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(57) ABSTRACT 

Devices and methods are provided for an implantable medi 
cal device Which is degradable over a clinically relevant 
period of time. The medical devices may have the form of 
implants, graft implants, vascular implants, non vascular 
implants, Wound closure implants, sutures, drug delivery 
implants, biologic delivery implants, urinary tract implants, 
inter-uterine implants, organ implants, bone implants includ 
ing bone plates, bone screWs, dental implants, spinal disks, 
or the like. In preferred embodiments, the implantable 
medical device comprises an implantable luminal prosthesis, 
such as vascular and non-vascular stents and stents grafts. 
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DEGRADABLE IMPLANTABLE MEDICAL 
DEVICES 

CROSS-REFERENCES TO RELATED 
APPLICATIONS 

[0001] This application claims priority to US. Provisional 
Patent Application No. 60/668,707 (Attorney Docket No. 
022265-000200US), ?led on Apr. 5, 2005, incorporated 
herein by reference for all purposes. 

BACKGROUND OF THE INVENTION 

[0002] 
[0003] The present invention relates to medical devices 
and methods. More particularly, the present invention relates 
to implantable luminal prostheses and other medical devices 
Which degrade in a body environment. 

[0004] 2. Description of the Background Art 

1. Field of the Invention 

[0005] Coronary artery disease is the leading cause of 
death in the industrialized countries around the World. It 
begins as the accumulation of atherosclerotic deposits in the 
Walls of the major arteries Which supply blood to the heart. 
As the deposits accumulate, normal blood How to the heart 
is restricted. The heart has several compensatory mecha 
nisms, Which, to a point, can offset such diminished blood 
?oW. Beyond these compensatory mechanisms, a number of 
Well established pharmaceutical treatments have been 
shoWn to improve both symptoms and mortality in patients 
With mild to moderate coronary artery disease. HoWever, as 
the disease progresses, its symptoms become more apparent, 
despite drug therapy. When the heart does not get enough 
blood, particularly during exercise or stress, advanced coro 
nary artery disease is manifested as debilitating chest pain or 
angina. At this point, mechanical intervention is required to 
increase the amount of blood ?oWing to the heart. 

[0006] Angioplasty is one of the most common interven 
tional treatments for advanced coronary artery disease. 
Andreas GruntZig performed the ?rst percutaneous translu 
minal coronary angioplasty (PTCA) procedure. He 
advanced a catheter With a small balloon through the aorta 
and into a coronary artery With a partial occlusion. He then 
in?ated the balloon, compressing the plaque against the 
arterial Wall, and restoring blood How to the heart. 

[0007] PTCA has groWn rapidly, and angioplasty catheters 
have become smaller and more maneuverable, alloWing 
interventional cardiologists to access more difficult coronary 
blockages. HoWever, restenosis, or reocclusion of the treated 
lesion, has plagued PTCA. Typically 30-40% of all patients 
have restenosis folloWing PTCA. 

[0008] Coronary stents Were introduced in the mid 1990’s 
to prevent restenosis. A stent is a small metal coil, slotted 
tube, mesh or scalfold structure that is placed in a coronary 
artery. It is a permanent implant that remains in the coronary 
artery folloWing PTCA. The stent helps hold the artery open, 
improves the How of blood, and relieves symptoms of 
coronary artery disease. Coronary stents Were the ?rst 
devices proven to reduce restenosis, dropping the rate of 
restenosis to 15-20%. Stents have since been used in the 
majority of PTCA procedures. 

[0009] Conventional stents have taken tWo forms, balloon 
expandable stents and self-expanding stents. Both are typi 
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cally made of metallic materials and may include a biocom 
patible coating. Such stents are permanently implanted into 
the human body by deploying them on or through a catheter. 
Such permanent implantation may increase the amount of 
intimal hyperplasia, thrombosis or other adverse medical 
effects. Coronary stents accomplish a loWer restenosis rate 
of 15-20% post angioplasty compared to PTCA alone as a 
result of maintaining a higher acute gain post procedure. 

[0010] Drug eluting stents, Which elute drugs such as 
rapamycin and paclitaxel, Were designed to further reduce 
intimal hyperplasia rates With stents. Such drug eluting 
stents incorporate metal or metal alloys With degradable or 
non degradable polymers Which control release of the drug. 
The use of such drugs has further reduced the rates of 
restenosis as compared to stents alone. 

[0011] The metals or metal alloys used for both conven 
tional and drug eluting stents are intended to be biologically 
stable and remain in the body for the patient’s life unless 
surgically removed at a later date along With surrounding 
tissue. Thus, these stents do not permit temporary placement 
Within the body unless patient and surgeon are prepared to 
undertake a second procedure to remove the stent, Which is 
dif?cult or impossible in most cases. 

[0012] Although one of the primary functions of stenting 
is to provide mechanical support to the blood vessel Wall and 
to preserve the lumen for blood ?oW, once the vessel Wall 
heals the stent serves little or no continuing purpose. Further, 
the presence of a stent Which remains mechanically rigid 
could potentially cause complications to the patient. It has 
therefore been desired to provide a stent Which dissolves or 
degrades during or shortly after healing of the vessel or 
thereafter 

[0013] There have been several attempts to make stents 
from biodegradable polymer materials such as poly-lactic 
acids (PLA). Such polymer stents, hoWever, tend to provide 
less mechanical support for the vessel Wall and therefore 
have to be substantially thicker than a comparable metallic 
stent. The thickness can reduce the available blood ?oW 
lumen and can cause undesirable biologic responses. 

[0014] Recent attempts have been made to make metal 
stents Which decompose in the body, as described for 
example in US. Pat. No. 6,287,332 B1 and US. Pat. No. 
6,854,172 B2. See also US2004/009808 and WO 
02/053202. Such degradable metal stents, hoWever, often 
compromise strength, pro?le, and other desirable character 
istics Which are found in conventional metal stents. 

[0015] For these reasons, it Would be desirable to provide 
degradable devices that have improved physical and 
mechanical characteristics. In particular, it Would be desir 
able to provide a stent or other luminal prosthesis Which is 
degradable during and/or upon healing of the vessel or 
thereafter and Which has features to reduce the risk of injury 
to the vessel or restenosis. It Would also be desirable to 
provide localiZed and controlled release of a pharmacologi 
cal agent from the stent or other device for the treatment of 
blood vessels and other body structures at the location being 
treated With the stent. Such pharmacological agents could 
minimiZe both restenosis and any in?ammatory response 
toWards the stent or other device and degradation products 
thereof. At least some of these objectives Will be met by the 
aspects of the present invention. 



