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(57) ABSTRACT 

Medical devices and methods of fabricating such medical 
devices, such as stents, formed at least in part from a metal 
matrix composite including bioceramic particles dispersed 
within an erodible metal are disclosed. 
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STENT FORMED FROM BIOERODIBLE 
METAL-BOCERAMC COMPOSITE 

CROSS-REFERENCE 

0001. This is a divisional application of application Ser. 
No. 1 1/864,737 filed on Sep. 28, 2007, which is incorporated 
by reference herein. 

BACKGROUND OF THE INVENTION 

0002 1. Field of the Invention 
0003. This invention relates to implantable medical 
devices, in particular stents, fabricated from bioerodable 
metal matrix composites. 
0004 2. Description of the State of the Art 
0005. This invention relates to radially expandable 
endoprostheses, which are adapted to be implanted in a bodily 
lumen. An "endoprosthesis' corresponds to an artificial 
device that is placed inside the body. A “lumen” refers to a 
cavity of a tubular organ Such as a blood vessel. 
0006. A stent is an example of such an endoprosthesis. 
Stents are generally cylindrically shaped devices, which 
function to hold open and sometimes expand a segment of a 
blood vessel or other anatomical lumen Such as urinary tracts 
and bile ducts. Stents are often used in the treatment of ath 
erosclerotic stenosis in blood vessels. “Stenosis' refers to a 
narrowing or constriction of the diameter of a bodily passage 
or orifice. In such treatments, stents reinforce body vessels 
and prevent restenosis following angioplasty in the vascular 
system. “Restenosis” refers to the reoccurrence of stenosis in 
a blood vessel or heart valve after it has been treated (as by 
balloon angioplasty, Stenting, or valvuloplasty) with apparent 
SCCCSS, 

0007. The treatment of a diseased site or lesion with a stent 
involves both delivery and deployment of the stent. “Deliv 
ery” refers to introducing and transporting the stent through a 
bodily lumen to a region, such as a lesion, in a vessel that 
requires treatment. “Deployment corresponds to the 
expanding of the stent within the lumen at the treatment 
region. Delivery and deployment of a stent are accomplished 
by positioning the Stent about one end of a catheter, inserting 
the end of the catheter through the skin into a bodily lumen, 
advancing the catheter in the bodily lumen to a desired treat 
ment location, expanding the stent at the treatment location, 
and removing the catheter from the lumen. 
0008. In the case of a balloon expandable stent, the stent is 
mounted about a balloon disposed on the catheter. Mounting 
the stent typically involves compressing or crimping the stent 
onto the balloon. The stent is then expanded by inflating the 
balloon. The balloon may then be deflated and the catheter 
withdrawn. In the case of a self-expanding stent, the stent may 
be secured to the catheter via a constraining member Such as 
a retractable sheath or a sock. When the stent is in a desired 
bodily location, the sheath may be withdrawn which allows 
the stent to self-expand. 
0009. The stent must be able to satisfy a number of 
mechanical requirements. First, the stent must be capable of 
withstanding the structural loads, namely radial compressive 
forces, imposed on the stent as it supports the walls of a 
vessel. Therefore, a stent must possess adequate radial 
strength. Radial strength, which is the ability of a stent to 
resist radial compressive forces, is due to strength and rigidity 
around a circumferential direction of the stent. Radial 
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strength and rigidity, therefore, may also be described as, 
hoop or circumferential strength and rigidity. 
0010. Once expanded, the stent must adequately maintain 

its size and shape throughout its service life despite the vari 
ous forces that may come to bear on it, including the cyclic 
loading induced by the beating heart. For example, a radially 
directed force may tend to cause a stent to recoil inward. 
Generally, it is desirable to minimize recoil. In addition, the 
stent must possess Sufficient flexibility to allow for crimping, 
expansion, and cyclic loading. Longitudinal flexibility is 
important to allow the stent to be maneuvered through a 
tortuous vascular path and to enable it to conform to a deploy 
ment site that may not be linear or may be subject to flexure. 
Finally, the stent must be biocompatible so as not to trigger 
any adverse vascular responses. 
0011. The structure of a stent is typically composed of 
scaffolding that includes a patternor network of interconnect 
ing structural elements often referred to in the art as Struts or 
bar arms. The scaffolding can beformed from wires, tubes, or 
sheets of material rolled into a cylindrical shape. The scaf 
folding is designed so that the stent can be radially com 
pressed (to allow crimping) and radially expanded (to allow 
deployment). A conventional stent is allowed to expand and 
contract through movement of individual structural elements 
of a pattern with respect to each other. 
0012. Additionally, a medicated stent may be fabricated 
by coating the Surface of either a metallic or polymeric scaf 
folding with a polymeric carrier that includes an active or 
bioactive agent or drug. Polymeric scaffolding may also serve 
as a carrier of an active agent or drug. 
0013 Coronary stents made from non-erodible metals 
have become the standard of care for percutaneous coronary 
intervention (PCI) since such stents have been shown to be 
capable of preventing early and later recoil and restenosis. 
Despite the positive success of such stents in PCI, a drawback 
of such durably implanted Stents is that the permanent inter 
action between the stent and Surrounding tissue can pose a 
risk of endothelial dysfunction and late thrombosis. 
0014 Thus, it may be desirable for a stent to be biodegrad 
able or bioerodible. In many treatment applications, the pres 
ence of a stent in a body may be necessary for a limited period 
of time until its intended function of for example, maintain 
ing vascular patency and/or drug delivery is accomplished. 
Therefore, stents fabricated from bioerodable materials such 
as bioerodable metals can be configured to completely erode 
only after the clinical need for them has ended. 

SUMMARY OF THE INVENTION 

00.15 Various embodiments of the present invention 
include a stent comprising a stent body formed from a metal 
matrix composite, the composite including bioceramic par 
ticles dispersed within a metal matrix of magnesium or a 
magnesium alloy, wherein the dispersed bioceramic particles 
decrease the erosion rate of the stent body in a vascular 
environment. 

