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POLYMER COMPOSITE STENT WITH POLYMER PARTICLES

BACKGROUND OF THE INVENTION
Field of the Invention

This invention relates to polymer composite implantable medical devices, such as
stents, with polymer particles.

Description of the State of the Art

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.

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 ;c,uch as urinary tracts and bile ducts. Stents are often used
in the treatment of atherosclerotic stenosis in blood vessels. “Stenosis” refers to a narrowing
or constriction of tfle 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 valv'uioplasty) with apparent success.

The treatment of a diseased site or lesion with a stent involves both delivery and
deployment of the stent. “Delivery” 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



10

15

20

25

WO 2008/002479 PCT/US2007/014571

catheter, inserting the end of the catheter through the skin into a bodily lumen, advancing the
catheter in the bodily lumen to a desired treatment location, expanding the stent at the
treatment location, and removing the catheter from the lumen.

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then be deflated and the catheter withdrawn.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 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.

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 strength and rigidity, therefore, may also be described as, hoop or
circumferential strength and rigidity.

Once expanded, the stent must adequately maintain its size and shape throughout its
service life despite the various 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 deployment 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.
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The structure of a stent is typically composed of scaffolding that includes a pattern or
network of interconnecting structural elements often referred to in the art as struts or bar arms.
The scaffolding can be formed from wires, tubes, or sheets of material rolled into a
cylindrical shape. The scaffolding is designed so that the stent can be radially compressed gto
allow crimping) and radially expanded (to allow deploymeni). A conventional stent is
allowed to expand and contract through movement of individual structural elements of a
pattern with respect to each other.

Additionally, a medicated stent may be fabricated by coating the surface of either a
metallic or polymeric scaffolding 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.

Furthermore, it may be desirable for a stent to be biodegradable. In many treatment
applications, the presence of a stent in a body may be necessary for a limited period of time
until its intended function of, for example, maintaining vascular patency and/or drug delivery
is accomplished. Therefore, stents fabricated from biodegradable, bioabsorbable, and/or
bioerodable materials such as bioabsorbable polymers should be configured to completely
erode only after the clinical need for them has ended.

However, some biodegradable polymers having sufficient strength and modulus for
use as stent materials, but do not have the toughness desired for or required of a stent. Such
biodegradable polymers tend to be brittle under physiological conditions or conditions within
a human body. Additionally, some biodegradable polymers have degradation rates that are
slower than desired. |

SUMMARY OF THE INVENTION

Certain embodiments of the present invention include an implantable medical device
comprising a structural element, the structural element including a composite, the composite

having a plurality of polymer particles dispersed within a polymer matrix, wherein the
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particle polymer has a lower modulus than the matrix polymer, and wherein the composite
comprises a higher toughness than the matrix polymer.

Further embodiments of the present invention include a method of fabricating an
implantable medical device comprising: mixing a plurality of crosslinked polymer particles
with a matrix polymer above the Tm of the matrix polymer, wherein the particle polymer has
a lower modulus than the matrix polymer; forming a polymer construct from the mixture; and
fabricating an implantable medical device from the construct.

Additional embodiments of the present invention include a method of fabricating an
implantable medical device comprising: mixing a particle polymer with a matrix polymer
above the Tm of the particle polymer and the Tm of the matrix polymer such that the particle
polymer and matrix polymer are polymer melts, wherein the mixing causes the particle
polymer to form a plurality of discrete particulate domains dispersed within the matrix
polymer, and wherein the particle polymer has a lower modulus than the matrix polymer;
forming a polymer construct from the mixture, the polymer construct comprising the discrete
particulate domains dispersed with the matrix polymer; and fabricating an implantable
medical device from the construct.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts a stent.

FIG. 2A depicts a section of a structural element from the stent depicted in FIG. 1.

FIG. 2B depicts particles dispersed within a polymer matrix.

FIG. 3A depicts a schematic view of a portion of a polymer melt mixture prior to
nanoparticle or microparticle phase separation.

FIG. 3B depicts a portion of a polymer melt with nanoparticle or microparticle phase

separation.
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FIG. 4 depicts a schematic plot of the crystal nucleation rate, the crystal growth rate,
and the overall rate of crystallization for a semicrystalline polymer.

DETAILED DESCRIPTION OF THE INVENTION

The various embodiments of the present invention relate to composite polymer
implantable medical devices and methods of fabricating composite polymer stents having
strength, modulus, and toughness sufficiently high for treating a bodily lumen. Embodiments
of the composite polymer implantable medical have a structural element including a plurality
of polymer particles dispersed within a matrix polymer, the particle polymer having a lower
modulus than the matrix polymer. In some embodiments, the particles are composed of an
elastomeric or rubbery polymer.