US 2006/0229711 A1 

BRIEF SUMMARY OF THE INVENTION 

[0016] Medical devices and methods utilize an implant 
able structure comprising a body Which is degradable over 
a clinically relevant period of time. The body may have a 
variety of forms and may be used in a variety of medical 
treatments. In preferred embodiments, the body has the form 
of a stent, particularly a vascular stent of the type used in the 
treatment of coronary artery disease. The body comprises or 
is formed or constructed from a material Which provides 
desired physical and mechanical attributes for the device. In 
preferred embodiments, the body comprises a metal (pure or 
With impurities), a metal alloy or a combination thereof. The 
term “metal” as used hereinafter Will include such pure and 
impure metals as Well as metal alloys and other combina 
tions of tWo or more metals and metal alloys. The implant 
able bodies are at least partially degradable in a physiologic 
environment. Preferably, the materials of implantable struc 
tures are fully degradable so that no structure remains after 
a clinically relevant time period, as discussed beloW, and 
produce degradation byproducts Which are physiologically 
benign, preferably being of a type Which is naturally occur 
ring in the body environment. More preferably, the bodies of 
the implantable structures produce degradation byproducts 
in amounts loWer than What is typically present in the 
physiologic environment. The degradation rate of the 
implantable structure may be controlled in a variety of 
aspects individually or in combination thereof. Exemplary 
physiologic environments include vascular and other body 
lumens including the ureter and the urethra, solid tissues, 
cerebral tissue, and the like. 

[0017] In a ?rst aspect of the present invention, the deg 
radation rate of the body of the implantable structure is 
controlled by selection of the composition of the implant 
material. The implant material is selected from a metal or 
metal alloys or combination thereof Which can degrade in a 
clinically relevant time period ranging from approximately 
one month to 5 years, usually from 4 months to 2 years, and 
often from 6 months to one year. Thus, the Weight or volume 
of the implantable structure Will typically diminish each day 
by a percentage in the range from about 0.05% to 3%, 
usually from 0.1% to 0.75% per day, and more usually from 
0.25% to 0.5% per day. 

[0018] The metal, alloy, or combination material of the 
implantable structure Will usually have a corrosion current 
(Icorr) in the range from 0.0001 amps/cm2 to 0.1 amps/cm2, 
usually from typically 0.001 amps/cm2 to 0.01 amps/cm2, 
and usually from 0.0025 amps/cm2 to 0.008 amps/cm2. The 
corrosion current is proportional to the corrosion rate, so 
materials With higher Icorr values Will corrode more rapidly 
in the vascular or other physiologic environment. Icorr 
varies With the material property, geometry, and surface 
characteristics of the implant, and also physiologic environ 
ment among other factors. The Icorr value Will typically 
represent an average value for the body as a Whole or for any 
portion of the body. 

[0019] In a second aspect, the degradation rate of the 
implantable structure is controlled at least in part by modi 
fying its geometry. Such geometry modi?cations may 
include surface area to volume ratio. For example, attributes 
such as holes, reservoirs, trenches or others can be incor 
porated into the body to increase the surface area Without 
signi?cantly increasing the volume Which can be used to 
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control the degradation rate of the structure. When the 
implantable body comprises a stent having a strut, the 
geometry to be modi?ed may include the strut Width to strut 
thickness ratios. 

[0020] In a third aspect of the present invention, the 
degradation rate of the implantable structure is controlled at 
least in part by the addition of corrosion inducing features. 
For example, in some embodiments, the implantable struc 
ture comprises an implantable body having at least one 
surface and at least one corrosion inducing feature on the at 
least one surface Which causes at least a portion of the 
structure to degrade at a controlled degradation rate. In 
preferred embodiments, the implantable body comprises a 
metal, a metal alloy or a combination thereof. In some 
embodiments, the corrosion inducing feature comprises a 
pit, pore, partial hole, void or combination of these. In other 
embodiments, the corrosion inducing feature comprises a 
surface irregularity, scratch, streak, ridge, bump, texture, 
sintered porous metal or alloy, roughened surface or com 
bination of these. In still other embodiments, the corrosion 
inducing feature comprises a hole, either partial or complete 
sintered pores, or combination of these. Further, in some 
embodiments, the implantable body has a ?rst surface With 
a ?rst associated portion of the body and a second surface 
With a second associated portion of the body, Wherein the 
?rst surface has corrosion inducing features present in a 
density and/or con?guration Which causes the ?rst associ 
ated portion to degrade at a rate Which differs from the 
second associated portion. 

[0021] Exemplary metals include iron, cobalt, tungsten, 
molybdenum, silver, and the like. These metals may be 
substantially pure, typically having purities about 90% by 
Weight, often above 95% by Weight, and frequently above 
99.5% by Weight. Alternatively, these metals may be com 
bined as alloys With other metals or materials. Exemplary 
alloys include iron-containing alloys, such as AISI series 
1000 carbon steels, AISI series 1300 manganese steels, AISI 
series 4000 molybdenum steels, AISI series 4100 chro 
mium-molybdenum steels, AISI series 4300 and AISI series 
8600 nickel-chromium-molybdenum steels, AISI series 
4600 nickel-molybdenum steels, AISI series 5100 chromium 
steels, AISI series 6100 chromium-vanadium steels, AISI 
series 9200 silicon steels, and the like. Other iron-containing 
alloys Will have at least 25% iron, preferably 50% iron, more 
preferably 75% iron, and often 90% iron, 95% iron, or 99% 
iron, or greater by Weight. Iron alloys may contain carbon 
ranging from 0.05% to 3% by Weight, preferably 0.05% to 
1.0% by Weight, more preferably 0.1% to 0.6% by Weight. 
Alloys of silver, tin, cobalt, tungsten, molybdenum, and the 
like, Will usually have at least 25% by Weight of the pure 
metal, usually at least 50% by Weight, often at least 75% by 
Weight, and sometimes 90% by Weight, 95% by Weight, or 
98% by Weight, or greater. 