0016 Further embodiments of the present invention 
include a stent body formed from a metal matrix composite, 
the composite including bioceramic particles dispersed 
throughout a metal matrix of magnesium or a magnesium 
alloy, wherein the dispersed bioceramic particles decrease the 
erosion rate of the stent body in a vascular environment. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

0017 FIG. 1 depicts a view of a stent. 
0018 FIG. 2A depicts a section of a structural element 
from a stent. 
0019 FIG. 2B depicts an expanded view of a portion of a 
stent section. 

DETAILED DESCRIPTION OF THE INVENTION 

0020 Various embodiments of the present invention relate 
to implantable medical devices fabricated from a metal 
matrix composite including an erodible metal matrix with 
bioceramic particles dispersed within the matrix. As used 
herein, an “implantable medical device' includes, but is not 
limited to, self-expandable stents, balloon-expandable stents, 
stent-grafts, and generally tubular medical devices. 
0021. In certain embodiments, an implantable medical 
device can be designed for the localized delivery of a thera 
peutic agent. A medicated implantable medical device may be 
constructed by coating the device or Substrate with a coating 
material containing a therapeutic agent. The Substrate of the 
device may also contain a therapeutic agent. 
0022 FIG. 1 depicts a view of a stent 100. In some 
embodiments, a stent may include a pattern or network of 
interconnecting structural elements 110. Stent 100 may be 
formed from a tube (not shown). Stent 100 includes a pattern 
of structural elements 110, which can take on a variety of 
patterns. The structural pattern of the device can be of virtu 
ally any design. The embodiments disclosed herein are not 
limited to stents or to the stent pattern illustrated in FIG. 1. 
The embodiments are easily applicable to other patterns and 
other devices. The variations in the structure of patterns are 
virtually unlimited. A stent such as stent 100 may be fabri 
cated from a tube by forming a pattern in the tube with a 
technique Such as laser cutting or chemical etching. 
0023 The geometry or shape of an implantable medical 
device may vary throughout its structure to allow radial 
expansion and compression. A pattern may include portions 
of structural elements or struts that are straight or relatively 
straight, an example beingaportion 120. In addition, patterns 
may include structural elements or struts that include curved 
or bent portions such as portions 130, 140, and 150. 
0024. While stents have typically been constructed of rela 

tively inert metals in order to ensure their longevity, degrad 
able or erodible stent structures have more recently been 
devised in an effort to provide support for only a limited 
period of time. In general, the Support or patency provided by 
a stent for the treatment of a stenosis is required only for a 
limited period of time. For example, a preferred or required 
treatment time by a stent may be less than 18 months, less than 
a year, between three and 12 months, or more narrowly, 
between four and eight months. 
0025 Throughout a desired treatment period an erodible 
or degradable stent should be capable of Supporting the 
inward radial force imposed by the lumen walls, including the 
cyclic loading induced by the beating heart. The stent should 
maintain Such patency in spite of the degradation or erosion of 
the stent body. Thus, the stent should have sufficient strength, 
stiffness (modulus), and creep resistance to reduce or elimi 
nate recoil during the treatment period. Furthermore, the stent 
should be sufficiently tough to resist failure or fracture of the 
structural elements of a stent. One measure of toughness is the 
area under a stress-strain or load elongation curve from Zero 
strain to the strain at fracture. Therefore, the modulus, stress 
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at failure (strength), and elongation at failure are relevant to 
the toughness of a polymer. The bending regions of a typical 
stent structure are the most Susceptible to failure during use. 
Therefore, an erodible stent structure should have the appro 
priate combination of mechanical properties and degradation 
or erosion properties to allow patency during a specified 
treatment period. 
0026. The terms degrade, absorb, erode, as well as 
degraded, absorbed, eroded, are used interchangeably and 
refer to materials that are capable of being completely eroded, 
or absorbed when exposed to bodily conditions. Such mate 
rials may be capable of being gradually resorbed, absorbed, 
and/or eliminated by the body. 
0027 “Corrosion' generally refers to the deterioration of 
essential properties in a metal due to reactions with its Sur 
roundings. Corrosion of a metal can occur upon contact with 
a variety of materials including air, water, organic Solvents, 
etc. As it is used herein, corrosion refers to deterioration or 
degradation of a metal due to contact with water, such as 
bodily fluids containing water in a vascular environment. The 
degradation can result in deterioration mechanical properties 
of a metallic construct and mass loss from the construct. 

0028 Corrosion in an environment that contains moisture 
involves a series of reactions that result in removal of metal 
atoms from the metal Surface. Corrosion resulting from con 
tact with bodily fluids containing water results in oxidation of 
the metal (loss of electron(s)) as the metal reacts with water 
and oxygen. The metal atoms at the Surface lose electrons and 
become actively charged ions that leave the metal to form 
salts in Solution. Corrosion reactions generally involve oxi 
dation and reduction reactions. The metal is oxidized with 
Subsequent reduction of hydrogen ions and oxygen in solu 
tion. The reduction reactions drive the oxidation reactions. 
0029. “Passivation' is the spontaneous formation of a hard 
non-reactive Surface film that reduces, inhibits, or eliminates 
further corrosion. Corrosion reactions can result in the for 
mation of this non-reactive layer or film on the surface of the 
corroding metal. The film is typically a metal oxide, hydrox 
ide, or nitride. For example, corrosion of iron results in for 
mation of iron oxides or hydroxide, while corrosion of mag 
nesium results in magnesium hydroxide formation. The 
conditions necessary for passivation are recorded in Pourbaix 
diagrams of metals. 
0030 The degree and time frame of passivity or corrosion 
resistance depends upon the solubility of materials that form 
the surface layer. There is a high degree of passivity if the 
solubility of the layer is low or insoluble. There is no passivity 
if the materials that would form the protective layer are 
soluble. As a result, the materials go directly into Solution as 
they are formed, rather than form the protective layer. 
0031. Various environmental factors can influence the rate 
of corrosion including, but not limited, to hydrogen-ion con 
centration (pH) in the solution, influence of oxygen in solu 
tion adjacent to the metal, specific nature and concentration of 
other ions in solution, rate of flow of the solution in contact 
with the metal, ability of environment to form a protective 
deposit or layer on the metal, temperature, and cyclic stress 
(corrosion fatigue). In particular, a change in pH can influ 
ence corrosion by affecting reaction kinetics of the corrosion 
reactions and by affecting the passivation or ability to form a 
protective layer. With regard to passivation, the ability to form 
a protective layer can depend on the solubility of protective 
layer materials. The solubility of these materials can depend 
on the pH of the corrosive environment. 



