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BODEGRADABLE ENDOPROSTHESES AND 
METHODS FOR THEIR FABRICATION 

CROSS-REFERENCES TO RELATED 
APPLICATIONS 

0001. This application is a divisional of U.S. application 
Ser. No. 12/016,085 (Attorney Docket No. 32016-706.202), 
filed Jan. 17, 2008, which claims the benefit of Provisional 
Application No. 60/885,700 (Attorney Docket No. 32016 
706. 101), filed on Jan. 19, 2007, the full disclosures of which 
are incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

0002 1. Field of the Invention 
0003. The present invention relates generally to medical 
devices and methods for their fabrication. In particular, the 
present invention relates to the fabrication of biodegradable 
endoprostheses, such as Stents, having enhanced strength and 
controlled persistence after implantation. 
0004 Stents are generally tubular-shaped devices which 
function to hold open or reinforce a segment of a blood vessel 
or other body lumen, such as a coronary artery, carotidartery, 
Saphenous vein graft, or femoral artery. They also are suitable 
to Support and hold back a dissected arterial lining that could 
occlude the body lumen, to stabilize plaque, or to Support 
bioprosthetic valves. Stents can beformed from various mate 
rials, particularly polymeric and/or metallic materials, and 
may be non-degradable, biodegradable, or be formed from 
both degradable and non-degradable components. Stents are 
typically delivered to the target area within the body lumen 
using a catheter. With balloon-expandable stents, the stent is 
mounted to a balloon catheter, navigated to the appropriate 
area, and the stent is expanded by inflating the balloon. A 
self-expanding stent is delivered to the target area and 
released, expanding to the required diameter to treat the dis 
ease. Stents may also elute various drugs and pharmacologi 
cal agents. 
0005 Of particular interest to the present invention, bio 
degradable stents and other endoprostheses are usually 
formed from polymers which degrade by hydrolysis and 
other reaction mechanisms in the vascular or other luminal 
environment over time. Usually, it will be desirable to have 
the endoprosthesis completely degrade after it has served its 
needed Supporting function in the body lumen. Typically, 
complete degradation will be desired in less than two years, 
often less than one year, and frequently in a matter of months 
after implantation. Many biodegradable endoprostheses, 
however, are persistent for longer than needed, often remain 
ing in place long after the Supporting or drug delivery func 
tion has ended. The extended persistence of many biodegrad 
able endoprostheses often results from a desire to enhance 
their strength. The polymer construction materials are often 
strengthened, such as by incorporating materials having a 
higher crystallinity, so that they provide desired support but 
take longer to degrade than would otherwise be desirable. 
0006 For these reasons, it would be desirable to provide 
improved endoprostheses and methods for their fabrication, 
where the endoprostheses have a controlled strength and per 
sistence. In particular, it would be desirable to be able to 
enhance the strength of certain biodegradable materials so 
that they have an improved strength when incorporated into 
stents and other endoprostheses without Substantially length 
ening their degradation periods. Moreover, it would be desir 
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able to allow for control of the degradation period in the 
fabrication process so that an endoprosthesis can be made 
with different degradation periods while retaining an 
enhanced strength. At least some of these objectives will be 
met by the inventions described below. 
0007 2. Description of the Background Art 
0008 Heat annealing and other treatments of filaments 
and other components used in stents are described in U.S. Pat. 
No. 5,980,564, U.S. Pat. No. 6,245,103, and U.S. Pat. No. 
6,626,939. Heat treatment of polymeric stent coatings is 
described in commonly owned, copending application no. 
PCT/US07/81996, which designates the United States. 