[0022] In a fourth aspect of the present invention, the 
degradation rate of the implantable structure is controlled at 
least in part by the manipulation of corrosion enhancing 
and/or corrosion resisting elements in the implant structure. 
Thus, atoms or compounds Which loWer the resistance of a 
metal or metal alloy to corrosion can be added to or 
increased if already present in these materials. LikeWise, one 
or more corrosion resisting elements may be depleted. Such 
manipulation of elements may occur on a surface of the 
implant structure, throughout the implant structure or adja 
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cent to a grain boundary of a metal or alloy to control 
corrosion of the metal or alloy. 

[0023] In a ?fth aspect of the invention, the degradation 
rate of the implantable structure is controlled at least in part 
by the addition of corrosion controlling agents. Such agents 
may be synthetic or biologic, such as acidic compounds, 
sodium chloride, calcium chloride, magnesium chloride, 
hydrochloric acid, citric acid, amino acid, hydroxyapatite, 
hydrogen peroxide, basic compounds such as potassium 
hydroxide, acidic and basic pharmaceutical agents, or poly 
mers With acidic or basic byproducts, others or a combina 
tion thereof. 

[0024] In a sixth aspect of the invention, the degradation 
rate of the implantable structure is controlled at least in part 
by the creation of a galvanic cell. In some embodiments, 
metal or alloy particles are delivered adjacent to the implant 
structure, either in ?uid or tissue. These particles are in ?uid 
contact With the implant and create a corrosion-inducing 
galvanic cell. Galvanic cells can be created, for example, by 
alloying metals having different electrochemical potentials 
so that a current may be generatedt to oxidiZe the alloy in the 
electrolytic physiologic environment. 

[0025] In a seventh aspect of the invention, the degrada 
tion rate of the implantable structure is controlled at least in 
part by layering of materials. In some embodiments, the 
implantable structure comprises an implantable body having 
a ?rst layer Which degrades at a ?rst degradation rate and a 
second layer Which degrades at a second degradation rate 
which differs from the ?rst rate. The ?rst layer and second 
layer comprises a metal, metal alloy or combination thereof 
and the layers cause at least a portion of the structure to 
degrade at a controlled degradation rate. The ?rst and second 
layers may have different passive states. The ?rst and second 
layers may dilfer in an electrochemical series. Alternatively 
or in addition, the degradation period and/or degradation 
rates may dilfer due to dilfering thicknesses of the layers. 

[0026] In an eighth aspect of the invention, the degrada 
tion rate of the implantable structure is controlled at least in 
part by incorporating or manipulating a protective layer. In 
some embodiments, the implantable structure comprises an 
implantable body comprising a metal, metal alloy or com 
bination thereof having a degradation rate, and a layer Which 
covers at least a portion of the implantable body, Wherein 
aspects of the layer are controlled Which controls the deg 
radation rate of the implantable body. The protective layer 
may comprise a passivation layer or a coating. Such coatings 
may comprise a polymer, metal, metal alloy, therapeutic 
agent, corrosive agent, radiopaque agent or combination of 
these. Such aspects of the protective layer may include 
thickness, chemical composition, chemical permeability, 
durability, amount of coverage of the implantable structure, 
or a combination of thereof, such aspects of the protective 
layer may include amount of corrosion-resistant oxides. 
Optionally, the protective layer may have openings Which 
reveal underlying portions of the implantable body, Wherein 
the openings assist in controlling the degradation rate of the 
implantable body. 

[0027] In further aspects of the invention, an implantable 
structure is provided comprising an implantable body com 
prising a metal, metallic alloy or combination thereof Which 
has at least a portion Which degrades at a controlled degra 
dation rate, Wherein the controlled degradation rate has at 
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least tWo phases of dilfering degradation rates. In some 
embodiments, the at least tWo phases comprises an initial 
degradation rate Which is sloWer than a later degradation 
rate. In other embodiments, the at least tWo phases com 
prises an initial degradation rate Which is faster than a later 
degradation rate. 

[0028] In another aspect of the invention, an implantable 
structure is provided comprising an implantable body com 
prising a metal, metallic alloy or combination thereof Which 
has at least a portion Which degrades at a controlled degra 
dation rate Which varies along its struture. In preferred 
embodiments, the implantable body comprises a stent. 

[0029] In yet another aspect of the invention, an implant 
able structure is provided comprising an implantable body 
comprising a metal, metal alloy or combination thereof 
having a controlled degradation rate, and at least one thera 
peutic agent Which elutes from the implantable structure. In 
some embodiments, the therapeutic agent includes a phar 
macological agent including but not limited to an anti-cancer 
agent, an anti-in?ammatory agent, an immuno suppressive 
agent, antiproliferative, antiplatelet, or a combination of 
these. In another aspect, the implantable structure further 
comprises at least one coating Which at least partially covers 
the implantable body. The therapeutic agent may be con 
tained in or adjacent to the coating. The coating may be 
metallic, polymeric, ceramic; synthetic or natural; and or 
combination thereof. The coatings may be degradable, par 
tially degradable, non degradable, and or combination 
thereof. In other embodiments, the therapeutic agent com 
prises one therapeutic agent Which elutes in one phase of 
degradation and another therapeutic agent Which elutes in 
another phase of degradation. Further, in other embodi 
ments, the therapeutic agent is at least partially contained in 
a corrosion inducing feature. 

[0030] Other objects and advantages of the present inven 
tion Will become apparent from the detailed description to 
folloW, together With the accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0031] FIG. 1 illustrates an example of an embodiment of 
the implant of the present invention in the form of a stent. 

[0032] FIG. 2A shoWs examples of metal and metal alloy 
degradation data. 

[0033] FIG. 2B illustrates data for Weight loss over time 
of some metal and metal alloy implant materials as com 
pared to stainless steel. 

[0034] FIG. 3 illustrates a portion of a stent body having 
an example of corrosion inducing features thereon. 

[0035] FIG. 4 provides a close-up illustration of examples 
of corrosion inducing features on a stent body. 

[0036] FIG. 5 illustrates a cross-section of a strut of a stent 
body having examples of corrosion inducing features 
extending therein. 

[0037] FIG. 6 illustrates a surface of an implant having 
examples of corrosion inducing features of a variety of 
shapes and siZes extending from the surface into the implant. 

