mm.  In certain embodiments, a coronary stend can have an
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expanded stmte dlameter of from sbout 2 mm o abooat 6 mm. In some embodiments, &

peripheral stent can have an expanded state diameter of from about 3 mum o about 3¢

m. I certin embodiments, @ gastrointestinad andfor wrology stent can have an

sxpanded state dlameter of front about 6 mu to about 30 mm.  In somme embodiments, &
&  peurclogy stont can have an expanded state diameter of from about 1 mm to gbont 12

. An abdominal aorlic aneurysm (AAA) stent and a thoracio aorbic ansurysm {TAAS

sterst can have g dignaeter from about 20 nun to about 40 man
Fbodiments of stent 10 deseribed above can be used in many medical devices,

For example, enabodiments can be used as vascular grafts, A graft ean b used fo replyee
16 adamaged or dysfunctional body vessel {e.g., ab the site of aneurysm or ccclusion), o

3

trypass oy divert blood fow around a damaged region, or to create a shunt buteeen an

artery and g veln {e.g., for multiple needie access for hemodialysis scogss), Vasuular

ek L8, Patert No. 3320,100

wve been deseribed abhove, the nvention 18 net

ey
D]
;/l
fovs
s
pases
&
o
i
joors
£
153

For example, referring to Figs. 8A-8C, in another embediment, stend SO has a

+3

Body with central region 81 of interecennected bands 82 and connectors 83

\

Hrming af

-

clongated tubalar strociure and defining a central lomen. Bands 82 and connectors 83

to Fig. 88, the proximal and distal regions 84 of stent 8§ can selfexpand, e.g., expand

without external application of energy. Refurring to Fig. 80, the walls 85 of rogions 84

H
A4 -

{

can inchude fe.g., be manuthetured from) polymeric matrix 87 conlaining & pre-
determined weight percent of carbon nanoctubes 86 aligned in one or more regions ina
5 pre-determined orientation. Preferably, at least 70% by weight of cwrbon nanotubes are
generally aligned. Stent 80 can be used, for example, to prevent restenosis of vassels,

Stent B0 can also include bomolecules (not shown) that can target vartous components of

the blood vessels. In one embodiment, walls 85 can be poroes, Le, include a plurality of
apenings {not shown} extending through the walls to allow body Huid andior
56 hiomolecules {0 pass through the membrane. In ancther embodiment, walls 83 canbe

HPOTOUE.

14
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Examples of materials for metallic matrix of central region 81 include stainlsss
steel {e.g., 3181, BioDur® HE {VUNS S29108), and 3041 stainless steel, and an gdloy
including staindess steel and 5-60% by weight of one or more radiopagae clements (e,
Pr, b Ag, W {PERSSE) as deseribed 1n US-2003-00183R8G-A1, US- 2002014475748,

and US-2003-0077200-A1), Nitinel {s nickel-titaniurn alloy}, cobait alloys such as

)
:

3
[
~4

OIn), platinmus, platinwn alloys, nia‘-:‘siw:m niohinm ai'iay&; {e.g., ]

k3
favtalam, and tantaium alloys, Other examples of materials are desoribed in oommonty

~
;

oorveed TUOSOQ ND VS NS
si:.\mgtmi FESN, HVRTZRE

tonsh

, filed Septomber 26, 2003 and URAN, 1170383

k3

ther materials include elastic biocompatible metal suchas a

wendn-elastic metal alloy, ay deseribed, for exanple, in Schetsky, L
MeDonald, "Shape Memory Alloys®, Encyelopeidia of Chomaies] Technology Ord ed ),
John Wiley & Sons, 1982, vol. 20, pp. 726-736; and commonty assigned US BN,

~
/3

46,487, Hled Janvary 17, 20

Y

V3.