BRIEF SUMMARY OF THE INVENTION 

0009. The present invention provides improved biode 
gradable endoprostheses and methods for their fabrication. 
The endoprostheses are formed from an amorphous, biode 
gradable polymer. The use of amorphous polymers is desir 
able since they provide relatively short periods of biodegra 
dation, usually less than two years, often less than one year, 
frequently less than nine months, and sometimes shorter than 
six months, or even shorter. The present invention relies on 
modifying the amorphous polymers to introduce a desired 
degree of crystallinity. It has been found by inventors herein 
that introducing crystallinity into the amorphous polymer 
increases the strength of the polymer so that it is suitable for 
use as an endoprosthesis without Substantially lengthening 
the period of biodegradation after implantation. 
0010. The crystallinity of a highly amorphous polymeras 
defined will be below 10% prior to modification. After modi 
fication, the crystallinity will usually be increased by at least 
20% of the original crystallinity of the amorphous material, 
preferably by at least 100% of the original crystallinity of the 
amorphous material and more preferably by at least 1000% of 
the original crystallinity of the amorphous material. Presently 
preferred polymer materials will have a crystallinity in the 
range from 10% to 20% after modification as described 
herein below. As used herein, "crystallinity” refers to a degree 
of structural order or perfection within a polymer matrix. 
0011 Crystallinity can be measured by differential scan 
ning calorimetry (Reading, M. etal, Measurement of crystal 
linity in polymers using modulated temperature differential 
scanning calorimetry, in Material Characterization by 
Dynamic and Modulated Thermal Analytical Techniques, 
ASTM STP 1402, Riga, A.T. et al. Ed. (2001) pp. 17-31. 
0012 Methods according to the present invention for fab 
ricating biodegradable prostheses comprise providing a tubu 
lar body having an initial diameter, where the tubular body is 
composed at least partially of a Substantially amorphous, 
biodegradable polymer. The tubular body is heated to a tem 
perature above its glass transition temperature and below its 
melting point. The tubular body is then cooled to increase the 
crystallinity of the polymer. Either before or after this anneal 
ing process, the tubular body may be patterned into a structure 
capable of radial contraction and expansion in order to pro 
vide a stent or other endoprosthesis. 
0013 Usually, the tubular body will be fabricated as part 
of the method. Fabrication can be by a variety of conventional 
processes, such as extrusion, molding, dipping, and the like. 
A preferred formation process comprises spraying a polymer 
dissolved in a solvent onto a cylindrical mandrel or other 
structure. Optionally, additives, such as strength-enhancing 
materials, drugs, or the like, may be dissolved in the Solvent 
together with the polymer so that the materials are integrally 
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or monolithically formed with the endoprosthesis tube. Alter 
natively, the methods could rely on obtaining a pre-formed 
polymer tube from a Supplier or other outside source. 
0014. The polymeric tubular body is usually formed as a 
substantially continuous cylinder free from holes or other 
discontinuities. The tubular body typically has an outside 
diameter in the range from 2 mm to 10 mm, a thickness in the 
range from 0.01 mm to 0.5 mm, and may be cut into lengths 
Suitable for individual endoprostheses, typically in the range 
from 5 mm to 40 mm. 

0015 The tubular bodies may be formed from any amor 
phous polymer having desired degradation characteristics 
where the polymer may be modified to have the desired 
strength characteristics in accordance with the methods of the 
present invention. Exemplary amorphous polymers include 
poly-DL-Lactide, polylactide-co-glycolactide; polylactide 
co-polycaprolactone, poly (L-lactide-co-trimethylene car 
bonate), polytrimethylene carbonate and copolymers; poly 
hydroxybutyrate and copolymers; polyhydroxyvalerate and 
copolymers, poly orthoesters and copolymers, poly anhy 
drides and copolymers, polyiminocarbonates and copoly 
mers and the like. A particularly preferred polymer comprises 
a copolymer of L-lactide and glycolide, preferably with a 
weight ratio of 85% L-lactide to 15% glycolide. 
0016. The heating segment of the annealing process will 
typically be carried out for a period of from 1 minute to 3 
hours, and the cooling will be typically to a temperature at or 
below ambient. Other suitable temperatures and times, how 
ever, are described in the Detailed Description of the Inven 
tion, below. 
0017. The tubular body will be patterned into a suitable 
endoprosthesis structure, typically by laser cutting or other 
conventional processes. The patterning will usually be per 
formed after the annealing process, but could be performed 
before the annealing process. As a further alternative, it may 
be desirable to anneal the tubular body both before and after 
the patterning, and in some instances additional annealing 
steps may be performed so that the stent could be subjected to 
three, four, or even more annealing steps during the fabrica 
tion process. 
0018. The endoprosthesis pattern can be any suitable pat 
tern of the type employed in conventional endoprostheses. A 
variety of exemplary patterns are set forth in commonly 
owned, co-pending application Ser. No. 1 1/ (Attorney 
Docket No. 022265-000510US), filed on the same day as the 
present application, the full disclosure of which is incorpo 
rated herein by reference. 
0019. In addition to the fabrication methods, the present 
invention also provides biodegradable prostheses comprising 
a tubular body composed at least partially of a Substantially 
amorphous, biodegradable polymer. The biodegradable poly 
mer will have been treated to produce spherulite crystals in 
the amorphous polymer to increase crystallinity by at least 
20% of the original crytallinity. Other preferred aspects of the 
prosthesis have been described above with respect to the 
methods of fabrication. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0020 FIG. 1 is a block diagram illustrating the principal 
steps of the methods of the present invention. 
0021 FIGS. 2A and 2B illustrate an exemplary stent struc 
ture which may be fabricated using the methods of the present 
invention. 
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0022 FIG. 3 illustrates the stent of FIGS. 2A and 2B in a 
radially expanded configuration. 
0023 FIG. 4 illustrates a stent pattern utilized in an 
Example of the present application. 