[0038] FIG. 7 illustrates cross section of an implant body 
With an example of corrosion inducing features Which 
extend from the surface and cross or join Within the implant. 
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[0039] FIG. 8 illustrates an example of a corrosion induc 
ing feature Which extends from the surface and includes 
side-branches Within the implant. 

[0040] FIG. 9 illustrates an example of a corrosion induc 
ing feature Which extends from the surface into the implant 
and includes at least one protrusion Which extends out 
Wardly from the surface. 

[0041] FIG. 10 illustrates examples of corrosion inducing 
features in the form of scratches. 

[0042] FIG. 11 illustrates a surface of an implant having 
examples of corrosion inducing features in the form of, 
textured surfaces. 

[0043] FIG. 12 illustrates a cross-section of a portion of an 
implant having examples of corrosion inducing features in 
the form of holes extending through the implant. 

[0044] FIG. 13 illustrates an example of a hole including 
a plurality of side-branches. 

[0045] FIG. 14 illustrates an example of corrosion induc 
ing features substantially uniformly distributed across a 
surface of an implant. 

[0046] FIG. 15 illustrates an example of corrosion induc 
ing features of FIG. 14 non-uniformly distributed across a 
surface of an implant. 

[0047] FIG. 16 illustrates an example of corrosion induc 
ing features in the form of streaks substantially uniformly 
distributed across a surface of an implant. 

[0048] FIG. 17 illustrates an example of corrosion induc 
ing features of FIG. 16 non-uniformly distributed across a 
surface of an implant. 

[0049] FIG. 18 illustrates an example of particles in ?uid 
or tissue adjacent to an implant. 

[0050] FIG. 19 illustrates an example of a cross-sectional 
vieW of an implant having three layers. 

[0051] FIGS. 20-21 provide plots shoWing degradation 
rates of some metals and alloys With examples of corrosion 
inducing features. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0052] The devices of the present invention may have a 
variety of forms and may be used in a variety of medical 
treatments. In preferred embodiments, the device has the 
form of a vascular stent that is used in the treatment of 
vascular disease. It may be appreciated that stents may be 
used in a variety of body lumens, such as an artery, vein, 
biliary duct, or esophagus. 

[0053] In other embodiments, the devices of the present 
invention have the form of a variety of implants, such as 
graft implants, vascular implants, non-vascular implants, 
implantable luminal prostheses, Wound closure implants, 
drug delivery implants, sutures, biologic delivery implants, 
urinary tract implants, inter-uterine implants, organ 
implants, bone implants including bone plates, bone screWs, 
dental implants, spinal disks, or the like. The devices typi 
cally alloW for one or more of the folloWing: support, 
contain, hold together, af?x, plug, close, deliver drug, 
deliver biologics to an organ, vessel, conduit, or bone for the 
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treatment of hyper-proliferative diseases, restenosis, cardio 
vascular disease, Wound healing, cancer, aneurysm, diabetic 
disease, abdominal aortic aneurysm, hyper-calcemia, 
ischemia, ?brillation, arrhythmia, or others. 

[0054] Thus, the folloWing detailed description utiliZes the 
stent as a means of illustrating the invention by Way of 
example and is not intended to limit the scope of the 
invention. 

Implant as a Stent 

[0055] In preferred embodiments, the implant has the form 
of a stent. Stent designs include coils, slotted tubes, corru 
gated rings, sheets, rolled sheets, locking designs, and stent 
grafts, to name a feW. FIG. 1 illustrates an embodiment of 
a stent 10 in an expanded state. As shoWn, the stent 10 has 
a ?rst end 12, a second end 14 and a central lumen 16. A 
stent body 18 extends from the ?rst end 12 to the second end 
14. The body 18 has struts 20 Which form a lattice-type 
structure. The struts 20 may have circular, rectangular or 
other shape cross-sections. Typically, strut thicknesses range 
from approximately 0.0005" to 0.010", preferably approxi 
mately 0.001" to 0.004", more preferably approximately 
0.0015" to 0.003". Strut Widths typically range from 
approximately 0.001" to 0.008", preferably approximately 
0.002" to 0.004". 

[0056] The stents 10 may be self-expanding or balloon 
expandable. Stent pre-expansion diameters typically range 
from approximately 0.3 mm to 10 mm, preferably approxi 
mately 0.5 mm to 4 mm, more preferably approximately 0.8 
mm to 2 mm. Stent post expansion diameters typically range 
from approximately 1.5 mm to 35 mm, preferably approxi 
mately 2 mm to 10 mm, more preferably approximately 2 
mm to 5 mm. Depending on the material(s) from Which the 
stent 10 is formed, the material(s) typically have a percent 
elongation range from approximately 5% to 100%, prefer 
ably approximately 15% to 70%, more preferably approxi 
mately 20% to 50%. 

Degradation of Implant 

[0057] As stated previously, the devices of the present 
invention are degradable in a biological environment. It may 
be appreciated that the terms degradation, biodegradation, 
dissolution, bioabsorption, absorption, resorption, corrosion, 
erosion, bioerosion, erodible, bioerodible and disintegration 
are used interchangeably along With other terms Which 
describe any such deterioration in mass, volume or function 
by chemical, biological, electrical, mechanical, or any other 
means, unless stated otherWise. 

[0058] It may also be appreciated that degradation as 
related to the present invention is considered to be degra 
dation Within a clinically relevant time period, such as 
approximately one month to 5 years. Although common 
metals or alloys may corrode at much longer rates ranging 
up to 1000 years or more depending on the inherent prop 
erties of the materials and the environmental conditions, 
such metals or metal alloys are considered nondegradable in 
a clinical setting. In preferred embodiments, the devices of 
the present invention substantially degrades in the body 
environment in the range of approximately one month to 5 
years, preferably approximately 4 months to 2 years, more 
preferably approximately 6 months to 1 year. In some 
embodiments, the devices at least partially degrade in the 
body environment in less than one month, such as a feW 



US 2006/0229711 A1 

Weeks, one Week, a feW days, one day, a feW hours, one hour 
or less. For example, the device may have at least a portion 
Which degrades at a controlled degradation rate to approxi 
mate dissolution at or Within one month. Body environments 
effecting degradation typically have local tissue pH ranges 
from approximately 3 to 10, usually approximately 5 to 9, 
typically approximately 6 to 8. 