The present invention can be applied to implantable medical devices including, but is
not limited to, self-expandable stents, balloon-expandable stents, stent-grafts, and grafts (e.g.,
aortic grafts), implantable cardiac pacemakers and defibrillators, leads and electrodes for the
preceding, implantable organ stimulators such as nerve, bladder, sphincter and diaphragm
stimulators, cochlear implants, prostheses, vascular grafts, artificial heart valves, and
cerebrospinal fluid shunts.

In particular, a stent can have a scaffolding or a substrate that includes a pattern of a
plurality of interconnecting structural elements or struts. FIG. 1 depicts an example of a view
of a stent 100. 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 virtually any design. The embodimeilts 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.
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Implantable medical devices can be formed from a construct such as a tube, sheet, or
other shape or form. A polymer construct, for instance, may be formed by methods such as
extrusion or injection molding. A stent such as stent 100 may be fabricated from a polymeric
tube or a sheet by rolling and bonding the sheet to form a tube. A stent pattern may be
formed on a polymer tube by laser cutting a pattern on the tube. Representative examples of
lasers that may be used include, but are not limited to, excimer, carbon dioxide, and YAG. In
other embodiments, chemical etching may be used to form a pattern on a tube.

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 being a portion
120. In addition, patterns may include structural elements or struts that include bending
elements such as portions 130, 140, and 150. Bending elements bend inward when a stent is
crimped and outward when a stent is radially expanded. After deployment, a stent is under
static and cyclic compressive loads from the vessel walls. Thus, the curved portions of the
bending elements are subjected to relatively high stress and strain during use.

Therefore, a stent has certain mechanical requirements that include a sufficiently high
modulus, strength, and toughness. A stent must have have a sufficiently high modulus to
resist recoil inward as it supports a bodily lumen. A stent should also have sufficient radial
strength to withstand the structural loads, namely radial compressive forces, imposed on the
stent as it supports the walls of a vessel. A stent should have toughness sufficient to resist
fracture at the magnitude of the loads and degree of strain imposed on the stent during and
after deployment.

“Toughness” is defined as 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. Thus, a brittle
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material tends to have a relatively low toughness since it has a tendency to fracture at a

relatively low level of strain with little or no plastic deformation.

Some polymers, in particular biodegradable polymers, such as poly(L-lactide)
(PLLA), have sufficiently high strength and modulus for stent applications, but have
insufficient toughness under physiological conditions or conditions within a2 human body.
These polymer systems tend to exhibit a brittle fracture mechanism in which there is little or
no plastic deformation prior to failure. Such polymers can have a Tg above human body

temperature which is approximately 37 °C.

Another deficiency of some biodegradable polymers, such as PLLA, is that the
degradation rate is relatively slow and results in a degradation time of a stent outside of a
desired range. Degradation time refers to the time for an implantable medical device to
substantially or completely erode away from an implant site. It is generally desirable for a
stent to disintegrate and disappear from the region of implantation once treatment is
completed. For stents made from a biodegradable polymer, the stent is intended to remain in
the body for a duration of time until its intended function of, for example, maintaining
vascular patency and/or drug delivery is accomplished. The duration of a treatment period

depends on the bodily disorder that is being treated. For illustrative purposes only, the

. duration can be up to a month, three months, six months, twelve months, eighteen months, or

two years.

It is understood that after the process of degradation, erosion, absorption, and/or
resorption has been completed, no part of the stent will remain or in the case of coating
applications on a biostable scaffolding, no polymer will remain on the device. In some

embodiments, very negligible traces or residue may be left behind.
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The degradation time of a slow eroding polymer can be decreased by increasing the
degradation rate. The degradation rate may be characterized by, for example, the average
erosion rate or the half-life of a polymer. The “average erosion rate” may be an average

erosion or mass loss rate over any selected time interval:
Average erosion rate = (m; — m;)/(tz — ;)

where “m?”’ refers to mass of the device, “t” refers to a time during erosion, and m; and m; are
the masses of the device at t; and t; during erosion. For instance, the selected time interval
may be between the onset of degradation and another selected time. Other selected times, for
example, may be the time for about 25%, 50%, 75%, or 100% (complete erosion) of the
device to erode. The time for complete erosion may correspond approximately to the
duration of treatment. The “half-life” of a degrading polymer refers to the .length of time for
the molecular weight of the polymer to fall to one half of its original value. Seee.g., J. C.