DETAILED DESCRIPTION OF THE INVENTION 

0024. Amorphous biodegradable polymers (less than 10% 
crystallinity) degrade faster than crystalline polymers but are 
weaker than crystalline polymers and hence are not typically 
Suitable for vascular implants, such as stents, which need 
sufficient strength to provide support to the blood vessel. The 
present invention provides for the modification of amorphous 
polymeric materials to make them suitable for use as biode 
gradable stents and other endoprostheses. Amorphous mate 
rials suitable for modification according to the present inven 
tion include but are not limited to poly-DL-Lactide, 
polylactide-co-glycolactide; polylactide-co-polycaprolac 
tone, poly (L-lactide-co-trimethylene carbonate), polytrim 
ethylene carbonate and copolymers; polyhydroxybutyrate 
and copolymers; polyhydroxyvalerate and copolymers, poly 
orthoesters and copolymers, poly anhydrides and copoly 
mers, polyiminocarbonates and copolymers and the like. An 
exemplary stent is made from amorphous material of a 
copolymer of 85/15 Poly(L-Lactide-co-Glycolide) and pro 
cessed to increase crystallinity by at least 20% of original 
crystallinity, preferably by at least 100%, more preferably by 
at least 1000% of original crystallinity In one embodiment, 
the biodegradable stent Substantially degrades in less than 2 
years, preferable less than 1 year, more preferable less than 9 
months. 
0025. In accordance with the present invention, the amor 
phous biodegradable polymeric material is processed to 
increase its crystallinity, Increased crystallinity may increase 
the strength, storage shelf life, and hydrolytic stability of the 
polymerstent material. The process initiates and/or enhances 
crystallinity in the polymeric material by nucleating and/or 
growing Small size spherulite crystals in the material. Since 
the amorphous regions of the modified polymer are preferen 
tially broken down by hydrolysis or enzymatic degradation in 
biological environment, the modified amorphous biodegrad 
able polymer has increased crystallinity and increased mate 
rial strength post processing. The increase in crystallinity can 
beachieved by Modifications described in present invention 
which include at least one of heating, cooling, pressurizing, 
addition of additives, crosslinking and other processes. 
0026. The polymer material can be made into a tube by 
spraying, extrusion, molding, dipping or other process from a 
selectedamorphous copolymer. The amorphous polymer tub 
ing is optionally vacuumed to at least -25 in. Hg., annealed, 
and quenched to increase crystallinity. In one embodiment, 
the tube is vacuumed at or below 1 torratambient temperature 
to remove water and solvent. It is then annealed by heating to 
a temperature above the glass transitional temperature but 
below melting temperature of the polymer material. Prefer 
ably, the annealing temperature is at least 10...degree. C. higher 
than the glass transitional temperature (Tg), more preferably 
being at least 20.degree. C. higher, and still more preferably 
being at least 30.degree. C. higher than the Tg. The annealing 
temperature is usually at least 5.degree. C. below the melting 
point (Tm), preferably being at least 20.degree. C. lower, and 
more preferably being at least 30.degree. C. lower than the 
Tm of the polymer material. The annealing time is between 1 
minute to 10 days, preferably from 30 minutes to 3 hours, and 
more preferably from 1.5 hours to 2.5 hours. 