[0059] Degradation of devices of the present invention 
may occur in multiple phases, such as a sloWer degradation 
rate in one phase and a faster degradation rate in another 
phase. In some embodiments, the device degrades at a 
sloWer rate in an initial phase and a faster rate in a later 
phase. In other embodiments, the devices degrade at a faster 
rate in an initial phase and sloWer rate in a later phase. 
Likewise, degradation may be uniform along the structure or 
variable along the structure. The average mass or volume 
percentage loss may range from approximately 3% per day 
to 0.05% per day, preferably approximately 0.75% per day 
to 0.1% per day, more preferably approximately 0.5% per 
day to 0.25% per day. 

[0060] When the implant is comprised of a metal or metal 
alloy, degradation of the implant produces byproducts such 
as metal ions, salts or complexes. Preferably, these byprod 
ucts are naturally occurring elements in the body environ 
ment or cause no signi?cant harmful effects. More prefer 
ably, the implantable structures produce degradation 
byproducts in amounts loWer than What is typically present 
in the body environment. Further, the rate of degradation of 
the implant may be controlled to minimize the possibility of 
any negative biologic response from the degradation 
byproducts. Currently, long-term anti-platelet therapy is 
recommended for patients undergoing permanent implanta 
tion of conventional non-degradable devices, such as stents, 
to prevent acute thrombosis or late thrombosis. Systemic 
anti-platelet therapy has side effects such as internal bleed 
ings. Long-term anti-platelet therapy may not be necessary 
When degradable implants of the present invention are used 
since the risk of thrombosis is reduced once the implant has 
dissolved. This may loWer procedure-associated cost and 
also minimiZe risks associated With patient compliance of 
daily doses of drugs. As an example, When the implant 
comprises or consists essentially of iron or an iron alloy, the 
degradation products may include biocompatible iron spe 
cies such as oxidiZed iron species of a type Which naturally 
occur in the human body. By controlling the degradation 
rate, the concentration of these species can be kept beloW 10 
fold the normal amounts, preferably beloW ?ve fold, more 
preferably beloW tWo fold, and most preferably at a level no 
greater than naturally present in the body. A particular 
preferred metal is a carbon steel Where the degraded species 
Will include primarily or exclusively iron and carbon com 
pounds. 
Metals and Metal Alloys 

[0061] In preferred embodiments, the devices of the 
present invention comprise at least partially degradable 
metals, metal alloys, or a combination thereof. 

[0062] Examples of metals include Cobalt, Tungsten, Bis 
muth, Silver, Copper, Iron, Zinc, Magnesium, Zirconium, 
Molybdenum, Indium, Tin or other metals. In some embodi 
ments, implant metal purity ranges from approximately 90% 
to 100%, preferably approximately 95% to 99.99%, more 
preferably from approximately 99.5 to 99.9% by Weight. 
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[0063] Examples of metal alloys include: 1) silver con 
taining alloys (such as silver-tin alloys, 2) cobalt containing 
alloys (such as cobalt-iron alloys), 3) iron containing alloys 
(such as 80-55-06 grade cast ductile iron, other cast ductile 
irons, AISI 1010 steel, AISI 1015 steel, AISI 1430 steel, 
AISI 8620 steel, AISI 5140 steel, or other steels, or others), 
4) tungsten containing alloys, 5) melt fusible alloys (such as 
40% bismuth-60% tin, 58% bismuth-42% tin, bismuth-tin 
indium alloys or others), 6) magnesium alloys, 7) Zinc 
alloys, 8) shape memory or superelastic alloys, and 9) other 
alloys, to name a feW. 

[0064] In some embodiments, the devices of the present 
invention are comprised of more than one metal or metal 
alloy. Examples of metal+metal implants include cobalt+ 
tungsten, tungsten+iron, magnesium+iron, silver+Zinc or 
others. Examples of metal+alloy implants include tungsten+ 
8620 steel, titanium+loW carbon steel, magnesium+1015 
steel alloy, silver+bismuth-tin alloy or others. Examples of 
alloy+alloy implants include 8620 steel+silver-tin, 1015 
steel+bismuth-tin or others. 

[0065] Examples of metal and metal alloy degradation 
data are illustrated in FIG. 2A. FIG. 2B illustrates Weight 
loss data over time for some metal and metal alloy implant 
materials as compared to stainless steel. 

[0066] Degradation of metals is commonly termed corro 
sion, and the terms “degradation” and “corrosion” are used 
interchangeably herein for all materials. Most metal corro 
sion occurs via electrochemical reactions at the interface 
betWeen the metal and an electrolyte solution, such as found 
in the body environment. Corrosion typically occurs as a 
result of anodic and cathodic reactions. 

[0067] The potential of the metal is the means by Which 
the anodic and cathodic reactions are kept in balance. The 
equilibrium potential assumed by the metal in the absence of 
electrical connections to the metal is called the Open Circuit 
Potential, Eoc. The value of either the anodic or cathodic 
current at Eoc is called the Corrosion Current, Icorr. Icorr 
and Corrosion Rate are a function of many system variables 
including type of metal, solution composition, temperature, 
solution movement, metal history, and many others. 

[0068] For implant in saline solution at 370 C. tempera 
ture, the corrosion current ?ux (Icorr) is proportional to 
corrosion rate (CR) according to the folloWing formula: 

CR=(Ic0rr><K><E W)/d 

CR The corrosion rate (mm/yr) 

Icorr The corrosion current (amps/cm2) 

K Faraday’s constant=3272 (mm/(amp-cm-year)) 

EW The equivalent Weight (grams/equivalent) 

d Density (grams/cm3) 

[0069] Typical implants of the present invention degrad 
ing in physiological conditions Will have Icorr (corrosion 
current) ranges from approximately 0.0001 amps/cm2 to 0.1 
amps/cm2; preferably approximately 0.001 amps/cm2, to 
0.01 amps/cm2, more preferably approximately 0.0025 
amps/cm to 0.008 amps/cm2. 

[0070] In some embodiments, after one month of degra 
dation, the metal or metal alloy maintains greater than 
approximately 25% of strength, preferably greater than 
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approximately 50%, more preferably greater than approxi 
mately 60% of strength as compared to strength prior to 
implantation. In these or other embodiments, after tWo 
months of degradation, the metal or metal alloy implant 
maintains greater than approximately 25% of strength, pref 
erably greater than approximately 50%, more preferably 
greater than approximately 60% of strength as compared to 
strength prior to implantation. In these or other embodi 
ments, after four months of degradation, the metal or metal 
alloy implant maintains greater than approximately 25% of 
strength, preferably greater than approximately 50%, more 
preferably greater than approximately 60% of strength as 
compared to strength prior to implantation. 