Middleton and A. J. Tipton, Biomaterials, Vol. 21 (23) (2000) pp. 2335-2346.

Various embodiments of the present invention include an implantable medical device
fabricated from a composite including a polymer matrix or continuous phase and polymer
particles as a discrete phase. The particles are expected to enhance the fracture toughness of
a device while maintaining a sufficiently high strength and modulus of the device.

In some embodiments, the matrix polymer is a biodegradable polymer. The particles
can also be degradable. Thus, in addition to enhancing toughness of the matrix polymer, the
particles can decrease the degradation time of the device by increasing the degradation rate of
the matrix polymer.

In certain embodiments, a structural element of an implantable medical device may be

composed of, formed from, or fabricated from a composite. The composite can have a
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plurality of polymeric particles dispersed within a polymer matrix. In one exemplary
embodiment, the matrix polymer can be PLLA.

Structural elements can include, but are not limited to, any element that makes up the
structure of the device such as a strut, wire, or filament. 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 particles 220 dispersed throughout a polymer matrix 230.

In some embodiments, the matrix polymer can be a polymer with a relatively low
fracture toughness and that is brittle at physiological conditions. In an embodiment, the
matrix polymer is a semicrystalline polymer. Additionally, the particle polymer can be
selected so that it has a lower modulus and higher toughness thian the matrix polymer. For
example, the particle polymer can have a modulus that is 10%, 30%, 50%, 70%, or 80% of
the matrix polymer.

In an embodiment, the particle polymer can be an elastomeric or rubbery polymer.
An “clastomner” or “‘rubbery” polymer refers to a polymer which can resist and recover from
deformation produced by force, as in natural rubber. In one embodiment, at room
temperature, elastomers or rubbery polymers can be stretched repeatedly to at least twice
their original length and, immediately upon release of the stress, return with force to their
approximate original length. In another embodiment, elastomers are amorphous polymers
existing above their glass transition temperature.

In certain embodiments, the particles can be composed of in whole or part of a
crosslinked polymer. Such particles can be pre-formed and combined with a matrix polymer
during processing of the composite, which is described below.

In another embodiment, the particles can be a non-crosslinked polymer. In one
embodiment, the non-crosslinked polymer can be immiscible with the matrix particle to allow

particles to be formed within the matrix polymer through microphase separation during

9
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processing, which is described below. “Immiscible” refers to the inability of a mixture of the
polymers to form a single phase in the ranges of composition of the mixture and in the ranges
of temperature and pressure at (1) ambient conditions (1 atm, 15 °C to 30 °C), (2) during
processing of the composite and device, and (2) at physiological conditions.

In some embodiments, the non-crosslinked polymer particles can be miscible with the
matrix polymer. “Miscible” refers to the cability of a mixture of the polymers to form a
single phase in the ranges of composition of the mixture and in the ranges of temperature and
pressure at (1) ambient conditions (1 atm, 15 °C to 30 °C), (2) during processing of the
composite and device, and (2) at physiological conditions. In such an embodiment, the
melting temperature (Tm) of the non-crosslinked polymer can be greater than the particle
polymer to allow melt blending of the particles with a matrix polymer. In particular, a
composite can be formed by blending the non-crosslinked particle with a matrix polymer at a
temperature above the Tm of the matrix polymer and below the Tm of the particle polymer.

Representative polymers that may be used as a particle polymer include, but are not
limited to, poly(butadiene), poly(butadiene-co-acrylonitrile), poly(butadiene-co-styrene),
poly(chloroprene), poly(isobutené-co—isoprene), ethylene-propylene-diene—terpolymer,
poly(butyl acrylate), poly(vinylidene fluoride-co-hexafluoropropylene), epichlorohydrin
rubber, polyacrylic rubber, chlorosulfonated polyethylene, silicone, fluorosilicone,
polyurethane, resilin, polyamide, poly(glycerol sebacate), poly(trimethylene carbonate),
poly(caprolactone), poly(lactide-co-trimethyl carbonate), poly(glycolide-co-trimethyl
carbone), poly(glycolic acid-co-trimethylene carbonate)-block-polylactide. poly(lactide-co-
e-caprolactone), poly(glycolide-co-caprolactone), and poly(hydroxybutyrate-co-caprolactone).