US 2012/0187.606 A1 

0027. In one embodiment, the annealed tube is quenched 
by fast cooling from the annealing temperature to a tempera 
ture at or below ambient temperature over a period from 1 
second to 1 hour, preferably 1 minute to 30 minutes, and more 
preferably 5 minutes to 15 minutes. In another embodiment 
the annealed tune is quenched by slow cooling from the 
annealing temperature to at or below ambient temperature 
within 1 hour to 24 hours, preferably 4 hours to 12 hours, and 
more preferably 6 hours to 10 hours. In some instances the 
heat treated tube is cooled to a temperature below ambient 
temperature for a period from 1 minute to 96 hours, more 
preferably 24 hours to 72 hours, to stabilize the crystals 
and/or terminate crystallization. This annealing and quench 
ing process initiates and promotes nucleation of crystals in 
the polymer and increases the mechanical strength of the 
material. The initial annealing temperature and the cooling 
rate can be controlled to optimize the size of the crystals and 
strength of the material. In a further embodiment, the unan 
nealed and/or annealed tube is exposed to ebeam or gamma 
radiation, with single or multiple doses of radiation ranging 
from 5 kGy to 100 kGy, more preferably from 10 kGy to 50 
kGy. 
0028. The stent or other endoprosthesis is patterned from 
a tube of the stent material in an “expanded' diameter and 
Subsequently crimped to a smaller diameter and fitted onto a 
balloon of a delivery catheter. The stent is patterned, typically 
by laser cutting, with the tubing diameter about 1 to 1.3 times, 
preferably 1.1 to 1.5 times, more preferably 1.15 to 1.25 
times, larger the intended deployed diameter. For example, a 
stent cut at a 3.5 mm. times. 18 mm outer diameter is crimped 
on a 3.0 mm.times. 18 mm stent delivery catheter. In a further 
embodiment, the unannealed and/orannealed Stentis exposed 
to ebeam or gamma radiation, with single or multiple doses of 
radiation ranging from 5 kGy to 100 kGy, more preferably 
from 10 kGy to 50 kGy. 
0029. The stent material may lose some crystallinity dur 
ing stent cutting. In Such cases, the stent annealed after cutting 
and/or a second time to re-crystallize the polymer to a higher 
crystallinity. Thus, the cut stent may be annealed a second 
time as generally described above. Annealing followed by 
cooling as described above can be repeated one or more times 
to further increase crystallinity. In a further embodiment, the 
heat treated stent is cooled below ambient temperature to lock 
in the crystals or terminate crystallization for 1 minute to 96 
hours, more preferably 24 hours to 72 hours. 
0030 The treated stent or other endoprosthesis can be 
crimped onto a delivery balloon using mechanical crimpers 
comprising of wedges Such as crimpers from Machine Solu 
tions. Fortimedix, or others. The stent can also be crimped by 
placing the stentina shrink tube and stretching the shrink tube 
slowly at a rate of 0.1 to 2 inches/minutes, more preferably 0.2 
to 0.5 inches/minutes until the stent is crimped to the desired 
crimped diameter. During crimping, the stent is heated to a 
temperature of 20.degree. C. below the Tg to 10...degree. C. 
above the Tg for 30 minutes, more preferably to 10...degree. C. 
below the Tg to Tg, and most preferably at the Tg of the stent 
material. This process facilitates or enables the stent to main 
tain the final crimped diameter. After crimping, the ability for 
the stent to remain the crimped diameter can further be 
improved by fixing the stent in the crimped diameter while 
exposing it to a temperature of 20.degree. C. below the Tg to 
10...degree. C. above the Tg for 30 minutes, more preferably to 
10...degree. C. below the Tg to Tg, and most preferably at the 
Tg of the stent material, for 1 minute to 24 hours, more 
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preferably 15 minutes to 1 hour. After holding at this crimping 
