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Endoprosthesis with Select Ceramic Morphology

TECHNICAL FIELD

s disclosure relates to endoprostheses with select ceramic morphology.

BACKGROUND
The body melndes various passageways such as arteries, other blood vessels, and
other body lumens, These passagewsays sometimes beeome oocluded or weakoned, For
example, the passageways can be oveluded by  tumor, restricted by plague, or weakened
by gn ansurysm, When this ocourg, the passageway can be reopened or refnforced with a
medical endoprosthests. Ax endoprosthesis is typleally o tabular member that is placed

in g lumen in the body, Examples of endoprostheses include stents, covered sfents, and

et R Nen
SIOI-Erans.

&
Endoprostheses can be delivered inside the body by 2 catheter that supports the
endoprosthesis in & compacted or reduced-size form as the endoprosthesss i iransporte

N

‘pon reaching the site, the eadoprosthesis is expanded, o, sothat it

Y

to a deswred siie. U

¥
X

cars contacd the walls of the lomen. Stent delivery is further discussed in Heath, UK

~

6,290,721, the entive contents of which is hereby incorporated by reforence herein,

-

Fhe expansion mechanism may Include forcing the endoprosthesis o expand

L

3

radially. Feor cxample, the expansion mechanison can inchude the catheter carrving a

balloon, which carrtes a ballopn-cxpandable ensloprosthesis, The ballocn can be inflated

3
§

to detorm and o fix the expanded endoprosthesis gt g predetermined pogition in contact

with the fumen wall, The balloon can then be delated, and the catheter withdrawn from

SUMMARY
inn an aspeet, the invention features an endoprosthests tnvluding curamic having o
mosphology of defined grains with an aspect ratio of about 5:1 or more.

in another aspect, the invention features an endoprosthesis mcluding ceramic

having au Rdr of about 100 or greater.
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i another aspedd, the invention features an endoprosthesis inchuding cergmic

&

huving & morpholegy of globular foatures having & height of about 20nm or less, a

o =

,
.
s
o
&
s
=
.

Gy ot ¢

(0 or ess, and a peak distance of about 200na or ess.
I apother aspect, the Invention features an endoprosthesis including g ceramic
having an Sdv of about 10 or less and an Sdy uniformity of about +4 109 on abowt 23%

\

or more of an abluonimsl or adhuminal surface.

In ancther aspoct, the invention featires an endoprosthesis including a cormmie

Baving a morphology of defined grains, and a polymer coating over the ceramic

1

i another aspect, the invention features an endoprosthesis including a ceramic

Wl

coating having an 8dr of about 1 or more, and 2 polymer coating over the ceramis,
fn another aspect, the invention foatures an endoprosthests including @ Hrst
ceramic having a morphelogy of defined grains on a first portion, and s second ceramic

3

having ¢ globular morphoelogy,

3

ceramie having an Sdr of about 10 or less, and g seeond cer

i snoiber aspect, the invention features g method of forming a progthesis
motuding forming & ceranuc by plastua sputtering, forming a polymer on the ceramie,

and uiilizing the polymer-coated ceramic in & stenl.

=

in another aspect, the invention features @ methed of forming as endoprosthesis

0

wehuding founing a Hrst cevamic having a first morphology on said endoprosthesis, and

beia

M‘}
;«-o
o
J ¢

forming a second ceramic having a second morphology on said endoprosthesis,
e \‘\_ Raevr o \A:.;iw»« 3 \E\ da YT FAY R A | e E A YN "i‘i R T aTaTe)
Cmbodiments may alse include one or more of the following featores, The aspedt

vatio ia about 19:1 to 2011, The grains have a length from about 30mm-400pm. The
grains bave a wadth of about 5t 1530m. The coramic has a peak distance of ghont 2480 mun
ot fess, The ceramic has a peak height of about 400 mm or less, The Sdr is sbout 120 0

e

200, The ceramic has an 8¢ of about 20 or more. The endoprosthesis includey u coating

) <

ovey the ceramic. The costing is formed of polymer. The coating includes dry

= = ~ é‘:

Embodiments may also include one or more of the following features, The Sdr i

ahout 12010 200, The Sdr is abowt 150 or greater. The Sdr i aboat 180 or greater The
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P

polymer coating over the ceramde, The ceramic coating has an Sdr of about

o b

OF 1Gie,

and & polymer conting over the ceramde. The first ceramic has a morpholog

grains on g first porbion, and a second ceramic having a morphology or globular &

o 4 second portion. The Srst coramic has an Sdr of about 10 or less, and the second
covamic fas an dr of about 100 or more,
Embodiments may include one or more of the followiag advantages, Stents can
be formed with ceramic coutings that have morphologies anddor composifions that

enhanee therapentic porformance. In particular, the ceramics are funed to enhance

% N

mechanicsl performance and physiclogic effect. Enhanced mechanical performance

provides particudar advaniages during the challenging operations encountered n slent

i

use, which typically wclndes collupsing the stent to & small dameter for inserfion into the

body, delivery though a tortuous humen, and then expansion st g irestment site.

“

Euhancing mechanical properties of the ceramic reduces the likelthood of aracking or

2
]

Hlaking of the ceransie, and enhanced adbesion of the ceramic to the stent body and to
avercoatings, such as drug cluting materials. Improved physiclogic effects include
disconraging restenosis and encowraging endothelialization. The ceramics are tuned by

controlling commic morphology and composition. For example, the ceranic can have g
morphelogy that enhances endothehial growth, s morphology that enhances the adhesion

of pvercogtings such as poly

pe=d

gy thal reduces

ners, ¢.g. doug elufing coatings, a morpholc

~

delarnination, cracking or peeling, andfer a morphology that enhances catalvtic ae

i

n:lx A
reduce mflammation, proliferation and restenosis. The poverings van be tuned slong a

comtinuam of their g}}‘;ysi.{:ai a:hamctmstias, chemistrics, and roughness parametors to

f:u
rmdw
paniy
i
=
£
v
o)
22
-
o
o
jorg
ik
e
=
fasc
=<t
1;‘)
e
s
z
P
o
et

appii@i us ditferent locations to enhance different functions at ¢

examyde, a mgh roughness, low coverage, defined-grain morphology can be provided on

§

It

ablumival surtaces to enhance adhesion of a drug-cluting polymer coating and a fow
reughness, igh coverage, globular morphology can be provided on the adluminal sarface

to sxthance endothelialization. The composition is tuned to control hydrophabicity to
gnthance adhesion 1o a stent body or a polymer andfor control catalvtic elfects. The

novphologies and composition can be formed by physical vapor deposition using
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mothestologies that allow fine tuning of the morphology characteristics and permit ghty
unifirny, prodictable coatings acrpss a Jesired region of the stent.