US 2011/02381 SS A1 

0032. Many erodible metals and metal alloys, such as 
magnesium, iron, Zinc, tungsten, and there alloys, may be 
promising as Stent materials. However, these and other metals 
may not provide a desired combination of degradation and 
mechanical behavior for a stent during a desired treatment 
period. In particular, certain metals, such as magnesium, may 
degrade too quickly, exhibiting a degradation time that is 
shorter than a desired treatment time. Additionally, such met 
als may not provide a desired degree of patency or Support for 
a desired time period. An exemplary desired degree of 
patency is no less than 50% of the deployed diameter of the 
stent. Alternatively, other metals, such as iron, may degrade 
too slowly. “Degradation time' refers to the time for a stent 
implanted in a vessel to completely absorb in vivo. “Degra 
dation time” can also refer to the time for a stent to completely 
absorb in vitro. Reducing degradation time allows further 
Surgery or intervention, if necessary, on a treated vessel to 
occur Sooner. Additionally decreasing degradation time helps 
reduces the risk of late thrombosis. 
0033 For example, a study on the use of magnesium bio 
degradable stents in heart patients found that four months 
after implantation most had degraded. Science News, Jun. 9. 
2007, Vol. 171 Issue 23, p 356-357. Heubleinet al. conducted 
a series of in vitro and in vivo preclinical trials using stents 
made of magnesium alloy. Heublein B. Rohde R. Kaese V, et 
al. Heart 2003; 89:651-656. These studies demonstrated rela 
tively high rates of degradation from 60 to 90 days, while the 
overall integrity of the stent remained at 28 days. Ibid. A 
series of animal studies in which magnesium alloy stents were 
implanted in porcine coronary arteries demonstrated com 
plete absorption of the stent at 56 days. Ibid. 
0034 Peuster et al. reported on experimental studies with 
absorbable iron Stents implanted into the descending aorta of 
New Zealand white rabbits. Peuster M, Wohlsein P. Brug 
mann M. etal. Heart 2001: 86:563-569. Angiography at 6, 12, 
and 18 months after the implantation showed complete 
patency of the descending aorta in all rabbits with a vessel 
patency rate of 100%. Ibid. 
0035. Previously reported techniques of modifying ero 
sion and mechanical properties include varying the compo 
sition of metal alloy components. Eg., U.S. Pat. No. 6,287. 
332. Simply reducing the dimensions of a metallic 
implantable medical device in order to reduce residence times 
may not be a viable option due the compromise in strength 
that necessarily results. Increasing dimensions to increase 
degradation time can lead to an undesirably largestent profile. 
0036. Thus, approaches are needed for adjusting or tailor 
ing in vivo erosion rates and mechanical properties of erod 
ible metallic stents. In particular, it is desirable to adjust the 
erosion rate of the stent without unacceptably compromising 
mechanical properties Such as strength. 
0037 Various embodiments of the present invention 
include a stent having a stent body formed at least in part from 
a metal matrix composite, the composite including biocer 
amic particles dispersed within an erodible metal. The bioce 
ramic particles can also be erodible. A “composite' refers 
generally to a material in which two or more distinct, struc 
turally complementary Substances combine to produce struc 
tural or functional properties not present in any individual 
components. In some embodiments, the dispersed biocer 
amic particles modify the in vivo erosion rate of metallic 
matrix, and thus, of the composite and the Stent body. Addi 
tionally or alternatively, the bioceramic particles can enhance 
the mechanical properties of the composite, and thus, the 
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stent body. It has been shown that the corrosive and mechani 
cal properties of a bioceramic magnesium metal alloy com 
posite are adjustable due to the bioceramic particles. Bioma 
terials 28 (2007) 2163-2174. 
0038. In the various embodiments described, a portion, all, 
or substantially all of the stent body can be formed from the 
composite. In some embodiments, one or more structural 
elements or struts of a stent can be fabricated from the com 
posite. In other Such embodiments, the body, scaffolding, or 
substrate of a stent can be made from the composite. The stent 
body, scaffolding, or Substrate may be primarily responsible 
for providing mechanical Support to walls of a bodily lumen 
once the stent is deployed within the bodily lumen. A stent 
body, scaffolding, or Substrate can refer to a stent structure 
with an outer Surface to which no coating or layer of material 
different from that of which the structure is manufactured. If 
the body is manufactured by a coating process, the stent body 
can refer to a state prior to application of additional coating 
layers of different material. By “outer surface' is meant any 
surface however spatially oriented that is in contact with 
bodily tissue or fluids. A stent body, scaffolding, or substrate 
can refer to a stent structure formed by laser cutting a pattern 
into a tube or a sheet that has been rolled into a cylindrical 
shape. 
0039 FIG. 2A depicts a section 200 of a structural element 
110 from stent 100. A portion 210 of section 200 is shown in 
an expanded view in FIG. 2B. FIG. 2B depicts bioceramic 
particles 220 dispersed throughout an erodible metallic 
matrix 230. 