Various sizes of the particles may be used in the composite. For example, the
particles can include, but are not limited to, nanoparticles and microparticles. A nanoparticle

refers to a particle with a characteristic length (e.g., diameter) in the range of about 1 nm to

10
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about 1,000 nm. In some embodiments, the characteristic length of the nanoparticles can be
less than 100 nm. In other embodiments, the characteristic length of the nanoparticles can be
less than 300 nm, 500 nm, 700 nm, or less than 900 nm. A microparticle refers to a particle
with a characteristic length greater than 1,000 nm and less than about 10 microns.

Additionally, particles can be of various shapes. For example, the particles can be
spherical, oblong, long fibers, or short fibers.

The composite of a structural element of a device may have less 5 wt%, 3 wt%, 2
wt%, or more narrowly less than 1 wt% of particles as compared to the matrix polymer of the
composite.

Additionally, in some embodiments, matrix polymer crystalline domains may be
formed adjacent to or around the particles. During formation of the composite, as described
below, the particles can act as nucleating agents, resulting in the matrix polymer crystallizing
adjacent to or around the particles. The crystallites may be dispersed throughout an

amorphous domain of the matrix polymer in the composite.

It is generally known to a person of skill in the art that the toughness of a polymer can
be enhanced by blending the polymer with a low modulus, elastomeric, rubbery material; A
problem with this approach, as far as stent applications are concerned, is that the low
modulus materials tend to reduce the modulus of the material. The decrease in modulus is
directly proportional to the volume of added elastomeric material. Therefore, when

enhancing the toughness in this way;, it is desirable to achieve a balance between a toughness

and stiffness.

It has been shown that the toughness of polypropylene (PP) is increased substantially
by the blending elastomeric nanoparticles with the polypropylene. Zhang M, et al., Polymer,

43(2002) 5133-5138. The toughness of the PP was enhanced even at a level as low as 2 wt%

11
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of elastomeric nanoparticles. Ibid. In spite of the presence of the low modulus elastomeric
nanoparticles, the PP blends retained and even possessed a sli ght enhancement in stiffness.

Tbid.

It is believed that the retained or enhanced stiffness of the PP blends is due in part to
the fact that the elastomeric nanoparticles act not only as a toughening modifier, but as a
nucleation agent that speeds up the crystallization kinetics for the PP. Ibid. The increase in
the crystallization rate, crystallinity, and nucleation density may act to increase the stiffness
of the PP blend, compensating for the decrease in strength and modulus due to the low
modulus elastomeric pﬁrticles. Ibid. Thus, it is expected that the toughness of polymers
having strength and modulus suitable for stent applications, such as PLLA, can be enhanced
using low modulus particles, such as elastomeric or rubbery particles, while retaining

sufficient stiffness and strength.

It is believed that the mechanism of the increase in toughness is due to particles
absorbing energy due to applied stress which disperses energy about a larger volume in a
composite. Dispersion of the energy is particularly important in high strain regions of the
bending regions of a stent. Rather than being highly concentrated the stress and strain in a
device fabricated from a composite is divided into many small interactions 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. Therefore, the particles tend to dissipate the energy imparted to the device by

the applied stress.

In general, at least over a range of particles size, the increase in the toughness is
directly proportional to the size of the particles. For a give weight ratio of particles to matrix,

as the size of the particles decreases the number of particles dispersed throughout the device

12



10

15

20

WO 2008/002479 PCT/US2007/014571

per unit volume also increases. Thus, the number of particles to disperse the energy of
applied stress to the device increases. Therefore, it is advantageous to use nanoparticles to
increase the toughness of the polymer. Furthermore, since small particles such as
nanoparticles can increase toughness even at relatively low weight percent, the decrease in
strength and modulus due to the low modulus particles is reduced.

Also, the particle size distribution can be important in enhancing toughness of a
matrix polymer. Generally, it is expected that a monodispe‘rse, narrow size distribution
allows particles to be blended more uniformly resulting in more effective enhancement of
toughness. In general, 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 dispersion can result in a uniform increase in toughness and modulus and
modification of degradation rate, as described below. In some embodiments, the particles are
uniformly or- substantially uniformly dispersed within the matrix polymer.

In certain embodiments, biodegradable particles can be used to tune the degradation
rate of a matrix polymer that is biodegradable. In particular, the particles can decrease the
degradation time of the device by increasing the dcgrz;dation rate of the matrix polymer.

Several mechanisms may be relied upon for erosion and disintegration of implantable
devices which include, but are not limited to, mechanical, chemical breakdown and
dissolution. In particular, degradation of polymers involves chemical breakdown involving
enzymatic and/or hydrolytic cleavage of a device material due to exposure to bodily fluids
such as blood. Hydrolysis is a chemical process in which a molecule is cleaved into two parts
by the addition of a molecule of water. Consequently, the degree of degradation in the bulk
of a polymer is strongly dependent on the concentration of water in a polymer and the

diffusion rate of water into the polymer.