~

Sl further aspects, features, embodiments, and advantages follo

DESCRIPTION OF DRAWINGS

“

FIGE 1A~ are longitudinal cross-sectional views illustrating d**ﬁve“}f ol @ ater

P
[+
(41
i
oA
ooy
oy

i a collapsed state, expansion of the stent, and deployment of the

G, 2 15 a porspective view of a stent,

FIG 3 15 2 cross-sectional view of a stent wall.

8. 4A - 40 are enlarged plan views of surface morphologies.

FIGE, 3A-50 are schematic views of ceranuc morphologies.

FIG. 6 15 a scheonmatie of an inverted cylindrical magnetron deposition system.
FIGE, TA-TH are plan views of morphologies.

FIG ¥ 15 a graph of surface compositions.

FIGS, 9480 are graphs of composition s a function of depth.

FIG, 10A 18 a plan view, FIG. 10B and 10C ave cross-sectional views and FIG.

1 18 @ perspective view of a morphology.

PGS,

Yook

TACTIE are schematics of methods of providing variable momboloies ¢
& &

[
fouct

stents,

FRGS, 1215 are perspective views of stents.

i

FIGL 10 ix g sehematic for computing marphology feature parametess.
DETAILED DESCRIPTION
slering to FIGS, 1A-10, a stont 20 is placed over a balloon 12 carried neara

distal end of a catheter 14, and is directed through the humen 16 (FYG. 1AY until the

the balloon and stent reaches the region of an occlusion T8, The stemt 20

ke
o
yeq
o
o
=

=
£os3
F]

25
=
ot
.,.d
,m
mr

3

faily expanded by inflating the balloon 12 and compreased against the vessel
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¥ T 3

wall with the resalt that occlusion 18 s compressed, snd the vessel wall surrounding it

b

¥

andergoes g radisl expansion (FIG. {8}, The pressure iy then released from the bslloon
and the cathetey is withdrawn from the vessel (FIG. 1O

Referring to FIG. 2, the stent 20 includes g plurality of fenestratinns 22 hetweean
struts dulined in a wall 23, Stent 20 includes several surface regions, includi
or abluotingl, sweface 24, an inner; adheninal, swrface 26, snd 2 pluraliyy of cutfhee
o3 18, The stent can be balloon expandable, as Hlusirated sbove, or selfexpanding
stent. Hxamples of stents ave deseribed in Heath *721, supra.

Reforring to FIG. 3, an axial cross-sections! view, a stend wall 23 tocludes g stend
body 28 frmed, e.g. of a metal, and includes t ceramic coating 32 on one side, e

ine abluminal side, and a second ceramic coating 34 on the other side, o.g

P

=
gt

stde. The ablwminal side includes @ second couting 36, such as g polymer that includes a

¥

drug. As lostrated, the coatings 32, 34 have different morphologies and roughnesses.

Reforring as well fo FIG 4&,, the oot mn;; 32 on the ghlurninal side includes a

mgmlmw morphology of the coating 32 provides a ‘zg surface area charscterized by

¥

creviees belween and aronnd spaced graing into which the polymer coating 38 can be

deposiied and Interlock o the surface, enhascing adhesion.

Referring as well to FIG. 4B, the coating 34 on the adhaninal side has &

‘\

morphelogy characterized by  higher coverage, globular surface of penerally lower

- 3
shnes

“he ssnoother globular morphology provides a surface tuned fo facilitste

poweg

rougly
endothelial growth by selection of its chemical composition andfor morphological
features,

The morphology and composition of the ceramie is selected for #s mechanical
characteristios, io enhance adhesion to the stent body and enhance adhesion of g polymer
coating, for example, andfor to enhance therapeutic function such as reducing vestenosis
and enhancing endothelishzation. Certain ceramics, .g. oxides, can reduce restenosia
through the catalytic reduction of hydrogen peroxide and other precursors fo smooth
masele cell profiferation. The oxides can also encourage endothelial growth to evhance
endothelialization of the stent. When a stent is introduced into 2 biclogical environment

{e.2., 1 vivol, one of the inftial responses of the human body to the implantation of a



WO 2008/147853 PCT/US2008/064483

stent, ;Him‘m v into the Hloeod vessels, is the activaton of teakocytes, white blood cells

thiv process is hydrogen poroxide, Hy(s, which is released by neutraphil granuloovtes,

which constitnie one of the many types of leukoeytes, The presence of HaOs nuay

intrease profiferation of smooth nwscle celly and compromise endothelial coll function,

stimelating the expression of surface binding proteins which enhance the attachment of

&

more intlammatory cells. A ceramic such as iridium oxide {(IROX) can catalytically

reduce HaOxo The morphotogy of the ceramic can enhance the

growih of endothelial cells. ridivm oxide (IROX) is discussed further in Als, 108, Patent

motion and are less kely to fracture as the stent is floxed in use and thus the coating

resists detentination of the ceramie from an underbving surface and reduces delamination

af an overlaying polymer coating. The stresses caused by flexure of the stent, duning

crpansion ov contraction of the stent or as the stent is delivered through & tortucusly

carved bedy lmmen inercase as a function of the distance from the stent axis. As a result,