0040 Various sizes of the bioceramic particles may be 
used in the composite. For example, the bioceramic particles 
can include, but are not limited to, nanoparticles and/or micro 
particles. A nanoparticle refers to a particle with a character 
istic length (e.g., diameter) in the range of about 1-1,000 nm, 
or more narrowly in the range of 1-100 nm. A microparticle 
refers to a particle with a characteristic length in the range of 
greater than 1,000 nm and less than about 10 micrometers. 
Additionally, bioceramic particles can be of various shapes, 
including but not limited to, spheres and fibers. 
0041. In certain embodiments, the erosion rate of the 
metallic matrix can be modified by adjusting the pH local to 
the stent. Local regions refer to regions within the composite, 
on the Surface of the composite, or adjacent to the composite. 
The local pH is adjusted by the degradation products of bio 
ceramic particles incorporated within or on the stent. The 
local pH is adjusted without administering alkalizing or 
acidic Substances systemically to the patient. Systemic 
administration refers to administration that is accomplished 
orally or parenterally including intravascularly, rectally, 
intranasally, intrabronchially, or transdermally. 
0042. It is well known that the rate of corrosion reactions 
is dependent on the pH. In general, the rate of corrosion 
reactions is increased by decreasing the pH and decreased by 
an increase in pH. The rate of corrosion reactions increases as 
pH is lowered due to the higher concentration of hydrogen 
ions. The reverse tendency exists at higher pH because of the 
lower concentration of hydrogen ions. A higher pH means 
there are fewer free hydrogen ions to participate in corrosion 
reactions. 
0043. However, passivation, formation of a protective 
layer that reduces or stops corrosion, also depends on pH. 
This is due to the fact that solubility of the protective layer can 
depend on the pH. Thus, passivation depends on the solubility 
of the protective layer at the pH of the corrosive environment. 
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Therefore, the pH dependence of the corrosion rate depends 
on both the rate of corrosion reactions and passivation. For 
example, the pH of the corrosive environment may increase or 
decrease with little or no change in corrosion rate due to 
passivation. 
0044) For example, it has been shown that in the range of 
pH 4 to pH 10, the corrosion rate of iron is relatively inde 
pendent of the pH of the environment. For pH values below 
4.0, FeC) is soluble, thus, the oxide dissolves as it is formed 
rather than depositing on the metal Surface to form a film. In 
the absence of the protective oxide film, the metal surface is in 
direct contact with the acid solution, and the corrosion reac 
tion proceeds at a greater rate than it does at higher pH values. 
For pH values above about pH 10, the corrosion rate is 
observed to fall as pH is increased. This is believed to be due 
to the formation of a passive film of FeO, which is less 
soluble than FeC). Therefore, decreasing the local pH of iron 
below 4 can accelerate its corrosion rate and increasing its 
local pH below 10 can decrease its corrosion rate. 
0045. Additionally, a gray oxide forms on the surface of 
unalloyed magnesium upon exposure to air at room tempera 
ture. Moisture converts this oxide to magnesium hydroxide, 
which is stable in the basic range of pH values, but is not in the 
neutral or acid ranges. In basic environments, passivation is 
possible as a result of the formation of a Mg(OH) layer on the 
metal Surface. The magnesium can still corrode in basic envi 
ronments since the Mg(OH) layer is slightly soluble. ASM 
Handbook, Volume 13A Corrosion: Fundamentals, Testing, 
and Protection (#06494G). 
0046. In some embodiments, bioceramic particles dis 
persed in the metal matrix can be biodegradable with basic or 
acidic degradation by-products. Upon implantation of a stent, 
the bioceramic particles can degrade and the degradation 
products can change the pH locally within or around the 
erodible metallic matrix. 
0047. In some embodiments, the degradation products 
change the local pH to a level that changes the corrosion rate 
of the metallic matrix. In such embodiments, the local pH is 
changed to a level that increases the corrosion rate. The 
increased corrosion rate may be due to decreased passivation, 
an increased rate of corrosion reactions, or both. As discussed 
above, the rate of corrosion reactions can be increased by 
decreasing the pH. In other such embodiments, the local pH 
level is changed to a level that decreases the corrosion rate. 
The decreased corrosion rate may be caused by increased 
passivation, decreased rate of corrosion reactions, or both. 
The decreased rate of corrosion reaction can be due to an 
increase in pH. 
0.048. In certain embodiments, the erosion rate of the com 
posite stent is modified through the use of dispersed biocer 
amic particles that have acidic degradation products. Such 
acidic degradation products can decrease the local pH in, 
around, or adjacent to the composite stent. In Such embodi 
ments, the erosion rate of a composite can be increased due to 
the decrease in pH. Thus, the erosion rate can be decreased 
which increases the degradation time of the stent. The degra 
dation products decrease the pH to a level that increases the 
erosion rate of the composite. For example, tricalcium phos 
phate bioceramic particles and silica bioceramic particles 
release acidic degradation products that increase the degra 
dation rate of a metal matrix. 
0049. In an exemplary embodiment, the metal matrix can 
be an iron or iron alloy with dispersed bioceramic particles 
having acidic degradation products that increase the erosion 
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rate of the iron of a composite. In such embodiments, the local 
pH level is decreased sufficiently to increase corrosion rate. 
For example, the local pH level inside the stent can be 
decreased below 4 to increase the erosion rate. 
0050. In other embodiments, the erosion rate of a compos 
ite stent can be modified through the use of bioceramic par 
ticles that have basic degradation products. The basic degra 
dation products can increase the local pH in, around, or 
adjacent to the composite stent. In Such embodiments, the 
erosion rate of a composite can be decreased due to the 
decrease in pH. Thus, the erosion rate can be increased which 
decreases the degradation time of the stent. The degradation 
products increase the pH to a level that decreases the erosion 
rate of the composite. 
0051. In certain embodiments, the local pH level within 
the stent can be adjusted by the concentration of bioceramic 
particles within the metal matrix. In such embodiments, the 
pH level can be adjusted lower by increasing the concentra 
tion of bioceramic particles with acidic degradation products. 
In other such embodiments, the pH level can be adjusted 
higher by increasing the concentration of bioceramic par 
ticles with basic degradation products. 
0052. In further embodiments, the composite can include 
a mixture of bioceramic particles that have acidic degradation 
products and basic degradation products. The relative amount 
of the types of particles can be adjusted to obtain a pH level 
that results in a desired corrosion rate. For example, increas 
ing the relative concentration of bioceramic particles with 
acidic degradation products can decrease the pH level. 
0053 For example, a stent can formed from magnesium or 
a magnesium alloy with dispersed bioceramic particles that 
have basic degradation products. As an example, hydroxya 
patite releases basic degradation products. In Such embodi 
ments, the dispersed bioceramic particles can decrease the 
erosion rate of a composite stent and increase its degradation 
time. It has been shown that a bioceramic metal matrix com 
posite of AZ91D magnesium alloy with hydroxyapatite par 
ticles has a lower erosion rate than the AZ91D alloy alone. 
Biomaterials 28 (2007) 2163-2174. 
0054. In some embodiments, the concentration of biocer 
amic particles in the composite can be adjusted to obtain a 
selected erosion rate and degradation time of an erodible 
stent. Adjusting the concentration of bioceramic particles can 
change the erosion rate due to the both a change in pH level 
and the amount or mass of the metal matrix exposed to the 
degradation products. Exemplary embodiments of a compos 
ite of stent can have a concentration of bioceramic particles 
between 0.01 wt % and 30 wt %, 0.5 wt % and 30 wt %, 1 wit 
% and 30 wt %, 1 wt % and 20 wt %, or more narrowly, 
between 1 wt % and 5 wt %. 
0055 Additionally, the size of the bioceramic particles 
can be adjusted to tailor the erosion rate and degradation time. 
Bioceramic nanoparticles may be more effective in modify 
ing the erosion rate of the metallic matrix than microparticles. 
Since nanoparticles have a larger Surface to Volume ratio than 
larger particles, they are expected to provide a greater and 
more uniform exposure to degradation products than larger 
particles. 
0056. In various embodiments of the invention, the dis 
persed bioceramic particles can act as a reinforcing material 
to enhance the mechanical properties of the matrix Such as 
toughness, stiffness, and strength. In general, the higher the 
fracture toughness, the more resistant a material is to the 
propagation of cracks. Certain regions of an implantable 
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medical device, such as a stent, experience a high degree of 
stress and strain when the device is under stress during use. 
For example, when a stent is crimped and deployed, curved or 
bending regions such as portions 130, 140, and 150 can have 
highly concentrated strain which can lead to fracture. The 
bioceramic particles can increase fracture toughness by 
reducing the concentration of Strain by dispersing the Strain 
over a larger volume of the material. Particles can absorb 
energy due to applied stress and disperse energy about a larger 
Volume in the bioceramic metal matrix composite. 
0057 Therefore, rather than being highly concentrated, 
the stress and strain in a stent fabricated from a bioceramic 
metal matrix composite is divided into many Small interac 
tions involving numerous individual particles. When a crack 
is initiated in the material and starts traveling through the 
composite, the crack breaks up into finer and finer cracks due 
to interaction with the particles. Thus, the particles tend to 
dissipate the energy imparted to the stent by the applied stress. 
0058. Additionally, the use of nanoparticles may be par 