[0071] In some embodiments, the implant Will be corroded 
prior to implantation With an amount of corrosion greater 
than 0.01% by Weight, preferably With greater than 0.1% by 
Weight, and more preferably With greater than 1% by Weight 
(based on the Weight of the body prior to corrosion). In some 
embodiments, the corrosion prior to implantation may cover 
greater than 1% of the surface area, preferably greater than 
5% of the surface area, and more preferably greater than 
10% of the surface area of the body Which Will be exposed 
to the physiologic environment. In such cases, the corrosion 
may result from pretreatment or may be the result of the 
device being packaged in a sterile environment With an 
oxidiZing atmosphere, e.g., oxygen and some moisture. 

[0072] In some embodiments, the implant may corrode 
prior to implantation by less than 5% by mass, preferably 
less than 1% by mass, and more preferably less than 0.01% 
by mass. In some embodiments, the implant may corrode 
prior to implanation by less than 10% of the surface area, 
preferably less than 1% of the surface area, and more 
preferably less than 0.1% of the surface area. 

Controlling Degradation Rates 

1) Modifying Geometries 

[0073] In some embodiments, the degradation rate of the 
implant is increased by maximiZing the surface area to 
volume ratio. For example, When the implant is in the form 
of a stent, the stent strut thickness to Width or Width to 
thickness ratios may be greater than 1.4: 1, preferably greater 
than 2:1, more preferably greater than 3:1. In preferred 
embodiments, the stent strut thickness is less than approxi 
mately 100 microns, preferably less than approximately 70 
microns, more preferably less than approximately 50 
microns. This minimiZes absolute depth of degradation 
needed and minimiZes localiZation of corrosion byproducts. 
Typically, the implant surface area/length ranges from 
approximately 0.001 cm2/mm to 0.75 cm2/mm, preferably 
approximately 0.005 cm2/mm to 0.25 cm2/mm, most pref 
erably approximately 0.01 to 0.1 cm2/mm. 

[0074] In other embodiments, attributes such as holes, 
reservoirs, trenches or other can be incorporated in the 
implant to increase the surface area Without signi?cantly 
increasing the volume. 

2) Addition of Corrosion Inducing Features 

[0075] In some embodiments, corrosion inducing features 
are included in the body of the implant of the present 
invention to induce or assist degradation. Examples of 
corrosion inducing features present on at least one exposed 
surface include pits, pores, partial holes, voids, surface 
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irregularities, scratches, streaks, ridges, bumps, texture, sin 
tered porous metal or alloy, scoring, roughened surface, 
holes, thru holes, thru sintered pores, or other geometric or 
random features or combination thereof. Corrosion inducing 
features may be present on any surface of an implant, 
including surfaces of various shapes or design con?gura 
tions, including examples Where the implant has large holes, 
reservoirs, trenches or others. Such surface features Will 
typically increase the degradation rate by 10% or more 
based on Weight, often 20% or more based on Weight, and 
frequently by 40% or more based on Weight. Some surface 
features Will be selected to provide a mean surface rough 
ness (RA) greater than 100 nm, often greater than 400 nm, 
and frequently 1000 nm (1 pm) or greater. The surface 
features may be provided on the entire exposed surface area 
of the implant, or in other cases may be provided only on a 
portion of the exposed surface Where it is desired to increase 
the degradation rate. It Would be appreciated that non 
uniform distribution of the surface feature(s) Will often 
result in a non-uniform degradation pro?le on the implant. 

[0076] In some embodiments, the rate of Weight loss of the 
implant With corrosion inducing features is at least 10% 
greater, preferably, 20%, more preferably 40% greater than 
the same implant Without features. Further, in some embodi 
ments, the rate of dimension reduction of the implant With 
features is at least 10%, preferably 20%, more preferably 
40% greater than the same implant Without features. 

[0077] FIG. 3 illustrates a portion of a stent body 18 (such 
as of the stent body 18 of FIG. 1) having examples of 
corrosion inducing features 30 thereon. FIG. 4 provides a 
close-up illustration of a variety of corrosion inducing 
features 30 on a stent body 18. As shoWn, the features 30 
may have a variety of shapes, including circular, oval, 
square, rectangular, pentagonal, and polygonal, to name a 
feW. 

[0078] FIG. 5 illustrates a cross-section of a strut 20 of the 
stent body 18 of FIG. 3. In this embodiment, the strut 20 has 
a square cross-section. The strut 20 includes a lumen edge 32 
Which faces the lumen 16 of the stent 10, and an external 
edge 34 Which faces the Wall of the body lumen, such as an 
arterial Wall. The strut 20 further includes side edges 36 
Which face other portions of the stent body 18 (i.e. other 
struts). Here, the strut 20 has corrosion inducing features 30 
on each of the lumen edge 32, external edge 34 and side 
edges 36. These corrosion inducing features 30 include pits, 
pores, partial holes, voids, surface irregularities or others. 
FIG. 6 illustrates a surface 17 of a stent body 18 having 
corrosion inducing features 30 of a variety of shapes and 
siZes Which extend from the surface 17 and into the stent 
body 18. FIG. 7 illustrates corrosion inducing features 30 
Which extend from the surface 17 and cross or join in the 
stent body 18. FIG. 8 illustrates a corrosion inducing feature 
30 Which extends from the surface 17 and includes side 
branches 3011 Within the stent body 18. FIG. 9 illustrates a 
corrosion inducing feature 30 Which extends from the sur 
face 17 into the stent body 18 and includes at least one 
protrusion 30b Which extends outWardly from the surface 17 
of the stent body 18. 

[0079] FIG. 10 provides a top vieW illustration of a 
surface of a stent body 18 having corrosion inducing fea 
tures 30 in the form of scratches. The scratches or streaks 
may have any length, depth, Width, orientation or shape. 
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Example shapes include straight lines, curved lines, diagonal 
lines, overlapping lines, crossed lines, Zig-Zag lines, to name 
a feW. 