3

i emnbodiments, a morphology with defined grains is particularty desirable on abhunsmd
regions of the stent or gt other high stress points, such ss the regions adiacent
fenestrations which undergo greater flexure during expansion or contraction,
The morphology of the surfice of the ceramic is characterized by #s visual

spparance, the size and arrangement of pariicular morphological features much as loeal

x

3

maxnna, and/or s roughness. In embodiments, the surface is charactesized by definghie

o~

sube-micron sized gratns, Referring particnlarly to FIG, 44, for example, in

crbodiments, the grains bave a length, L, of the of about 50 1o 300mm, e shout 100
30um, and a widih, W, of about S fo 30am, .2 about 160-15am. The grains have an
aspect ratio (engih to width) of about 5:1 or more, e.g. 1001 o 2001, The grains overlap

in pne o more layers. The separation between wrains can be about 1-50 nm. I narticnlar
R ¥ £

embodimants, the grains resemble rice erains.
o &

1

SIS

Reforring particularly to PYG 48, in embodiments, the surface is charseterized by
amore continuous surface having a series of shallow globular features, The globular

features are closely adjacent with 8 narrow minima between features, In embodiments,
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the surface resembles an orange peel. The dlameter of the globular features is abowt

,,:;‘

100mm or fese, and the depth of the minima, or the helght of the maxima of the globular
funetion s e.g. about S0nm or less, e.g. about 20nm or ess.

Reﬁ:rri‘ig 0 FYG. 40, in other simbodiments, the surface has characieristics

~

between high aspect ratio definable grans and the more continuous globular surface

Ry

T
N

andfor has a combination of these charncteristics, For example, as shown i FIG, 40, the

merphology can inclode a substantially globular base layer and g relatively low density of

defined grains. In other eimbodiments, the surthce can include Jow aspect vatio, thin

plamar Hakes. The morphoelogy type is visible in FESEM images at 50 KX

Reforring to FIGS. SA-AC, morphologies ave also characterized by the size and

i 1

arrangement of morphologieal features such as the spaving, height and width of fox

morphological maxima, Referving particulsrty to FIG SA, a coating 40 on a substrate 43

is characterized by the center-to~center distance snd/or height, sndfor dlameter sndfor

density of local maxima. In particular embodiments, the averages helght, disfance and

diameter are in the range of about 400 nm or less, e.g. about 20-200 nm. In particularn,

the gverage contor-to-center distance 18 about 0.5 {0 2x the diameter

s

Referving to FIG. 5B, w particidar embodiments, the zmrp}miug stypeisa
globubar morphology, the width of loca] maxima 15 in the ranpe of about 100nm or foss

and the peak bheight s about 20 nm or less. In particudar embodimoents, the ceramic has a

peak hotght of tess than sbout S nm, e.g., about 1-53 nm, and for 8 peak distance less than

about 13 oy, o.g., sbout 16-15 am. Referring to FIG. 5C, in ambodiments, the

'f’rb

merphology is defined as a gram type morphelogy. The width of loval maximas is shout
400 nm or less, e.g. sboot T00-406 nim, and the height of local maama is about 400 nm
or tess, e.g. about 106-400 . As Hlustrated s FIGS. §B and 3¢, the seleat
morphologics of the verande can be formed on a thin layer of substantially uniform,
generally arsorphoos IROX, which iy in torn formed on s layer of iridiurg metad, which is

i turs deposiied on a metal substrate, such as titaniom or staindesy steel. The spacing,

srnes

neight and width parameters can be caleulated from AFM dita, A suitable conputational

technigee is provided bels

~

The ronghoess of the surface is characterized by the average roughness, Sa, the

"

root mgan square roughnoss, Sq, andfor the developed interfacial ares ratio, 8dv. The Sa
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o

snd Sg parameters represent an overall measore of the texture of the surfaee, Saand 8

)

are relatively insensitive in differentiating peaks, valleys and the spacing of the variou
fexture features. Surfaces with different visual morphologios can have sivdlar Sa and Sy

vabues, For g surfyce type, the Sa and Sg pavaneters Indieate significant deviations in the

‘

texture characteristics. Sdr is exprossed as the percentage of additional surface sres
contributed by the {extirs as compared to an ides! plane the size of the measurement

o

region. Sdr further differentiates surfaces of similar amplitudes and average roughness,

»

ypreally Sdr wall increase with the spatial intricacy of the texture whether ornot 3
i embodiments, the coramic has a defined grain type morphology,
aboot 100 or mown, o.g. about 120 t0 200, In additicn or in the aliernative, the
morphology has an Sqg of about 20 or mewe, e.g. about 20 to 30, In particular
embodiments, the ceramine has an 8dr of 130 or more, g, 186-300. In other

o

embodiments, the ceramic has a globular type surface morphotogy. The Rdr iz about 10

or leosg, e shomd 1io 8 The B4 is about 10 or less, g about less than 3ar f w0 5. In

=

H

still other embodiments, the ceramic has a morphology between the defined grain and the
slobular surface, and Sdr and Sy values between the renges gbove, e, an Sdr of about §
fo 200 andéor an Sq of sbout 1 e 30, The Sa, 8q, and Sdr can be caleulated from AFM
data. A sutiable computation scheme is provided below,
The morphology of the ceramic coating can exhibit high uniformity. The
untformity provides predictable, tuned therapeutic and mechanics! performancs of the
vevante. The uniformity of the wmorphology as chamseterized by Sa, 8g or Sdr anddor
average peak spacing paramstors can be within about /4 20% or less, e.g. /- 10% or less
within & 1pm sguwre. In g given stent region, the uniformity i within about - 10%, e
aboart +/- 186, For example, in embodiments, the ceramic exhibits high wiformity over
an entire surface region of steat, such as the entire abluminal or adluminal surfics, ora

portion of & surface region, such as the center 25% or 50% of the swriace region. The

i«.'}

untformity is expressed as standard devigtion, Uniformity In & region of & stent can be

g k3 &

Sy ol sdbortyiiTis ++ - . vt Flue mancorri b e chiogen ¥ i mesiiara reeor ot
e by defermimng the average in five randomly chosen L square regions and

N
H

calculating the standard deviation. Usniformity of visual morphology type i s region 8

determingd by inypection of FESEM data af 50 KX,
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The ceramios are also characterized by surface composition, composition as &
a

function of depth, and crystallinity. In particular, the amowts of pxyeen or sitride in the