ticularly advantageous in improving mechanical properties. 
For a give weight ratio of particles to metal matrix, as the size 
of the particles decreases the number of particles dispersed 
throughout the stent per unit volume also increases. Thus, the 
number of particles available to disperse the energy of applied 
stress to the stent increases. Therefore, it is expected that a 
composite with nanoparticles will result in a more uniform 
and greater enhancement of mechanical properties. 
0059. Additionally, the dispersed bioceramic particles can 
increase the strength of the composite. As indicated above, a 
stent requires a high radial strength in order to provide effec 
tive Support to a vessel. A composite having dispersed bioce 
ramic particles with may have a higher strength than the metal 
matrix. It is believed that the bioceramic particles will 
enhance the strength and toughness during all or a portion of 
the time frame of erosion of a stent. 
0060. Furthermore, the use of bioceramic particles to tai 
lor erosion and mechanical properties has advantages over 
prior methods of modifying such properties in erodible metal 
stents that adjust the metal composition. Specifically, the 
bioceramic particles provide an extra degree of freedom in 
controlling erosion and mechanical behavior. The metal 
matrix does not need to be selected or composition adjusted to 
have desired degradation properties since the properties can 
be adjusted through selection of the bioceramic particles. 
0061. In general, it is desirable for the bioceramic particles 

to be dispersed with high uniformity throughout the metallic 
matrix. A more uniform the dispersion of the particles results 
in more uniform properties of the composite and a device 
fabricated from the composite. For example, a uniform dis 
persion can result in a greater uniformity in the increase in 
toughness, modulus, strength, and degradation rate. 
0062. In certain embodiments, the corrodible metal can be 
a metal that has a propensity for self-dissolution in an in vivo 
environment. A metal that undergoes self-dissolution in an in 
vivo environment corrodes when subjected to bodily fluids 
and breaks down. A self-dissolving metal can be selected that 
has little or no ill effect to a patient. Representative examples 
of self-dissolving metals in an in Vivo environment include, 
but are not limited to, magnesium, manganese, calcium, zinc, 
chromium, iron, cadmium, aluminum, cobalt, antimony, tin, 
Vanadium, copper, tungsten, and molybdenum. 
0063. In further embodiments, a stent can be fabricated 
from an alloy of one or more of the above-mentioned metals. 
Some alloys include a main constituent metal and a small 
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amount one or more additional types of metals. The addi 
tional metals can also include biostable or nonerodible met 
als. In some exemplary embodiments, the elemental compo 
sition of the main constituent metal can be greater than 85%, 
90%. 95%, or greater than 99% of the alloy. Main constituent 
metals are alloyed with additional metals to modify the cor 
rosion rate, improve mechanical properties, or both. 
0064 Generally, the corrosion rate as a function of pH of 
an alloy is different from the component metals. In certain 
embodiments, the alloy composition and the type of biocer 
amic particles can be selected to provide a desired erosion 
rate. Thus, in Such embodiments, an alloy composition can be 
adjusted to have a selected corrosion rate at a particular pH 
level corresponding to that provided by dispersed bioceramic 
particles. 
0065. In exemplary embodiments, magnesium can be 
alloyed with Small of amounts of Zinc, Sodium, iron, potas 
sium, calcium, aluminum, manganese, silver, Zirconium, tho 
rium, yttrium, and rhenium. In some exemplary embodi 
ments, the magnesium composition can be greater than 85%, 
90%. 95%, or greater than 99% of the alloy. For example, 
AZ91 magnesium alloy includes magnesium (89.8%), alumi 
num (9%), Zinc (2%), and manganese (0.2%). In other com 
mercial embodiments, magnesium can be alloyed with 
lithium with a magnesium-lithium ratio in the range of 60:40. 
Other magnesium alloys include AM50A and AE42. Addi 
tionally, Zinc can be alloyed with titanium (0.1-1%) to 
improve fracture toughness since Zinc is a comparative brittle 
material. 