temperature, it is preferred to fix the stent in the crimped 
diameter while at or below ambient temperatures until further 
processing (i.e., sterilization). The stent can either be crimped 
while it is on the balloon of the stent delivery catheter or first 
crimped alone and then slipped onto the balloon of the cath 
eter. In a further embodiment, the crimped stent is cooled 
below ambient temperature to lock in the crystals or terminate 
crystallization for 1 minute to 96 hours, more preferably 24 
hours to 72 hours. 
0031. In a preferred embodiment, the final crimped stent 
on the catheter is sterilized by 25 to 30 kGy dose of ebeam, 
typically with a single dose of 30 kGy or with multiple 
Smaller doses (eg. 3..times. 10 kGy). The stent system is usu 
ally kept below ambient temperature before, during and/or 
after multiple smaller doses of sterilization. The stent that has 
been packaged and sterilized can also be exposed to heat 
treatment like that described above. In one embodiment, the 
biodegradable polymer stent is heated at about the Tg of the 
biodegradable stent material during expansion of the stent. 
The temperature during expansion can range from 10...degree. 
C. above Tg to 10...degree. C. below Tg. 
0032. Upon deployment of such stent, the processes pro 
vide means to minimize stent recoil to less than 10% after 
expansion from the crimped state to an expanded State. 
0033. Additives can be added to the endoprosthesis to 
affect strength, recoil, or degradation rate, or combinations 
thereof. Additives can also affect processing of biodegradable 
stent material, radiopacity or surface roughness or others. 
Additives can be biodegradable or non-biodegradable. The 
additives can be incorporated in to the biodegradable stent or 
polymer material by blending, extrusion, injection molding, 
coating, Surface treatment, chemical treatment, mechanical 
treatment, stamping, or others or combinations thereof. The 
additives can be chemically modified prior to incorporation in 
to the biodegradable stent material. 
0034. In one embodiment, the percentage in weight of the 
additives can range from 0.01% to 25%, preferably 0.1% to 
10%, more preferably 1% to 5%. 
0035. In one embodiment, the additive includes at least 
nanoclay, nanotubes, nanoparticles, exfoliates, fibers, whis 
kers, platelets, nanopowders, fullerenes, nanosperes, Zeolites, 
polymers or others or combination thereof. 
0036) Examples of nanoclay includes Montmorillonite, 
Smectites, Talc, or platelet-shaped particles, modified clay or 
others or combination thereof. Clays can be intercalated or 
exfoliated. Example of clays include Cloisite NA, 93A, 30B, 
25A, 15A, 10A or others or combination thereof. 
0037 Examples of fibers include cellulose fibers such as 
Linen, cotton, rayon, acetate; proteins fibers such as wool or 
silk; plant fiber; glass fiber; carbon fiber; metallic fibers: 
ceramic fibers; absorbable fibers such as polyglycolic acid, 
polylactic acid, polyglyconate or others. 
0038 Examples of whiskers include hydroxyapetite whis 
kers, tricalcium phosphate whiskers or others. 
0039. In another embodiment, the additives includes at 
least modified starch, soybean, hyaluronic acid, hydroxyapa 
tite, tricarbonate phosphate, anionic and cationic Surfactants 
Such as sodium docecyl Sulphate, triethylene benzylammo 
nium chloride, pro-degradant such as D2W (from Symphony 
Plastic Technologies), photodegradative additives such as 
UV-H (from Willow Ridge Plastics), oxidative additives such 
as PDQ (from Willow Ridge Plastics), TDPA, family of poly 
lactic acid and its random or block copolymers or others. 
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0040. In another embodiment, the additives include elec 
troactive or electrolyte polymers, hydroscopic polymers, des 
sicants, or others. 
0041. In one embodiment, the additive is an oxidizer such 
an acids, perchlorates, nitrates, permanganates, salts or other 
or combination thereof. 