*
4
3

ceranie 18 selected for a desired catalytic effect on, e, the reduction of Halh in
hiclogieal processes. The composttion of metal oxide or nitride ceramios can be
determined as a ratie of the oxide or nitride to the base metal, In particular embodiments,
the ratic 18 about 2 1o | or greater, e.p. about 3 10 1 oy greater, cating

content of the surfhee. T other onbodiments, the ratio s sbout 1 to | or fess, ey about |

to 2 or less, indicating a relatively low oxygen composition. In particular exsbodiments

.

fow oxygen vontent globular morphologies are formed to enhance endothelislization, In

other embodimonts, high oxygen content defined grain morghologies are formed, 2., ¢

a

brg
e

Y

enbance adhesion aud catalytic redustion, Composition can be determined by xray
photoslectron spectroscopy {(XPS). Depth studies are conducted by XPS after argon

"3, v

sputtering. The erystalline nature of the ceramic can be characterized by aryaial shapes 53

viewed m PESEM images, or Miller indices a8 determined by x-ray difftaction. In
embodiments, defined gratn morphologies have & Miller index of <101, Glohala

matesials have blended amorphous and erystalline phases that vary with oxyvgen comtent,
Higher oxygen content typically indicates greater crystallinity.
Refernng to FIG. 6, the {:@atingx can be formed using an inverted oyvlindsical

o

target material 34, such as g coramic {e.g. IROX) or a ceramic precursor metal {eg. 1),

5
ord
et
o
=

A stent 36 {or precursor component of a stent) is disposed within the eylinder,
evlinder slscincludes 2 gas, such as argon and oxygen. & plasma formed in the ovlinder

apeelerales charged species toward the target. Tarpst material s sputtered from the target

L &

P
it
o]
s
”
[
o

feposited onto the stent {arrow 381

The operating parameters of the deposition system gre selected to tune the
morphology and/or composition of the veramic.  In particalar, the powes, fotal prossure,
oxyeen/argon ratio and spaiter time are controlled. By increasing the power andfor fotal
pressure the morphology becomes more defined grain, rougher and ervstalline. By
decreasing these parmmeters the coating becomes more globular and less rough, In

bodiments, the power is within about 340 to 700 watts, e.p. about 400 to 600 watts and

&

e
N

the total prossurs is sbout 16 to 30mTorr. In sther embodiments the power is ghont 100

10
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o

tr 354 walts, ez about 150 to 300 watts, and the total pressure is abount 1 o [nTory,

i

e.g. about 2 1o dmTorr. The oxygen partial pressure is in the range of about 180 o 0%,

,.;
».

e

Particular ranges ave sbont 80-90%, g for defined grain morphologies, and 18 to 40%;,

£

w3, for globular morphelogies. The deposition time controls the thickness of the ceramic

2993

L

and the stacking of morphological features. In embodiments, the deposition S i 2

7

3.3 {0 10 minutes, c.g. about 1 0 3 wminutes. The overal] thickness of the ceranse is about
S0-5300um, w.g. about T8 10 300mm. The oxygen content 18 increased at higher power,
higher total prossure and high oxygen 1 oxygen rati

Inveried ovlindrical phvsical vapor deposition is described further in Siegivied ot
al., Sociuty of Vacuum Coaters, 39" Annual Technical Conference Procesdings (1 BHEY,
w97 Glocker ot al., Society of Vacuum Coaters, 43 Annual Technical Conference
Proceedings-Denver, April 15-30, 2000, p. 817 and 3V Society of Vacuum Coatings:

C-103, An Introduction to Phvsical Vapor Ds.pmitwn g?\ 13} Processos and C-348 —

Albegqueque, NM 871228726, A suitable cathode system s the Model 314, available
trom Isoffux, Inc., Rochester, NY. Other sputtering techniques include closed loop
cathode magnetron sputtering, Pulsed laser deposition 13 desenbed in co-pending
application USSN . filed concurrently { Attomey Docket Ne, 10327801601

y
:!-«_{

Formation of IRQOX s also described in Cho et al, Jpre J fppd, Phes, 36(138: 1722~

FIRT (1997, and Wessling et all, g Micromech. Mivroeng, 16:5142-5148 20081

EXAMPLE

A series of ROX layers are formed as described in the following Table.

11
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Table

Material | Deposition | Paraweters | Type | Sg | Sy | Uniformity | Peak Peak
system Ji55: M- {FESERM; | Beloht | Distanee
{um} {rom}
A mixed I3 13 | hwer i 20
8 prixed  } 12 |- fower
O mixed |7 3 fower <10 ~32
D mixed |70 | 44 | kewer
E globalar | 1 1 High 45

B defined | 27 1 142 | high
gl‘iiiu """"
3 defined | 300 | 180 | high
graill PUTIDERN e
B globdlar {6 1 7 hagh 10158

PRETrS

&y
mTory
Uu. *’& = FG-40%

1-3min

Reforring to FIG. 7, FESEM images at SOKX are provided for the ceramic
materials A-H, along with morphlogy type, Sq and Sdr values, visual uniformity, and
peak height and distance data. Muterials A~C are formed by magnetron sputtering
processes. The ceramics have surlaces that oxhibit an intermediate morphology
characterized vy lobes or vock-like features intograted with or on top of smoother bat sl

granuisted surfaces. The aniformity is relatively low, with regions of Tower and higher

roughniess aud the presence of nop-uniforn featuwes such as isolated regions of rock-like

,...
-y
o
st
£
b
et

features, Matevial D i3 on a compercial pacemaker electrode formed by wet chem
tochmigues. The material exhibits a smoother but still granclated surface
Material B iy & globular material formed by evlindrival vertical maguetron
sputtering. The material exhibits o relatively smooth surface, an 8¢ of sbout 1, and an

Sdv of gbeut 1, The peak height 13 about 4-3 nm and the peak distance is ahout 17-22 na.