[0080] FIG. 11 illustrates a surface of a stent body 18 
having corrosion inducing features 30 in the form of tex 
tured surfaces. The resulting surface ?nish can be described 
by average roughness (Ra). The average roughness is the 
area betWeen the roughness pro?le and its mean line, or the 
integral of the absolute value of the roughness pro?le height 
over the evaluation length. Surfaces of the implants of the 
present invention having such corrosion inducing features 
may have an Ra above approximately 100 nanometer, pref 
erably an Ra above approximately 400 nanometer, and more 
preferably an Ra above approximately 1000 nanometer. 

[0081] FIG. 12 illustrates a cross-section ofa portion ofa 
stent body 18 having an external surface 34 and a lumen 
surface 32. Corrosion inducing features 30 in the form of 
holes are shoWn extending through the body 18 from the 
external surface 34 to the lumen surface 32. The holes may 
be smooth, jagged, straight, diagonal, curved, connected, or 
intersecting, to name a feW. Further, in some embodiments, 
at least one protrusion 30b may extend outWardly from the 
surfaces 32, 34 of the stent body 18. FIG. 13 illustrates a 
corrosion inducing feature 30 in the form of a hole extending 
from an external surface 34 to a lumen surface 32 of a stent 
body 18, Wherein the hole includes a plurality of side 
branches 30a. 

2a) Creating Corrosion Inducing Features 

[0082] Some of the above described corrosion inducing 
features can be formed by exposing the implant metal or 
alloy or combination thereof to chemicals, such as but not 
limited to hydrochloric acid, hydro?uoric acid, nitric acid, 
phosphoric acid, acetic acid, citric acid, formic acid, lactic 
acid, oxalic acid, aqua regia, fuming sulfuric acid others at 
various conditions or combination thereof. 

[0083] Corrosion inducing features can also be formed by 
exposing the implant metal or alloy or combination thereof 
to salt spray, strong alkaline solutions such as sodium 
hydroxide, potassium hydroxide, solutions containing salts 
such as sodium, potassium carbonates, and phosphates, or 
other bases at various conditions. Or, the features can be 
formed by exposure of the implant to saline, sodium chlo 
ride, ferric chloride or other salt solution, Ferrolyte (Star 
light Chemicals, Inc., Chicago, Ill.), or others at various 
conditions. Other chemicals Which create such features 
include AlCl3, CaCl3 With MgCl2, CuSO4, HgCl2, H2SiF6, 
K2CO3, Na2CO3, Na2HSO3, NaOCl, Na3PO4, NH4Cl, 
NH2SO3H, NI(NO3)2, ZnCl4, bromine, H2O2, gas oxidiZer 
like oxygen, nitrogen, chlorine or other various conditions or 
combination thereof. 

[0084] In another embodiment, corrosion inducing fea 
tures are formed by exposure of the implant material to 
liquid metals at various conditions. Such liquid metals 
include bismuth, gallium, lithium, sodium, potassium, and 
sodium-potassium alloys, thorium-magnesium, Zinc or oth 
ers or combination thereof. 

[0085] In another embodiment, corrosion inducing fea 
tures are formed by methods such as but not limited to 
electron-induced etching, gloW discharge plasma etching, 
laser-assisted etching, chemically assisted ion beam etching, 
laser-induced photochemical dry etching, pulsed plasma 
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discharges, sputter beam, exposure to radioactive rays, posi 
tive ion beams, repetitive potentiodynamic polarization, ion 
bombardment, or other methods or combination thereof. 

[0086] In another embodiment, corrosion inducing fea 
tures are formed by placing the implant material in an 
electrolyte With a more noble metal for a suf?cient period of 
time to form the desired corrosion inducing features. 

[0087] Some corrosion inducing features, such as 
scratches or streaks, can be made With the use of a tool, such 
as a raZor blade, needle, tWeeZers, sharp point indenter, 
engraver, knife, scalpel, bristle brush, steel Wool, knurling 
tool, ?le, carbide burr, pointed pick, grind stone, tube cutter, 
chisel, scraper, laser, electro discharge machining (EDM), or 
other tools or combination thereof. 

[0088] To obtain corrosion inducing features such as 
ridges, bumps, texture, or roughened surface a variety of 
methods can be used. Example methods include sandblast 
ing, bead blasting, chemical etching, lasing, plasma etching, 
ion beam bombardment, electro discharge machining 
(EDM) imprinting, molding, sintering, chemical vapor 
deposition (CVD), sputtering, electroplating or other meth 
ods or combination thereof. 

[0089] Some corrosion inducing features such as sintered 
pores, holes, and thru holes can be made by lasing, electro 
discharge machining, chemical etching With chemicals used 
for preparation of pits, partial holes, and voids, exposure to 
radioactive rays or ion beam, metal injection molding, 
sintering metal or alloy beads or other geometries, or other 
methods or combination thereof. 

[0090] The corrosion inducing features can be formed 
during the manufacturing process or at any time prior to 
implantation. The features could also be formed in situ using 
a tool or a device such as rotablader, cutting balloon or other 
techniques or other mechanical, electrical, chemical means 
or a combination thereof. 

2b) Dimensions and Distribution of Corrosion Inducing 
Features 

[0091] The corrosion inducing features may have any 
suitable siZe, diameter, Width, length, depth, circumference 
or dimension, etc. In some embodiments, the mean diameter, 
Width or length of the features on the implant surface range 
from approximately 1 nm to 1 mm, preferably approxi 
mately 10 nm to 100 micrometer, more preferably approxi 
mately 100 nm to 1 micrometer. The length of linear features 
such as streaks and scratches may be longer. In some 
embodiments, the mean depth of the features on the implant 
surface range from approximately 1 nm to 10 mm, prefer 
ably approximately 10 nm to 1 mm, more preferably 
approximately 100 nm to 1 micrometer. The features can be 
of similar dimensions or can vary in siZe or shape. Features 
can be contained or partially contained in other features. 

[0092] The corrosion inducing features can be uniformly 
or non-uniformly distributed on the implant surface. FIG. 14 
illustrates corrosion inducing features 30 substantially uni 
formly distributed across a surface of an implant, such as a 
stent strut 20. Here, the features 30 include pits, pores, holes, 
voids or surface irregularities. FIG. 15 illustrates these 
corrosion inducing features 30 non-uniformly distributed 
across a surface of an implant, such as a stent strut 20. 