13
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As discussed above, some biodegradable polymers, such as poly(L-lactide), have a
degradation rate that is slow and results in a degradation time of a stent outside of a desired
range. Increasing the equilibrium content of moisture in a biodegradable polymer that
degrades by hydrolysis can increase the degradation rate of a polymer. Various embodiments
of the present invention include increasing the equilibrium moisture content in a polymer of a

device to accelerate the degradation rate.

In order to decrease the degradation time of a composite device, the particle polymer
can have a higher degradation rate or a shorter half-life than the matrix polymer. For
example, the particle polymer can have a half-life that is 10%, 30%, 50%, 70%, or 90% of the
matrix polymer. In an embodiment, the degradation rate of a composite device can be tuned
and/or adjusted to obtain a desired degradation time of the device. As the particles erode
within the polymeric matrix, the porosity of the matrix increases. The increased porosity
increases the diffusion rate of moisture through the polymeric matrix, and thus, the
equilibrium moisture content of the polymeric matrix. As a result, the degradation rate of the
polymer is increased. The porous structure also increases the transport of degradation

products out of the matrix, which also increases the degradation rate of the matrix.

In certain embodiments, the degradation time of the device can be tuned or controlled
through variables such as the size and shape of particles. The faster the degradation rate of
the particle particle polymer, the faster the porosity of the polymer matrix increases which
results in a greater increase in the degradation rate of the polymer matrix. Additionally, the
size of the particles influence the time for erosion of the particles. 'The smaller the particles,
the faster the erosion of the particles because of the higher surface area per unit mass of
particles.

For example, nanoparticles may have a relatively fast erosion rate compared to

microparticles. Additionally, elongated particles, such as fibers, may tend to erode faster on a

14
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per unit mass basis due to the higher surface area per unit mass of the particle. Also, short

-fibers may tend to erode faster than longer fibers. Short fibers refer to long fibers than have

been cut into short lengths. For example, a length of a short fiber can be substantially smaller
than a diameter of a stent. In some embodiments, the short fibers may be less than 0.05 mm
long. In other embodiments, the short fibers may be between 0.05 and 8 mm long, or more

narrowly between 0.1 and 0.4 mm long or 0.3 and 0.4 mm long.

Furthermore, the size and distribution of pores created by erosion of particles can also
influence the degradation rate and time of the polymer matrix. Smaller particles, such as
nanoparticles, create a porous network that exposes a larger volume of polymer matrix to
bodily fluid than larger particles, like microparticles. As a result the degradation rate of the

matrix can be higher when nanoparticles are used rather than microparticles.

Therefore, through appropriate selection of the type of material for the particles and
the size and shape of the particles, the device can be designed to have a selected degradation

time.

In further embodiments, the degradation products of the particle polymer can cause in
increase in the degradation rate of the matrix polymer, and thus a decrease in the degradation
time of the device. In an embodiment, degradation products of the particle polymer can be
acidic. The increase in degradation rate of a degradable polymer by acidic degradation
products is referred to as an autocatalytic effect. This effect can result in an increase in the
degradation rate of a matrix polymer that degrades through a hydrolysis reaction. The rate of
the hydrolysis reaction tends to increase as the pH decreases. Thus, the increase in the pH
due to the acidic degradation products of the particle degradation tends to increase the
degradation rate of the matrix polymer. In addition, the acidic degradation product is

hydrophilic, which increases the uptake of water into the matrix polymer. The increased
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uptake of water also increases the degradation rate since the hydrolysis reaction of the matrix

polymer has water as a reactant.

For example, the particle polymer can include ester linkages that can degrade through
addition of water into a degradation product having an acid group. The matrix polymer can
also have ester linkages that degrade by hydrolysis into polymer segments having an acid
group. The rate of the matrix polymer degradation reaction can be increased by the decreased
pH caused by the degradation product of the particle polymer. The acid group of the
degradation product of the particle polymer and the acid group of the matrix polymer
segment are hydrophilic which increases the water uptake, further increasing the hydrolysis

reactions.

Further embodiments of the invention include formation of a composite and
fabrication of an implantable medical device therefrom. As indicated above, a composite
including particles dispersed in a polymer matrix can be extruded to form a polymer
construct, such as a tube. A stent can then be fabricated from the tube.