12
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intersevting grains, This material hag an Sg ol about 27 and sy Sdv of about 143, These
msterinls exhibit high morphology nniformity.
¥

Materials G and Hoare defined grain and globular materials, respectively, both o

o

)

which are tormed by wverted oylindrical magnetron sputtering but under varying

bt
oy
bu

nperating vonditions. The defined grain vuaterial (Matertal G} s formed as relatived

¥

high power of SUG-000W, high pressure of 1829 mTorr, and high oxygen fo Argon ratin

"-’j

of 80-80. The globular material {Matenial Hy is formed at lower power of 156-300W,
fower pressure of 2-6 mTorr and lower oxygen to Argon ratio of about 10-480. Material €

has an Sg of about 30 and a high Sdr of about 180, Material H has an Sq of about § and

an 8dr of gbout 7. Material G also has ¢ low peak height of abowt 1 to 5 and a pesk

o~

distance of abowt 1315,
erving to FIG. §, the surface chemistry of various materials are ilustrated.

Materials LV gre formed by nverted ovlindrical magnetron sputiering

\.‘,. ESy %

S

are defined grain morphologies. Materials IV-V1 are plobular morphologies, Materials b

S £

IV exhibit a greater oxygen content than Materials Voand VI Oxveen content can be

o Loss

incrsased by nverted ovlindrical magosiron sputiering operating at generally higher

&

gt

tgh pressure andf/or higher oxygen partial pressure.

Material VI, which corresponds to Material Fin FIG. 8, w a relatively high
nxygen cortent defined grain mworphology formed by mugnetron spottaring. Material
VI, which corresponds to Material B in FIG. 8, iy a relatively low oxvgen content
globalar material, Material IX, which cosresponds 1o the material in € in FIGL &, s an
miermediste material with intermediate surface oxygen

Reforring © FIGS, 9A-9C, the chemistry as a function of ceramic depth s
Hlusirated, Reforring to FEG 8A, the oxygon and iridnan depth provide for intenmediate
material X1 i FUG. ¥ is substantiadly constant. Referring particulariy to FEGS 98 and
S, depth profiles are ilustrated for globular materials TV and V1, respectively. Surlice

X

chemistry and depth profiles can be determined by x-ray photoelectron spesirossopy.

o

Reforring to FIG. 1), coramie material can also be characterized by it

o b o

chrysiaiiine strocture. Reforsing particalardy to FIG. 104, a plan FESM view of a defined

13
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srain material is provided. Reforring particaiarly to FIGS, 108 and 10C, cross-sectional

FESM views at different n’mg}:{iﬁcmiou of the same material are provided. The crosa-

which in furm extends from an interlayer of Iridimm. Referring to FIG. 10D, & perspective
vigw iHhustrates the shape of the erystals a3 a function of depth.

in embodiments, coramic i3 adhered only on the abluming! surface of the stent.
This constraction may be accomplished by, e.g. coating the stent before forming the
fenestrations, In other embodiments, ceramie ix adhered only on abluminal and cutface
surfaces of the stent. This construction may be sccomplished by, 2.8, coating s stent
containing & mandeel, which shiclds the luminal surfaces, Masks can be used to shield

portions of the stent. In embodiments, the stent metal can be staivdess sieel, chrome,

wickel, cobaly, tantalun, superelastic alloys such as nitiniol, cobalt clronyium, MPASK,

and other metals, Suitable stent materials and stent designs are described in Heuwth 731,
suprg. It embodiments, the mworphelogy and composition of the cerpnse sre selected to

enhance adhesion 10 & particular metal, Por example, in embeodiments, the coramic is
depostted directly onto the metal swrface of o stent body, e.g ¢ staindess steel, without the
use of g infennediate metal byer. In other i;“—n’ii}{}ﬁi?}?ﬁi}f& a layer of metal commeon o
the ceranyc is deposited pale the stent body before deposition to the ceramic. For
example, a layer of ridinm may be deposited onto the stent body, followed by deposittion
of IRON onto the iridium layer, Other suitable ceramics include metal oxides and
nitrides, such as of ridnun, yirconium, Hlanium, hafhium, nioblum, fantalum, suthoniung,
platinum and aluminum. The ceramic can be orvstalline, pantly orystalline or amorphous.

~

The ceramic can be formed aentively of norganic materials or & blend of norganie and

Py
herein can be formed of metal, In embodiments, the thickness T of' the coatings is in the
range of showt 30 nm o about 2 vy, eg. 100 nm to S60 nm.

P

Referring to FIGS. HEA-TLE, provesses for providing difforent morpholopies on
different surfaces ave illustrited. Reforring to FHGL TEA, in an cmbodiment, in a first step
72, astent 3s conded on all surfhaces with o globular morphology, In a second step 74, &

mrarndrel i tserted idor the stent to muask the shduming! surface, oo gdurd step 76,8

14
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~

defined grain morphology is costed on the abluminal and cutface surfiaces over the

mreviously deposited globular morphology,

Res

Referring to FIG. VIB, in an embodimen, in a first step

1

surfaces with a globular morphology. In a sccond step S4, a mandred is nserted o the

Frod
b

]
3
-

stent and the stent 13 subjeet to plusma eiching to remove the covering frorm he ablamingl

surface. In o thivd step 86, 2 defined grain morphology is deposited on the ablaming
surface and over the globular morphology or cutface surfaces.

Referrmg o FIG. 110, in an embodirent, in 8 first step 83, a mandrel is fnserted
in g stent. b a second step 8§, a delined grain morphology is deposited onto the
adluminal surface of the stent. in a third step 87, the mandrel 1 romoved and ¢ globular

%

morphology w deposited on all surfgcees of the stent. The thickness of the globular

K3

morphology is legs than the depth of the grains of the defined grain morphology so that

on the alduminal surfaces, the morphology retains o defined grain character,

Referring to FIG, 1D, in an embodiment, in 3 first stop 88, a wire i3 provided
msde a stent o partially shield the stent during deposition in a second step 8%, The wire

aiso inhibits deformed grain formulations and the conditions are varied during the
deposition to provide 8 thin coating of a globular morphology on the adlsninal surface

3

and a thicker defined grain morphology on the abluminagl surface.