0066. In further embodiments, the corrodible metal may 
include a combination of two or more metals selected to 
create a galvanic couple Such that the material will undergo 
galvanic dissolution upon contact with bodily fluids. Reliance 
on galvanic corrosion in order to achieve a desired corrosion 
rate requires the selection of a metal pair that has a Sufficiently 
high rest potential differential. A rest potential differential 
results from two metals that, by themselves, each have a 
particular rest potential when measured versus a reference 
electrode, for example a Standard Calomel Electrode (SCE) 
or Natural Hydrogen Electrode (NHE), in the same type of 
Solution, for example Saline or equine horse serum. The driv 
ing force toward corrosion that results from this differential 
may be tailored to control the rate of degradation of the joined 
materials. For example, a driving force of about 500 mV 
would generally result in a slower dissolution than a driving 
force of 1 V or more. 

0067. In some embodiments, dispersed bioceramic par 
ticles can be used in combination with selected galvanic pairs 
to control the erosion rate of a composite stent. Appropriate 
metal pairs can be selected from among the elements magne 
sium, manganese, potassium, calcium, Sodium, Zinc, chro 
mium, iron, cadmium, aluminum, cobalt, lead, Vanadium, 
copper, and molybdenum, and from alloys based on Such 
elements. 

006.8 Bioceramics can include any ceramic material that 
is compatible with the human body. More generally, biocer 
amic materials can include any type of compatible inorganic 
material or inorganic? organic hybrid material. Bioceramic 
materials can include, but are not limited to, alumina, Zirco 
nia, apatites, calcium phosphates, silica based glasses, or 
glass ceramics, and pyrolytic carbons. Bioceramic materials 
can be bioabsorbable and/or active. A bioceramic is active if 
it actively takes part in physiological processes. A bioceramic 
material can also be “inert, meaning that the material does 
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not absorb or degrade under physiological conditions of the 
human body and does not actively take part in physiological 
processes. 

0069 Illustrative examples of apatites and other calcium 
phosphates, include, but are not limited to hydroxyapatite 
(Cao(PO4)(OH)), fluoroapatite (Caio (PO4)F), carbonate 
apatide (Caio (PO)CO), tricalcium phosphate (Cas (PO) 
2), octacalcium phosphate (Cas (PO)-5H2O), calcium 
pyrophosphate (CalPO7-2H2O), tetracalcium phosphate 
(CalPO), and dicalcium phosphate dehydrate (CaFHPO 
2H2O). 
0070 The term bioceramics can also include bioactive 
glasses that are bioactive glass ceramics composed of com 
pounds such as SiO, Na2O, CaO, and POs. For example, a 
commercially available bioactive glass, Bioglass.(R), is derived 
from certain compositions of SiO, NaO—KO—CaO— 
MgO POs systems. Some commercially available bioac 
tive glasses include, but are not limited to: 
(0071 45S5:46.1 mol % SiO2, 26.9 mol% CaO, 24.4 mol 
% NaO and 2.5 mol % P.O; 
0072 58S: 60 mol % SiO2, 36 mol % CaO, and 4 mol % 
P.O; and S70C30: 70 mol % SiO2, 30 mol% CaO. 
0073. Another commercially available glass ceramic is 
AfW. 

0074 Bioceramic particles can be partially or completely 
made from a biodegradable, bioabsorbable, or biostable 
ceramic. Examples of bioabsorbable bioceramics include 
hydroxyapatite, various types of bioglass materials, tetracal 
cium phosphate, amorphous calcium phosphate, alpha-trical 
cium phosphate, and beta-tricalcium phosphate. Biostable 
bioceramics include alumina and Zirconia. 