For example, in extrusion, a polymer melt is conveyed through an extruder and forced
through a die in the shape of a pol-ymer construct. In the case of a tube, a tubular film exits
the die. The melt exiting the die is cooled below the Tm of the polymer to form an extruded
polymeric construct. An implantable medical device can then be fabricated from the polymer
construct. For instance, a polymer tube can be laser cut to form a stent.

In some embodiments, the composite and implantable medical device can be formed
by melt blending particles with a matrix polymer melt. Melt blending can be particularly
useful in forming composites having particles that are composed of a crosslinked polymer
and/or are a polymer with a Tm that is above the Tm of the matrix polymer. In one

embodiment, a method of fabricating an implantable medical device can include mixing a
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plurality of polymeric particles with a matrix polymer melt. The particle polymer can be
selected so that it has a Tm above the Tm of the matrix polymer. In an embodiment, the
particles are crosslinked. The temperature of the matrix polymer melt during mixing can be
less than the Tm of the particles so that particles do not melt during the mixing. The particles
can be mixed with the matrix polymer melt using an extruder or batch processing. The
mixture of matrix polymer melt and particles can then be forced through a die to form a
polymer construct.

Representative examples of extruders include, but are not limited to, single screw
extruders, intermeshing co-rotating and counter-rotating twin-screw extruders and other
multiple screw masticating extruders.

In one embodiment, the particles can be combined with the matrix polymer in a
powdered or granular form prior to melting of the matrix polymer. The particles and matrix
polymer can be mixed using mechanical mixing or stirring such as agitation of the particles
and polymer in a container or a mixer. The agitated mixture can then be heated to a
temperature above the Tm of the matrix polymer in an extruder or using batch processing.
The mixture can then be cooled to below the Tm of the matrix polymer to form the
composite. For example, polymer melt can be cooled by conveying it through a water bath at
a selected temperature. Alternatively, the polymer melt may be cooled by a gas at a selected
temperature.

Another embodiment of fdming a composite can include melt blending a non-
crosslinked polymer with a matrix polymer above the Tm of both the particle polymer and
the matrix polymer. To allow for the formation of particles within the matrix polymer, the
particle polymer can be immiscible with the matrix polymer. The particles are formed
through microphase separation of the discrete phase particle polymer from a continuous

phase matrix polymer.
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In one embodiment, a particle polymer can be mixed with a matrix polymer, the
particle polymer and the matrix polymer being above their Tm’s. The particle polymer can
be added to the matrix polymer in a form that facilitates blending of the particle polymer and
matrix polymer. For example, thé particle polymer can be added to the matrix polymer in
powdered or granular form. The particle polymer melt and the matrix polymer melt can be
mixed so that the particle polymer forms a plurality of discrete particulate domains having
nanoparticle or microparticle characteristic lengths dispersed within the matrix polymer.

FIG. 3A depicts a schematic view of a portion 300 of a polymer melt mixture prior to
nanoparticle or microparticle phase séparation. Portion 300 in FIG. 3A shows a particle
polymer discrete phase 310 dispersed within a matrix polymer continuous phase 320. FIG.
3B depicts portion 300 after mixing causes nanoparticle or microparticle phase separation
showing discrete particulate domains 330 of particle polymer dispersed within matrix
polymer 320.

Upon cooling the mixture to below the Tm’s of the particle polymer and matrix
polymer, the resulting mixture or composite can have the discrete particulate domains of
nanoparticle or microparticle characteristic lengths dispersed with the matrix polymer. The
mixing can be performed, for example, in an extruder or batch processing. Prior to or during
cooling, the mixture of matrix polymer melt and particulate domains can be forced through a
die to form a polymer construct.

Additionally, a method of forming the polymer construct also include allowing matrix
polymer crystallites to form adjacent to or around the particles or discrete particulate domains.
The crystallites can be dispersed throughout an amorphous domain of the matrix polymer.
The crystallinity, crystal size, and crystal density can be controlled by controlling the
temperature of the cooling matrix polymer melt. In general, crystallization in a polymer

tends to occur at temperatures between Tg and Tm of the polymer. Therefore, in some
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embodiments, the temperature of the polymer construct during cooling can be between Tg
and Tm of the matrix polymer. As the temperature of the polymer melt is cooled below Tm
to form a polymer construct, such as a tube, the particles or particulate domains provide a
point of nucleation in the polymer melt for the formation of matrix polymer crystalline
domains.