Rufaring o FIG. 1IE, in an embodiment, v a Srststep 7
# surface with a globular m{\rp*mis . In asecond step 75, the stent is compressed o a
sraatier dioracier. In g thied step 77, o defined grain coaling is deposited.

opipression of the stend 1o a smaller diameter inhibits growth of defined gram

norpiciogy on the adhuminal surfaces, The resulting stent inchudes a definesd grain
morphelogy on abluminal surfaces and # globular morphology on adloming! surfaces
Retorring to FIGS. 12-15, other deposition patterns are tlustrated, Referming to

FIG. 12, a stent 90 including fonestrations 91 has first and second ceramic materials B2,

v

94, The cerainic madenal 92 covers substantially a surface of a stent exceprt high sivess

2

regions such as adjacent fo the species of the fenestrations, where material 94 18 provided.

Material 94 {g, for example, a defined grain material that resisty cracking or delamingstion

i high siress lovations and matenal 92 is a globular material.

15
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Reforring particularly to FIG. 13, a stent 100 includes 8 body 181 coramde

2

material 102, 104 over Hs end regions which correspond 0 the location of untreated
fissue. Ceoramic materials 102, 104 may be, e.g. of the same or different morphology
andfor chomistry. For oxample, the ceramics 102, 104 can be selvcted 1o enbane

endothehalization. Referring to FIG, 14, a stont 110 has g series of difforent coramie

oo,

s

matersds 112, 114 arranged along its length. Relerring to FIG. 15, a stent 120 has

different ceramic materialy 122, 124, 120 arranged radially about the stent axis. In
embodiments, a pehvner is wovided only on the abluminal surt s ilustrated, In

other embodiments, polvmer layers are provided as well or ondy on the lumioal surface

and/or cui-face sarfaces,

¥

The ceranie material can also be selected for compatibility with & parbivutar

g

polymer coating 1o, o.g enhance adhesion. For example, for o hydrophobic polymer, the

H 3
saypen content, which increases polar oxygen moisties, such as OH gronps. Satteble
drug eluting polymers may be hydrophilic or hydrophobic, Saitable pelymers include, for

example, polyearboxylic geids, cellulosic polymers, including cellulose neetaie and
celluiose nitrate, gelatin, polyvinylpyrrolidone, cross-linked polyvinyipyrrolidone,
polyvanbiydrides including madeie anbydride polymers, polyamides, polyviayl aleohals,
copolymers of vinvl mononmers such as BVA, polyvinyl ethers, polyvinyl aromatics such
as polystyeene and copolymers thereof with other vinyl monomaers sueh as isobutyle

1t

wwoprene and butadiene, for example, styrenc-isobutylene-styrene {SIBR}, styrene-

kS » L RS2 E 3

isoprenc-shyrene {318) copolymers, styrenc-butadiens-styrene (SBS) copolvmers,

polyethiviene oxides, glyeosaminoglyeans, polysaccharides, polyesters insluding

wolvethvlene wrephthalate, polvacrylamides, polvethers, polyethor sulipne,

ey

wlyearbonaty, polvalkyvienss including polypropylene, polyethylene and high molecular

o

weight polyethyiene, halogenerated polvalkylenes inclading polvietealluorosthylene,

satural and synthetic rabbers including polvisoprene, polybutadiens, polyisolutylene and

copoiyvmers thereo! with other vinyl monomers such as styrene, polyurethanes,

o
[

'7:.3

olyorthoesters, proteing, pobypeptides, silicones, stloxane polymers, polylactic acid,

polveaprolactone, polvhydroxybutyrate valerate and blends and

H

soabyglyveolic aai{i?

b

copolvmers thersof as well as other biodegradable, bicabsorbable and biostable polymers

16
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and cz’.s;pﬂ}};méss‘ﬂ. Cesﬁingsi rom polymer dmpcmon such as paisu ethane disporsions

&
presont invention. The polymer may be a protein polymer, fibrin, collagen and
lerivatives thereot, polysaccharides such as colluloses, starches, dextrany, alginatey amd
derivatives ol these polysaccharides, an extraceliular matrix component, hyaluronic acid,
or annther biologio agent or & sultable mixture of any of these, for example. o one
emboduneny, the preforred polymer is polyacrylic acid, available ss HYDROPLUS RTM.
{Boston Scientific Corpovation, Natick, Mass.), and described in ULS. Pat Mo, 5,091,205,
the disclosure of which 18 hereby Incorporated herein by reference. UK, Pat, 5,091,208
deseribes medival dovices voated with one or more polviocyanates such that the devices

3
X
H

hecome instantly lubricious when exposed to body fluids, In another preforred

o

embodiment of the invention, the polymer is 8 copolvmer of poly

polveaprolactone. Suitable polymers are discussed i ULS. Pablication No.

I embodiments, the polvmer 1s capable of gbsorbing g substantial amonnt of drug
ofuttens. When applied as a coating on a medical device in aecordance with the present
inverntion, the dry polymer is typically on the order of from about 1 to abont 58 microns
fhick, Very thin polyvmer coatings, ¢.g., of about (.2-0.3 microns and much thy

coatings, e, move than 10 microns, are also possible. Multiple layers of polymer
coating can be provided. Such multiple layers are of the same or different polymer
mterials,