0075. Further embodiments of the invention include for 
mation of the bioceramic metal matrix composite and fabri 
cation of an implantable medical device, such as a stent, 
therefrom. In some embodiments, the metal matrix composite 
can be formed by mixing the metal matrix with the biocer 
amic particles and extruding the mixture to form a construct, 
such as a tube. A stent can then be fabricated from the tube. 
For example, a stent pattern can then cut into the tube by laser 
cutting. 
0076. The mixing or extrusion process can be performed 
at low temperature, such as near room temperature (20-30° 
C.) or slightly elevated temperatures (<50° C. above room 
temperature). In other embodiments, the mixing or extrusion 
process can be performed at high temperature, for example, 
50-75% of the melting temperature of the metal. In some 
embodiments, the mixing or extrusion are performed attem 
peratures above 75% of the melting temperature of the metal 
or greater than the melting temperature of the metal. The 
mixing or forming is performed at a temperature below the 
melting point of the bioceramic particles. The temperature 
can also be below a temperature at which the bioceramic 
particles significantly chemically degraded. 
0077. In some embodiments, the mixing and forming can 
be performed in the same apparatus. In such embodiments, 
the metallic particles or ingots and bioceramic particles can 
be fed into a mixing apparatus, Such as an extruder, which 
both mixes and forms the construct. Alternatively, the com 
posite mixture of metal and bioceramic particles can be mixed 
separately in one apparatus. For example, the composite can 
beformed in an extruder or batch mixer. In one embodiment, 
the bioceramic particles can be combined with a metal in a 
powdered or granular form prior to the mixing of the particles 
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with the metal at an elevated temperature. The formed com 
posite can then be fed into an extruder to form the tube. 
0078. Agglomeration or formation of clusters of biocer 
amic particles can reduce the uniformity of dispersion of the 
particles in the metal matrix. The agglomeration of biocer 
amic particles makes it difficult to disperse the particles 
within the composite. The presence of larger clusters in the 
composite tends to result in a decrease in material perfor 
mance. Such larger clusters can result in the formation of 
Voids in a composite portion of a stent, which are preferential 
sites for crack initiation and failure. The mechanical mixing 
in a conventional single screw extruder or in batch processing 
can be insufficient to break up the clusters, resulting in a 
nonuniform mixture of bioceramic particles and metal. 
0079 Various methods may be employed to increase the 
uniformity of dispersion of bioceramic particles within a 
metal matrix. Certain embodiments for decreasing agglom 
eration and increasing the dispersion of bioceramic particles 
in a composite can include processing a mixture of particles 
and metal with mechanical methods sufficient to reduce 
agglomeration. Such embodiments can include processing a 
mixture of a polymer and agglomerated bioceramic particles 
under high shear stress conditions. Some embodiments can 
include processing the mixture Such that the particles are 
Subjected to shear stress higher than the fracture strength of 
the agglomerated particles. In one embodiment, a metal can 
blended or mixed with bioceramic particles in a manner that 
subjects the mixture to a shear stress higher than the fracture 
strength of agglomerates of bioceramic particles. Thus, 
metal-bioceramic particle mixture can be processed so that a 
maximum shear stress generated during mixing is higher than 
the fracture strength of the bioceramic particle agglomerates. 
Agglomerated particles may be mechanically broken down 
and more uniformly dispersed within the metal. 
0080. It is believed that the shear stress produced by a 
single screw extruder is typically lower than the fracture 
strength of bioceramic particle agglomerates. Various kinds 
of mixing devices may be employed that can apply a shear 
stress higher than the fracture strength of agglomerates. 
Mechanical blending devices that can apply a sufficiently 
high shear stress include, but are not limited to, a twin screw 
extruder or kneader. During blending, once the shear stress is 
higher than the fracture strength of bioceramic particles 
agglomerates, the agglomerates are broken down and more 
uniformly dispersed into the metal. The metal and bioceramic 
particles can be fed into a mechanical blending device sepa 
rately and processed at high shear stress. Alternatively, a 
composite mixture of metal and bioceramic particles can be 
fed into a mechanical blending device and processed at the 
high shear stress. 
I0081. The bioceramic particle/metal mixture can be pro 
cessed at the sufficiently high shear stress for a time sufficient 
to reduce agglomeration and disperse the particles. For 
example, the mixture can be processed between about 5 min. 
to about 30 min., more narrowly about 8 min. to about 20 
min., or more narrowly about 10 minto about 15 min. In one 
embodiment, the composite formed with surface modified 
bioceramic particles can also be processed in this manner. 
I0082 In general, good bonding between a matrix and a 
discrete or reinforcing phase in a composite material facili 
tates improvement of the mechanical performance of the 
composite. For example, the increase in the strength and 
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toughness of composite due to the bioceramic particles can be 
enhanced by good bonding between the metal matrix and 
particles. 
0083. In some embodiments, bioceramic particles may 
include an adhesion promoter to improve the adhesion 
between the particles and the metal matrix. In one embodi 
ment, an adhesion promoter can include a coupling agent. A 
coupling agent refers to a chemical Substance capable of 
reacting with both the bioceramic particle and the metal 
matrix of the composite material. A coupling agent acts as an 
interface between the metal and the bioceramic particle to 
form a chemical bridge between the two to enhance adhesion. 
0084. The adhesion promoter may include, but is not lim 
ited to, silane and non-silane coupling agents. For example, 
the adhesion promoter may include 3-aminopropyltri 
methoxysilane, 3-aminopropyltriethoxysilane, aminopropy 
lmethyldiethoxy silane, organotrialkoxysilanes, titanates, 
Zirconates, and organic acid-chromium chloride coordination 
complexes. 
0085. In some embodiments, the surface of the bioceramic 
particles may be treated with an adhesion promoter prior to 
mixing with the metal matrix. In one embodiment, the bioce 
ramic particles can be treated with a solution containing the 
adhesion promoter. Treating can include, but is not limited to, 
coating, dipping, or spraying the particles with an adhesion 
promoter or a solution including the adhesion promoter. The 
particles can also be treated with a gas containing the adhe 
sion promoter. In one embodiment, treatment of the biocer 
amic particles includes mixing the adhesion promoter with 
solution of distilled water and a solvent such as ethanol and 
then adding bioceramic particles. The bioceramic particles 
can then be separated from the Solution, for example, by a 
centrifuge, and the particles can be dried. The bioceramic 
particles may then used to form a composite. In an alternative 
embodiment, the adhesion promoter can be added to the 
particles during formation of the composite. For example, the 
adhesion promoter can be mixed with a bioceramic/metal 
mixture during extrusion. 
0.086. In some embodiments, the metal matrix of the bio 
ceramic metal composite can be porous. The pores increase 
the surface area of contact of bodily fluids with both the metal 
matrix and the bioceramic particles. Therefore, there is 
increased corrosion of the metal and the bioceramic particles. 
Due to the increased surface area of contact, the pores tend to 
have an accelerating effect on the corrosion rate of the metal. 
It is expected that if the change in the pH due to bioceramic 
particles has an accelerating effect on the corrosion rate, the 
bioceramic particles will further accelerate the corrosion rate 
of the composite. However, if the change in the pH due to the 
bioceramic particles has a decelerating effect on the corrosion 
rate, the bioceramic particles may mitigate the accelerating 
effect of the pores. The rate of erosion can be tailored to a 
range of applications through selection of the metal, the 
degree of porosity, and the type of bioceramic particles. 
0087. The porosity has a substantial effect on the rate of 
corrosion to the extent that the ratio of corrosion rate increase 
to surface area increase has been found to vary from 0.3 to 1.0 
depending on the type of material and the environment to 
which it is exposed. The morphology of the microcellular 
porous metal, including the cell size and porosity of the metal, 
can be controlled so that the cell sizes can be made very 
uniform, and can be controlled precisely by the manipulation 
of various parameters during the formation process. The 
desired porosity is achievable by a variety of techniques 
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including, but not limited to sintering, foaming, extrusion, 
thixomolding, semi-solid slurry casting and thermal spray 
ing. 
I0088 “Stress' refers to force per unit area, as in the force 
acting through a small area within a plane. Stress can be 
divided into components, normal and parallel to the plane, 
called normal stress and shear stress, respectively. True stress 
denotes the stress where force and area are measured at the 
same time. Conventional stress, as applied to tension and 
compression tests, is force divided by the original gauge 
length. 
I0089 “Strength” refers to the maximum stress along an 
axis which a material will withstand prior to fracture. The 
ultimate strength is calculated from the maximum load 
applied during the test divided by the original cross-sectional 
aca. 