Similarly, FIG. 16 illustrates corrosion inducing features 30 
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substantially uniformly distributed across a surface of an 
implant, such as a stent strut 20. Here, the features 30 
include streaks. FIG. 17 illustrates these corrosion inducing 
features 30 non-uniformly distributed across a surface of an 
implant, such as a stent strut 20. 

[0093] The corrosion inducing features can be partially or 
fully covering the implant surface. The features can be on 
one or more surfaces of the implant, such as the external 
surface, the lumen surface, edges or other surfaces. The 
features can be limited to one or more areas Where it is 

desirable to for the implant to degrade While other areas 
remain intact or not degrade. The features can be present in 
variable densities at different locations on the surface of the 
implant. One or more areas can degrade faster than other 
areas. Thus, the degradation rate of the implant can be 
controlled in longitudinal, circumferential or other direc 
tions. As an example, the proximal and distal ends of an 
intraluminal stent can degrade before a section therebe 
tWeen. 

[0094] The surface density of the corrosion inducing fea 
tures, such as pits, pores, partial holes, thru holes, voids, or 
surface irregularities, on the implant surface can range from 
approximately 1/cm2 to 1><1014/cm2, preferably approxi 
mately 100/cm2 to 1><108/cm2, more preferably approxi 
mately 1000/cm2 to 1><106/cm2. The percentage of the 
implant surface Without features can range from approxi 
mately 0% to 99.9%, preferably approximately 5% to 75%, 
more preferably approximately 10% to 50%. 

3) Manipulation of Corrosion Enhancing/Resisting Ele 
ments 

[0095] Alternatively or in addition to corrosion inducing 
features, implants of the present invention may be com 
prised of a material, such as metal or metal alloy, Which has 
enrichment of one or more corrosion enhancing elements. 
Thus, atoms or compounds Which loWer the resistance of the 
metal or metal alloy or combination thereof, to corrosion can 
be added to or increased if already present in these materials. 
For example, an alloy may be processed to enrich elements 
like carbon, iron, copper, silicon, calcium, sulphur, magne 
sium sulphide, silicates or other elements Within the alloy, or 
deplete certain elements like chromium, nickel, molybde 
num or other corrosion resistant elements. In some embodi 
ments, corrosion enhancing elements can be added to have 
a composition of greater than approximately 0.1%, prefer 
ably greater than approximately 1% more preferably greater 
than approximately 5%. LikeWise, one or more corrosion 
resisting elements may be depleted. 

[0096] Such manipulation of elements may occur on a 
surface of the implant, throughout the implant or adjacent to 
a grain boundary of the alloy to control corrosion of the 
alloy. In some embodiments, metals or metal alloys have 
corrosion inducing elements greater than approximately 
0.01% composition by Weight, preferably greater than 
approximately 1%, more preferably greater than approxi 
mately 10%. For example, steel may contain percentage 
carbon by Weight greater than approximately 0.03%, pref 
erably greater than approximately 0.3%, more preferably 
greater than approximately 3%. In some embodiments, 
metal or metal alloys have preferential distribution of cor 
rosion inducing elements on the surface of the implant With 
surface composition greater than approximately 0.01% by 
Weight of corrosion inducing elements, preferably greater 
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than approximately 5%, more preferably greater than 
approximately 10% by Weight of corrosion inducing ele 
ments. 

[0097] Further, in some embodiments, metals or metal 
alloys have surface corrosion protective elements less than 
approximately 15% composition by Weight, preferably less 
than approximately 5%, more preferably less than approxi 
mately 1%. For example, an implant alloy such as steel may 
have a surface composition percentage of chromium being 
less than approximately 12%, preferably less than approxi 
mately 5%, more preferably less than approximately 1%. 

4) Addition of Corrosion Controlling Agents 

[0098] Alternatively or in addition to the features and 
elements described above, implants of the present invention 
may include corrosion controlling agents that control the 
implant’s degradation. The agents may be synthetic or 
biologic, such as acidic compounds, sodium chloride, cal 
cium chloride, magnesium chloride, hydrochloric acid, citric 
acid, amino acid, hydroxyapatite, hydrogen peroxide, basic 
compounds such as potassium hydroxide, acidic and basic 
pharmaceutical agents, or polymers With acidic or basic 
byproducts, others or a combination thereof. The amount of 
agent on the2 implant can range from approximately 1 
nanogram/cm to 1000 microgram/cm2, preferably approxi 
mately 1 to 500 microgram/cm2, more preferably approxi 
mately 10 to 400 microgram/cm2. 

[0099] In one embodiment, the agent does not signi? 
cantly induce corrosion of the implant prior to implantation. 

[0100] In another embodiment, agents are delivered to the 
tissue adjacent the implant in-situ by several means such as 
catheter, an infusion balloon, syringe, syringe and needle, or 
other methods. 

5) Creation of a Corrosion Inducing Galvanic Cell 

[0101] In some embodiments, metal or alloy particles are 
delivered adjacent to the implant, either in ?uid or tissue. 
These particles are in ?uid contact With the implant and 
create a corrosion-inducing galvanic cell. Such a galvanic 
cell controls implant corrosion. FIG. 18 illustrates particles 
40 in ?uid or tissue 42 adjacent to an implant, such as a stent 
body 18. The particles are made from metals or alloys that 
are usually more passive than the implant. In other embodi 
ments non-metallic particles are delivered adjacent to the 
implant in order to induce corrosion. The particles can range 
in siZe from approximately 1 nanometer siZe to 1 millimeter, 
preferably ranging from approximately 0.1 micrometer to 10 
micrometer so as to minimiZe tissue response toWards them. 
They can be delivered adjacent to the implant by means such 
as catheter, an infusion balloon, syringe, syringe and needle, 
or other methods. 

[0102] FIG. 19 illustrates a cross-sectional vieW of an 
implant 46 adjacent to ?uid or tissue 42. The implant 46 has 
three layers Wherein the middle layer 48 is comprised of a 
non-conductive material and the outer layers 50 are com 
prised of a conductive material, such as metal or alloy, 
forming a galvanic cell. Any number of layers may be 
present. Layering Will be further described beloW. 

6) Layering of the Materials 

[0103] In some embodiments, the implant of the present 
invention is formed from tWo or more layers of metal or 
