5 xJ
o

Referving to Fig. 94, in another embodiment, intravaseular filter 90 (shown w an

expanded state) includes a support shall 91, & compressible region 82 carted by the

®

anpport shafl, and membrane 93 supported by the support shaft, Membrane 93 nwlades a

53

shurality of openings (not shown) extending through the membrane to allow bodity faid
3 ; & B

o]

to pass through the membrane, Mentbrane 93 s connected v shatt 31, for example, by

inand from a

.
ey

adheatve or by solvent casting methods. During use, filter 0 iy delivered

wple, in URRN, 1G/830,085 filed on May 10, 2004, and Danmiel

327, and exemplified by the FillerWire EX™ Embelie Protection
System, available fom Boston Scientific Scimed, Ine., Maple Grove, MN,
Owreenth-avaiiable flters include a deformable frame carried by a support shaft
and supporting the membrane of the filter, e.g., a Nitinol ring tn the FilierWirg EX™

" i

The deformable frame is generally stiff and the filty bulky,

bolie Protection System. 7
which makes #s passage through narrow lesions difficult. The deseribed embodiment
avaids the use of a stff and fairly Jarge deformable frame, replacing 1t with at Isast one

radially-compressible repion 92, Referring to Figs. 9A and 98, wall section 96 of

wenthrans 93 of filter 90 includes relatively porong, nanotube-containing layvers 87,

i

LA
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" between two o move polymer

X

sometimies called “bucky pape™ or “nanotube paper,”

favers 88, Pach layer 97 includes a mat of entongled nanotubes. Membrane 93 also

includes at least one region 92 of @ pre-determined weight percent of generally aligned
carbon nanotubes 99 m polyvimer matrix 100, Proferably, at least 70% by weight of

carbon nanotubes are sligned in the pre-defermined orfentation. Reglon 92 has high

X

4

oading of orisnted carbon nanotubes 99, e.g., 20% by weight of carbon nanotubes 99,
As discussed shove, this combination of nanotuhes 99 that are not connected o each
pther i a polymeric matrix 100 allows the region 92 1o compress and expand with fow

self-expand without extornal apphication of energy, Thus

1Y

provides Hexibility o filter 90, Referring to Fig. 8C, region 92 also allows compression
of filter 90 into o small diameter, The smaller the filter digmeter, the smaller the vessel
through which the Blter can pass. During use, SHer 90 is delivered through s catholer 94
o and from a favget sie. Redocing diameter of filler 90 allows reduction of diameter of
delivery satheter 94 and decreases risk of {rauma when traversing bio \\sg\ during
macement, The tareet 5 i hlood vessel o iare ivL Led or restenosed
placement. The farget sife can be an open blood vessel or a largeb-blovked or restenosed
‘{ 'i L3 H g‘}i)‘(“v‘lﬁ ‘i’: [4 } % d >‘E‘ ¥ "(‘i E Ef‘)!‘ }:‘s N \1 }‘ ICIEXE ‘E’“‘ IRl
blood vessel, Decregsing the diameter of compressed filier 90 widens the range of uses
of the filter. Methods of fonming membrane 93 of the filter are further desoribed in
LLE8 N, LVRS0, 085, Med on May 14, 2004

an

Leferving o Fig 9D, in one embodiment, multiple regions with a pro-datermined

=l

weight pereent of generally aligned carbon nanctubes 99 inoa polvinenis matax 100 are
incheded thronghoot mombrane 93 of filter 90,

Refurving to Fig. 9E, in ong embodiment, the entire membrane 83 1 composed of

a pre-determined weight percent of generally aligned carbon nanotubes 88 i a polymeric

mateix HH0 Thus, in this embodiment, region 92 and membrane 83 are compased of the
sumne material, Membrane 93 includes a plurality of opemings (oot shown) extending

"

through the membrang 0 allow bodily fluild o pass through the nembrane.

Aonumber of embodiments of the fnvention have been desoribed. Mevertheloss, it

will be anderstood that vartous modifications may be made without departing from the

apirit and scope of the imvention. Accordingly, other emibodinments are within the

LU

L

of the fllowing claims.
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polyvmeric matnix containing one or more regions of g pre-determined weight percent of

carbon nanotubes in general aﬁignmr;:m ina pre-determined crientation.