A network of many small crystalline domains is formed, which can work to tie
crystalline domains together and reduce, inhibit or prevent fracturing, creep, stress
relaxation, and physical aging of the polymer. The crystalline domains can serve as net
points in the amorphous domains that restrict the freedom of movement of polymer chains
in the amorphous domain. As a result, physical aging, creep, and stress relaxation can be
reduced. In addition, as discussed above, the toughness, strength, and modulus of the
matrix polymer may be maintained or enhanced by the crystallites.

In general, both microparticles and nanoparticles can be used as nucleation points.
However, as the number of particles increases and size of the particles decreases, the
crystalline domains become more effective in maintaining or enhancing mechanical
properties.

In certain embodiments, the size of the crystalline domains can be controlled by
the temperature of the cooling polymer construct from an extruder. The rate of
crystallization in this range varies with temperature. FIG. 4 depicts a schematic plot of the
crystal nucleation rate (Ry), the crystal growth rate (Rcg), and the overall rate of
crystallization (Rco). The crystal nucleation rate is the growth rate of new crystals and the
crystal growth rate is the rate of growth of formed crystals. The overall rate of

crystallization is the sum of curves Ry and Rcg.

In certain embodiments, the temperature of the cooling polymer construct can be at

a temperature at which the overall crystallization rate is relatively low. Atsucha
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temperature, the increase in crystallinity is predominantly due to formation of crystalline
domains around the particles, rather than the growth of existing crystals. In some
embodiments, the temperature can be in a range in which the crystal nucleation rate is
larger than the crystal growth rate. In one embodiment, the temperature can be in a range
in which the crystal nucleation rate is substantially larger than the crystal growth rate. For
example, the temperature can be where the ratio of the crystal nucleation rate to crystal
growth rate is 2, 5, 10, 50, 100, or greater than 100. In another embodiment, the
temperature range may be in range, AT, shown in FIG. 4, between about Tg to about
0.25(Tm — Tg) + Tg. In an embodiment, the temperature of cooling can be controlled so
that the crystallites have a characteristic length of less than 10 microns, 5 microns, or less
than 2 microns.

For the purposes of the present invention, the following terms and definitions apply:

“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 area.

“Modulus” may be defined as the ratio of a component 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 relatively 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 composition and structure, temperature of the material, amount of deformation,
and the strain rate or rate of deformation. For example, below its Tg, a polymer tends to be
brittle with a high modulus. As the temperature of a polymer is increased from below to

above its Tg, its modulus decreases.
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In general, matrix polymex; and particles can be made partially or completely from a
biodegradable, bioabsorbable, or biostable polymer. A polymer for use in fabricating a
composite implantable medical device can be biostable, bioabsorbable, biodegradable or
bioerodable. Biostable refers to polymers that are not biodegradable. The terms
biodegradable, bioabsorbable, and bioerodable are used interchangeably and refer to
polymers that are capable of being completely degraded and/or eroded when exposed to
bodily fluids such as blood and can be gradually resorbed, absorbed, and/or eliminated by the
body. The processes of breaking down and absorption of the polymer in device can be
caused by, for example, hydrolysis and metabolic processes. |

Representative examples of polymers that may be used to fabricate or coat an
implantable medical device include, but are not limited to, poly(N-acetylglucosamine)
(Chitin), Chitosan, poly(hydroxyvalerate), poly(lactide-co-glycolide), poly(hydroxybutyrate),
poly(hydroxybutyrate-co-valerate), polyorthoester, polyanhydride, poly(glycolic acid),
poly(glycolide), poly(L-lactic acid), poly(L-lactide), poly(D,L-lactic acid), poly(D,L-lactide),'
poly(caprolactone), poly(trimethylene carbonate), polyester amide, poly(glycolic acid-co-
trimethylene carbonate), co-poly(ether-esters) (e.g. PEO/PLA), polyphosphazenes,
biomolecules (such as fibrin, fibrinogen, cellulose, starch, collagen and hyaluronic acid),
polyurethanes, silicones, polyesters, polyolefins, polyisobutylene and ethylene-alphaolefin
copolymers, acrylic polymers and copolymers other than polyacrylates, vinyl halide polymers
and copolymers (such as polyvinyl chloride), polyvinyl ethers (such as polyvinyl methyl
ether), polyvinylidene halides (such as polyvinylidene chloride), polyacrylonitrile, polyvinyl
ketones, polyvinyl aromatics (such as polystyrene), polyvinyl esters (such as polyvinyl
acetate), acrylonitrile-styrene copolymers, ABS resins, polyamides (such as Nylon 66 and
polycaprolactam), polycarbonates, polyoxymethylenes, polyimides, polyethers, polyurethanes,

rayon, rayon-triacetate, cellulose, cellulose acetate, cellulose butyrate, cellulose acetate
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butyrate, cellophane, cellulose nitrate, cellulose propionate, cellulose ethers, and
carboxymethyl cellulose. Another type of polymer based on poly(lactic acid) that can be
used includes graft copolymers, and block copolymers, such as AB block-copolymers
(“diblock-copolymers”) or ABA block-copolymers (“triblock-copolymers”), or mixtures
thereof.