The termis “therapautio agent”, “pharmacentically active agent™,

“pharmaceuticaily active material”, “pharmaceutic Jﬁ} active ingredient”, “drug” and

other related torms may be used interchangeably herein and inclode, bat ave not Hamted
to, small organic molecules, peptides, oligopeptides, protewns, nuclete acids,
oligonucieotides, genetic therapentic agents, non~-genetic therapeutic agents, vectors oy
delivery of genetic therapeutic agents, cells, and therapeutic sgents identified gs

candidates for vascalsr rogtment rogimens, for example, 83 agents thaf reduce or inhibit

restenosia. By smadl organie molecule 13 meant an organic molecule having 3¢ or fewer

carbon stcans, angd fwer than 100 nen-hydrogen stoms in total,

17



WO 2008/147853 PCT/US2008/064483

Exemplary therapeutic agents inclade, e.p., anti-throwbogenic sgents (o

o
(&8
A

heparin; anti-profiferative/sat-mitotic agents {.g., paclitaxl, 5-Huorcwrasl, sisplatin,

vinblastine, vineristing, inhibitors of smooth muscle eell p‘uiaf cration {o.g., monocional

antihodies), and thymidine kinase inhibitors); antioxidants; anti-inflammatory agents
{e.8., dexamethasone, prednisolone, corticosterone); anestheiic agents {v.g., hdocaine,

bupivacaine and ropivacaing); anti-copgulonts; antibiotics {o.g., etythramyveln, trictosan,

cephalosporing, and aminoglyeosides); agents that stimulate endothelial ceil growth

ot
o
T
pod
o
=
Z
&z
(
o
o
e
=
e
-~
-
&

andior altachment. Therapeutic agents can be nonionie, or they car
cationic in nature. Therapentie agents can be used singularty, or in combination,
Prefarved thorapeotiv agents include inhibitors of restenosis {e.g., paclitaxel},

profiferative agents {e.g., clsplatin}, and antibiotics {e.g., erythromycin}. Additional

examples of therapeutic agents are described 10 UL8, Published Patent Application No.
JB0SO26074, Polymers for drug elution coatings are glso disclosed in U8, Published
Patent Application No, 2005492654, A functional molecule, e an areanic, drug,

poivmer, protein, DNA, and similar material can be incorporated into groves, piis, void

spaces, and other fostures of the ceramic.

The stents described heretn can be configired for vasealar, g coronary gnd
periphoral vascalstuwee or non-vascnlar hunens. For example, they can by confipured for
use in the ssophagus or the prostate. Other fumens include biligry lomens, hepatic

fumens, pancreatie lumens, wretheral lumens and weeteral lumens.,

g
e
%
D
£

ent described hovetn can be dyed or rendered radiopague by additfon of,

3

2.8, radiopaque nuaterials such ax bartum sulfate, platinum or gold, or by coating with a

radiopague material. The stent can include {e.z., be manutsctured from} metallic
niteriads, such as stainless steel {e.g., 3161, BloDuwr® 108 (LUINS 829108}, and 3080

stainless steed, and an alloy including stainiess steel and 5-609%6 by weight of one or mare

radiopague slements {e.g., P Ir, Ay, W) (PERSS®) as described in US-2003-0018380-

3

.
7
o
"

-
£
LV

¥
§eat
o]
Faasy
o
[
n,
it
i
p
“t

$757-A%, and US-2003-0077200-A1), Nitino! {a nickel-tilarmum alloyy,
coball alloys sach as Higiloy, Lo0S allovs, MPASK, ttanium, tanium alloys {eg, T
SALAY, T30 s, Ti- 108y, platinum, platinom allovs, niohium, siobium all

12r} Co-28Cr0Mp, tantatam, and tandadom alloys, Other examples of materials are

v

deseribed i commonly assigned ULS, AppHeation No. /672,891, filed

18
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2003, and ULB, Application No. 11/035,316, filed January 3, 2005, Other materials

inclode elastic Bocompatible metal such as & superelastic or peeudo-clastio matal alloy,

4]

A&

as described, for example, in Schetsky, L. McDonald, "Shape Memory Alloys®,

X 3

Encyclopedia of Chendeal Technology (3rd ed.), John Wiley & Sons, 1882, vol. 20, pp.

T20-736; and commonly assigned U8, Application No. 10/346 487, filed January 17,

seripheral vascnlar stents, gastrointestinal stents, urology stents, racheal/bronchdal stents,

b

and newnlogy stents). Depending on the application, the stent can have a diameter of

between, €., about I mm to about 46 mm. In certain embodintents, a coronary stent can
have an expanded diameter of from about 2 mim to about ¢ mun. In some embodiments,
peripheral et can have an expanded dimmeter of from about 4 mm to about 24 mm, In
cartain embodiments, a gastrointestinal andfor wrology stent can have an expanded
digmeter of from about 6 mm to about 30 mm. In some embodiments, a neurslogy sfent
can have an expanded diameter of from about T mm 1o about 12 mm, Ag abdoming
aoriiv ansuwrysm {AAA ) stent and a thoracie aortic aneurysm (TAA) stent can have a

o

hamaeter from about 20 mm to about 46 mm. The stent can be ballocn-expandable, self

o

mq-; <

expandable, or & combination of both {e.g., U.S. Patent No. 8,290,721}, The cerami

x

can be used with other endoprostheses or medical devices, such as catheters, gu

,,
T
[
","
<
«Z’
i
o

]
]
>

st filiers.

Computation

The roughness and feature parsmeters are calonlated from AFM dats. A height
map is imported from the AFM as & matrix of height values. An image of g | am sguare
region is represented by 2 312 x 512 pixel matrix for a resolution of abowt 2-3 nm. For
morphiciogies that exhibdt substantiad defined graing, the roughness parameters, Sa, Sg,
and Sdr, as well ag feature parameters such as peak height, peak diameter and peak
distgnee van be calevlated divectly from the pixel matvix, For globular type

morphologies, in which the differential between minima and maxima are loss
Rk o 3

wonounicad, & watershed function can be used, which s Hlustrated in Fig. 18 The grey

suale height map is lnveried and a watershed function s used to generate loval maxima

hness parameter and the feature parameter are caloviated from the

g
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e
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f
tomgd
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<
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watershed processed data. The watershed process is used o more efficiently fod focal
maxin and minima in the generally smeocther globular morphologies. Suitable softwars
for calculating beight map s the Scanning Probe Image Processor (SPIP) from Imagnet
in Lyngby, Denmark. Software for determining feature parameters 18 developed wsing
DL Software from REL Ing, 1TT Visual Information Solutions, Boulder, Colurads,

Code for computing the mage feature parameters is provided below,
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Still other embodiments are in the clatms,
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Appendix {
Ss and Bg
Asillustrated in Figs, A and B, Sa and Sq are the average roughness and root
mean sguare {Tms} roughness evaloated over the coraplete 313 surlace respectively.
Mathematically, the g and Sq ave evaluated as follows:

]

%:

H

H

ﬁ 3‘

i o

o

i

&xrzsf ¥

g
o

%
vy}

\

The Sa and g parameters represent an overall measure of the togiure

comprising the swrface. Sz and Sq are insensitive in differentiating puaks, valleys an

& *

ke
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the spacing of the various texture features. The figure above demonstrates teo very

differergt surfaces with entteal S and 3q velues, indieating the insensitivity of the

Su and Bq parsmeters. Once a surface type has been established, the Sa and Sy

parantelers mmy be used o hdicate significant deviations in the texiure

5 characteristios.
Ry
As llustrated n Figs € and 1, 8dr, the Developed Wnterfacial Ares Ratio is
expressed s the percentage of additional swrface ares coniributed by the texhure ag
compared @ an ideal plane the size of the measurement reglon,
e ~{rosy  Secticoned  Aves)
Sidr = = :
3‘7?}.@;’ - Area
Fig. C
Surface Area Is the
fotal areg of ol
triangles formed
over the fexture af
the resolution of
measuremend
S 188 Hos L s Foew S35
{e Sdr misy further differentiste surtaces of similer amplitodes and average

by Sdr will inorease with the spatial intricaey of the texiure whather
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or not Sa chanees. Further mformation is available from Michigan Metrology, Ine.,

Livonia, Ml
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WHAT Ix CLAIMED IS:

1. An endoprosthesis, comprising

ceramic having a morphology of defined praing with an aspect ratic of ghont

5 S:1 o0 mowe.

2. The endoprosthests of claim 1 wherein the aspect ratio is about Hyi o

2401
19 3. The sndoprosthesis of elatm 1 wherein the grains have a fongth from about

4. The endoprosthesis of claint 1 wherein the grains have a width of about S ©

sl
i

5. The endoprosthesis of claim
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29 about 400 i or loss,

The endoprosthests of claim 1 wherein the Sdr is about 120 o 204,

8. The endoprosthesis of claim I whereln said cergmic has an Sq of about 20
28 OF THIGTE.

5

9. The endoprosthesis of elatmy 1 further including a coating over the ceramic,

13 The endoprosthesia of claim ¥ wherein the coating is formed of polymer,

;..,‘
1=
r'-
(".}
o
[0
=
o
5

A

1. The endoprosthesis of claim 9 wheredn the coating inel

26
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13, An endoprosihesis comprising

cevamic having an Sdr of about 100 or greaten

e

14, The endoprosthesis of claim 13 wherein said Sdr is about 1280Ho 200,

e,

o
¥
hrss]

The endoprosthesis of elatm 13 wherein said Sdr s abowt 150 or greater.

v

vherein saud

......
.
C/ L4

dr is abowt 130 oy greater.

s
Lo
o
2

The endoprosthesis of claim |

o

{7, The endoprosthesis of claim

oy

3 wherein satd ceramic has an Sy of sbowt

20 ormore.

18, The endoprosthesis of claim 17 wherein said 8q s about 20 1o 30,

19, The ondoprosthesis of claim 13 wherein the Sdr g uniformity i aboul +-

3

28, The endoprosthesis of claim 13 wherein the ceramic includes defined
graing having an aspect ratio of about 511 or more.

FaY

1. The endoprosthesis of cladm 20 whercin the aspect ratio 1 about 1 o

i endoprosthests of claim 20 wherein the grains have a length from

about Stnm-200mm.

o Pinm

Rl

o

The endoprosthesis of claim 13 wherein the ceramic has a pesk distance

Pk

of about 00 ran or less,

27



WO 2008/147853 PCT/US2008/064483

iy

25, The endoprosthesis of claim 13 wherein the ceramic has g peak height of

l~4

about 400 wn or les,

26, The endoprosthesis of clam 13 further including a eoating over the

5 COrRImie,

The endoprosthesis of elaim 26 wherein the coating 18 formead of polymar

28, The endoprosthesis of claim 26 wherein the coating includes drug.

S
28, The endoprosthesis of claim 13 wherein the coramie is a coating o g
migtnl
30, The endoprogthesis of clalim 28 wheredn the cogting 18 on the abluminal
15 side of & stent,
31, The endoprosthesis of claim 30 wherein the adtuminal surface is
substantially free of said coating,
28 32, The endoprosthesis of claim 13 wherein the ceramic is IROX.
33 An endoprosthosis, comprising
cersmic having 8 morphology of globudar feaiures having o height of sbowt
2o or less, o diameter of about 100mm or less, snd & peak distance of ghoot 200w
25 or less.
34, The endoprosthesis of claim 33 wherein the ceramie has an Sq of sbout 18
or fess.
3¢ 35, The endoprosthesis of claim 33 wherein the coramuc hes an Sq of gbout 10

36, The endoprosthesis of elaim 33 wherein the coating is on the adluminal

28
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38, An endoprosthe
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w having g
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coMmpwising

PCT/US2008/064483

s endoprosthesis of olaim 33 wherein the ceramic s exposed 10 tswue,

0 Sdr of about 10 or less and an Sdr sniformity of about 44

% shout 25% or more of an abhuningl or adlumingl surface.

3%,
8 CUrs

£
i1

40. A

At
41, A

g Hirst ceramio

porion.

An endoprosthesis, com

seaic having

\n endoprosthe

pe)

3

i
¥

=13

o
O
e
]
ot
)

mnrphology of defined grains, and

polymer coating over the

CErgme,

sy endoprosthests, comprisin

1§

F
=

3

o

ing having an Sdr ot abou

T cogting over the ceramic,

<18, COmprISIngG

having a morphology of defined

{1 or more, and

grains on a first portion, and

aving a morphology or globular features on a second

A endoprosthesis, comprising:

ceranue having an Sdr of sbout 10 or less, and

a second ceramie having an Sdr of about 100 or more.

33, A methed of orming a prosthesis, ©

CHRIpRISINgG

eramic by plasma spultering,

ormng &

TOMunRg a
uhifizing the i T
§ :,{mz’ugiab'{ POV
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