4]

2 The medical device of elaim 1, wherein the polyvimeric mualiix &

3. The medical device of claim 1, further comprising biomuolecales,
it
4. The medieal device of clam {1, wherein the medioal device has a

compressed stote having g first ransverse dimension and an expanded state having @

second relatively greater ttangverse dimension.
5 3 The medical device of elaim 4, wherein the medical devige comprises one

&, The medical device of claim 4, wherein the compressed siate comprises
tuminal and abheinal grooves aligned appoxinately perpensticulardy to the carbos

20 nanotubes,

~y BTy

The medical device of clamm 6, further comprising bomolecules sifuated

mainly in the abluminal grooves,

{931

N

8. The medica! device of claim 1, wherein the carhon nanotubes are

anoonnoected o each othe
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Q. The medizal device of claum 1, wherein the carbon nanotubes are
(ie“\{ ~hateed o« 9ay 1 =y i <3 } .\‘i SEVIOREY Iy {" o §>m ) ‘r:'»"ix § i‘ » i
distributed i st least one self-expanding, local region along the length of the medieal
device,

L The medical device of claim ¥, wherein the self-expanding, local region

a

it loast 10% by weight of carbon nanotubes,

\/

0

L The medival device of olaim 1, wherein al keast 70% by weight of the

carbon nanofubes are generally aligned m the pre-determined orientation

13

oo

A method lor delivery of a medical deviee, the method comprising

oy

{4 configuring a medical device comprising an elongated hollow body

formed of a polymeric matix contalning one or more regions of a pre-determined weaight

porcent of carbon nanotubes in geaeral alignment in g pre-detenmined orientation 1O &

&5

compressed stale hoaving a first ransverse dimension;
(1Y inserting the medical device into a delivery catheter humen;
(i1} omiting the medical device out of the lumen of the delivery

‘

{ivy  permitting e medical device to seif-oxpand mto a state baving a

second relatively prester ransverse dinension.

el

130 The method of claim 12, wherein the polymerie matrix s bodegradatile.

X %

14, The method of claim 12, wherein the medical deviee finther comprises

13, The method of claim 12, wherein the medical devies in the compressad
state comprises lominal and abluminal grooves sligned sporoximately perpendicidarly to

the carbon nanotubes.

bt
b
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16, The method of claim 15, wherein the medical device 1 the compreased

Yo S Fady
ablumingal grooves,

= biomolecuies situated mainly i the

state further comprise

The methed of claim 12, wherein the carbon nanotubes are weonnected {o

17 i
3 seh othe
18, The methad of olaim 12, wherain at feast 70%6 by weight of the carbon
nanotubes are gonerally aligned in the pre-determined orientation,
10 19, A medical device having a body of
{1} central region of interconnected hands and connectors Torming an elongated
tubular structure and defining a contral Tomen; and
{31y proxioat and distal regions comprising polyimeric matrix containing ong or
more regions of & pre-determined weight percent of carbon nanoinbes 1 general
1B alighment ina pre-determined ovientation.
20, The medical device of claim 19, wherein the pelymernie meiix is
biodegradabis
20 21, The medical device of claim 19, wherein the proximal and distal regions
and an oxpannded

d a frst fransverse dimension and an ek

have g radigliy-
state having & second relatively preater transverse dimension.

~compressed state having

redical device of claim 21, whereln the proximal and distal regions

a7 PR
23, Them

comprise one or more setfexpanding, local regions of carhon nanotubes.

23, The moedical device of claim 21, wherein the compressed $iate comprises
fuminal and ahluminal grooves sligned approximately perpendicularty to the carbon
ranotubes.

A

9
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he medical device of clain 23, further comprising biomolecules situated

mainty in the ablunnal grooves.

25, The medical device of claim 19, wheran the carbon nanotubes are

26, The medical device of claim 19, whersin the carbon nanotubes are

distributed in at least one self~expanding, local region along the length of the medical

device.

270 The medicyl device of claim 26, wherein the self~expanding, loeal region

comypises af legst 10% by weight of carbon nanotubes.

28, The medical device of claim 19, wherein at Teast 70% by weight of carbon

nanciubes are generally aligned in the pre-determined vrientation.

2%, A medical device comprising

{1} & porous moendwane comprising at least one region formed of s p

matrix comaining 2 pre-determined weight percent of carbon nanctubes in general
aligrament in a pro-determined orlentation; and

(i1} a snpport shaft carrving the porous membrang,

3y The medical device of claim 39, wherein the region formed of the

polvmerie matrix has a radially~compressed state having a fest transverse dunension and

an expanded state having a second relatively greater transverse dimension.

31, The medical device of claim 29, whersin the polymeric matrix i
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32, The medical device of claim 29, wherein at least T0% by weight of the

carbon nanotobes are generally aligned in the pre-determined orientalion.
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