Additional representative examples of polymers that may be especially well suited for
use in fabricating or coating an implantable medical device include ethylene vinyl alcohol
copolymer (commonly known by the generic name EVOH or by the trade name EVAL),
poly(butyl methacrylate), poly(vinylidene fluoride-co-hexafluororpropene) (e.g., SOLEF
21508, available from Solvay Solexis PVDF, Thorofare, NJ), polyvinylidene fluonde
(otherwise known as KYNAR, available from ATOFINA Chemicals, Philadelphia, PA),
ethylene-vinyl acetate copolymers, and polyethylene glycol.

While particular embodiments of the present invention 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.
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CLAIMS

WHAT IS CLAIMED IS:

1. An implantable medical device comprising a structural element, the structural
element including a composite, the composite having a plurality of polymer particles
dispersed within a polymer matrix, wherein the particle polymer has a lower modulus than

the matrix polymer, and wherein the composite comprises a higher toughness than the matnx

polymer.

2. The device of claim 1, wherein the device is a stent.

3. The device of claim 1, wherein the particle polymer comprise a cross-linked polymer.
4. The device of claim 1, whe?ein the particles are nanoparticles.

5. The device of claim 1, wherein the particles increase the toughness of the matrix
polymer.

6. The device of claim 1, wherein the particles polymer has a higher degradation rate

than the matrix polymer.

7. The device of claim 1, wherein the particle polymer has a higher Tm than matrix
polymer.
8. The device of claim 1, wherein the particles are uniformly or substantially uniformly

dispersed within the polymer matrx.

9. The device of claim 1, wherein the particle polymer and the matrix polymer are
biodegradable.

10. The device of claim 9, wherein the particle polymer has a higher degradation rate or

lower half-life than the matrix polymer.
11. The device of claim 9, wherein the degradation products of the particles are acidic, the

acidic degradation products being capable of increasing the degradation rate of the matrix
polymer.
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12. The device of claim 1, wherein the particle polymer is immiscible with the matrix

polymer.

13. The device of claim 1, wherein the particle polymer comprises a non-crosslinked
polymer.
14. The device of claim 1, wherein matrix polymer crystalline domains are formed
adjacent to or around the patticles, the crystalline domains being dispersed throughout an
amorphous domain of the matrix polymer in the composite, the crystalline domains increase
the strength and modulus of the composite.
15. A method of fabricating an implantable medical device comprising:

mixing a plurality of crosslinked polymer particles with a matrix polymer above the
Tm of the matrix polymer, wherein the particle polymer has a lower modulus than the matrix
polymer;

forming a polymer construct from the mixture; and

fabricating an implantable medical device from the construct.

16. The method of claim 15, wherein the device is a stent.

17. The method of claim 15, wherein the particles and them matrix polymer are mixed in
an extruder.

18. The method of claim 15, wherein forming the polymer construct comprises allowing

matrix polymer crystallites to form adjacent to or around the particles during cooling of the
mixture below the Tm of the matrix polymer, the crystallites being dispersed throughout an
amorphous domain of the matrix polymer.
19. A method of fabricating an implantable medical device comprising:

mixing a particle polymer with a matrix polymer above the Tm of the particle
polymer and the Tm of the matrix polymer such that the particle polymer and matrix polymer

are polymer melts, wherein the mixing causes the particle polymer to form a plurality of
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discrete particulate domains dispersed within the matrix polymer, and wherein the particle
polymer has a lower modulus than the matrix polymer;

forming a polymer construct from the mixture, the polymer construct comprising the
discrete particulate domains dispersed with the matrix polymer; and

fabricating an implantable medical device from the construct.
20. The method of claim 19, wherein the device is a stent.
21. The method of claim 19, wherein the particle polymer and the matrix polymer are
mixed in an extruder. |
22, The method of claim 19, wherein the discrete particulate domains are nanoparticles.
23. The method of claim 19, wherein forming the polymer construct compﬁses allowing
matrix polymer crystallites to form adjacent to or around the discrete particulate domains
during cooling of the mixture, the matrix polymer crystallites being dispersed throughout an

amorphous domain of the matrix polymer.
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