0090 “Modulus' may be defined as the ratio of a compo 
nent of stress or force per unit area applied to a material 
divided by the strain along an axis of applied force that results 
from the applied force. For example, a material has both a 
tensile and a compressive modulus. A material with a rela 
tively high modulus tends to be stiff or rigid. Conversely, a 
material with a relatively low modulus tends to be flexible. 
The modulus of a material depends on the molecular compo 
sition and structure, temperature of the material, amount of 
deformation, and the strain rate or rate of deformation. 
0091 “Strain refers to the amount of elongation or com 
pression that occurs in a material at a given stress or load. 
0092 “Elongation” may be defined as the increase in 
length in a material which occurs when Subjected to stress. It 
is typically expressed as a percentage of the original length. 
0093 Elongation to Break is the strain on a sample when 

it breaks. It is usually is expressed as a percent. 
0094 "Toughness” is the amount of energy absorbed prior 
to fracture, or equivalently, the amount of work required to 
fracture a material. One measure of toughness is the area 
under a stress-strain curve from Zero strain to the Strain at 
fracture. The stress is proportional to the tensile force on the 
material and the strain is proportional to its length. The area 
under the curve then is proportional to the integral of the force 
over the distance the polymer stretches before breaking. This 
integral is the work (energy) required to break the sample. 
The toughness is a measure of the energy a sample can absorb 
before it breaks. There is a difference between toughness and 
strength. A material that is strong, but not tough is said to be 
brittle. Brittle substances are strong, but cannot deform very 
much before breaking. 
0.095 “Solvent' is defined as a substance capable of dis 
Solving or dispersing one or more other Substances or capable 
of at least partially dissolving or dispersing the Substance(s) 
to form a uniformly dispersed solution at the molecular- or 
ionic-size level at a selected temperature and pressure. The 
solvent should be capable of dissolving at least 0.1 mg of the 
polymer in 1 ml of the solvent, and more narrowly 0.5 mg in 
1 ml at the selected temperature and pressure, for example, 
ambient temperature and ambient pressure. 

Example 

0096. The example set forth below is for illustrative pur 
poses only and are in no way meant to limit the invention. The 
following example is given to aid in understanding the inven 
tion, but it is to be understood that the invention is not limited 
to the particular materials or procedures of examples. 
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0097. Magnesium Alloy/Nano Hydroxyapatite (HAP) 
Composite Stent Preparation 
0098 Step 1 Composite preparation: 1 kg of magnesium 
alloy is mixed with 100 g nano HAP at room temperature in a 
mechanical blender. The mixture is extruded through a signal 
or twin screw extruder with a puller at 400°C. The extruded 
tubing has an inside diameter=0.128 in and outside diam 
eter=0.136 in. 
0099 Step 2 Stent preparation: The tubing is cut into a 
stent by a laser, and crimped to smaller diameter (0.05 in). 
0100 While particular embodiments of the present inven 
tion have been shown and described, it will be obvious to 
those skilled in the art that changes and modifications can be 
made without departing from this invention in its broader 
aspects. Therefore, the appended claims are to encompass 
within their scope all such changes and modifications as fall 
within the true spirit and scope of this invention. 
What is claimed is: 
1. A stent comprising a stent body formed from a metal 

matrix composite, the composite including bioceramic par 
ticles dispersed within a metal matrix of magnesium or a 
magnesium alloy, wherein the dispersed bioceramic particles 
decrease the erosion rate of the stent body in a vascular 
environment. 

2. The stent of claim 1, wherein the bioceramic particles are 
hydroxyapatite particles. 

3. The stent of claim 1, wherein a time for the stent to 
completely absorb in vitro is greater than six months. 

4. The stent of claim 1, wherein the composite comprises 1 
wt % to 5 wt % of the particles. 

5. The stent of claim 1, wherein the bioceramic particles 
comprise an adhesion promoter on a Surface of the particles, 
the adhesion promoter enhancing adhesion between the bio 
ceramic particles and the metallic matrix. 
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6. The stent of claim 5, wherein the adhesion promoter is 
selected from the group consisting of 3-aminopropyltri 
methoxysilane, 3-aminopropyltriethoxysilane, aminopropy 
lmethyldiethoxy silane, organotrialkoxysilanes, titanates, 
Zirconates, and organic acid-chromium chloride coordination 
complexes. 

7. The stent of claim 1, wherein the magnesium alloy is 
AZ91D magnesium alloy. 

8. The stent of claim 1, wherein all of the stent body is 
formed from the composite. 

9. The stent of claim 1, wherein the stent body is a scaf 
folding. 

10. The stent of claim 1, wherein the stent body is a scaf 
folding and all of the scaffolding is formed of the composite 
and the bioceramic particles are dispersed uniformly through 
out the metallic matrix of the composite. 

11. A stent body formed from a metal matrix composite, the 
composite including bioceramic particles dispersed through 
out a metal matrix of magnesium or a magnesium alloy, 
wherein the dispersed bioceramic particles decrease the ero 
sion rate of the stent body in a vascular environment. 

12. The stent body of claim 11, wherein the bioceramic 
particles are hydroxyapatite particles. 

13. The stent body of claim 11, wherein the magnesium 
alloy is AZ91D magnesium alloy. 

14. The stent body of claim 11, wherein all of the stent body 
is formed from the composite. 

15. The stent body of claim 11, wherein the stent body is a 
scaffolding. 

16. The stent body of claim 11, wherein the stent body is a 
scaffolding and all of the scaffolding is formed from the 
composite. 