0042. In one embodiment, the additive is a monomer of the 
biodegradable polymeric stent material. For example glycolic 
acid is an additive to polyglycolic acid or its copolymer stent 
material. 

0043. In one embodiment, the additive can be water repel 
lent monomers, oligomers or polymers such as beeswax, low 
MW polyethylene or others. 
0044. In another embodiment, the additive can be water 
attractant monomers, oligomers or polymers such as polyvi 
nyl alcohol, polyethylene oxide, glycerol, caffeine, lidocaine 
or other. 

0045. In one embodiment, the additive can affect crystal 
linity of the biodegradable polymeric stent material. Example 
of additive of nanoclay to PLLA affects its crystallinity. 
0046. In another embodiment, the biodegradable poly 
meric stent material can have increased crystallinity by cross 
linking Such as exposure to radiation Such as gamma or 
ebeam. The cumulative radiation dose can range from 1 
kGray to 1000 KGray, preferably 5 to 100 KGray, more 
preferably 10 to 30 KGray. 
0047. In one embodiment, yield strength for the biode 
gradable polymeric stent material is at least 50% of ultimate 
strength, preferably at least 75% of ultimate strength, more 
preferably at least 90% of ultimate strength, in water at 37.de 
gree. C. 
0.048. In one embodiment, the elastic modulus for the bio 
degradable metallic stent material is at least 50 GPa, prefer 
ably at least 100 GPa, more preferably at least 150 GPa. 
0049. In another embodiment, the elastic modulus for the 
biodegradable polymeric stent material is at least 0.5 GPa, 
preferably at least 0.75 GPa, more preferably at least 1 GPa, 
in water at 37.degree. C. 
0050. In one embodiment, the yield strain for the biode 
gradable polymeric stent material is at most 10%, preferably 
at most 5%, more preferably at most 3%, in water at 37.de 
gree. C. 
0051. In one embodiment, the plastic strain for the biode 
gradable polymeric stent material is at least 20%, preferably 
at least 30%, more preferably at least 40%, in water at 37.de 
gree. C. 
0052. In one embodiment, the elastic recovery of the 
strained biodegradable polymeric stent material is at most 
15%, preferably at most 10%, more preferably at most 5%, in 
water at 37.degree. C. 
0053. In one embodiment, the biodegradable stent mate 

rial degrades substantially within 2 years, preferably within 1 
year, more preferably within 9 months. 
0054. In one embodiment, the expanded biodegradable 
stent in physiological conditions at least after 1 month retains 
at least 25%, preferably at least 40%, more preferably at least 
70% of the strength or recoil. 
0055. In one embodiment, the biodegradable polymeric 
stent materials degrades by at least bulk erosion, Surface 
erosion, or combination thereof. 
0056. In one embodiment, the biodegradable polymeric 
stent material degrades by at least hydrolytic degradation, 
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enzymatic degradation, oxidative degradation, photo degra 
dation, degradation under physiological environment or com 
bination thereof. 

0057 The biodegradable polymeric stent material can 
have varying molecular architecture Such as linear, branched, 
crosslinked, hyperbranched or dendritic. 
0058. The biodegradable polymeric stent material in this 
invention can range from 10 KDa to 10,000 KDain molecular 
weight, preferably from 100 KDa to 1000 KDa, more prefer 
ably 300 KDa to 600 KDa. 
0059. In another embodiment, the biodegradable stent 
material has increased crystallinity by increasing orientation 
of polymer chains with in the biodegradable stent material in 
radial and/or longitudinal direction by drawing, pressurizing 
and/or heating the stent material. In another embodiment, the 
drawing, pressurizing and/or heating the stent material occurs 
simultaneously or sequentially. 
0060. In one embodiment, the biodegradable stent mate 
rial is placed with at least one surface against a non deform 
able surface and is pressurized to at least 200 psi, preferably 
to at least 300 psi, more preferably to at least 500 psi. In 
another embodiment, the biodegradable stent material is pres 
surized to at least 200 psi, preferably to at least 300 psi, more 
preferably to at least 500 psi. 
0061. In one embodiment, the biodegradable stent mate 
rial tube is placed with in a larger diameter non deformable 
tube and is pressurized to at least 200 psi, preferably to at least 
300 psi, more preferably to at least 500 psi. In another 
embodiment, the biodegradable stent material tube is pres 
surized to at least 200 psi, preferably to at least 300 psi, more 
preferably to at least 500 psi. 
0062. In one embodiment, the biodegradable stent mate 
rial has increased crystallinity by increasing the orientation of 
the polymer chains by at least heating the biodegradable stent 
material above its glass transition temperature (Tg) and below 
its melting temperature. 
0063. In one embodiment, the biodegradable stent mate 
rial has increased crystallinity by heating the material to a 
temperature at least 10...degree. C. higher than its Tg, prefer 
ably at least 20.degree. C. higher, more preferably at least 
30.degree. C. higher than the Tg of the biodegradable stent 
material. 

0064. In one embodiment, biodegradable stent material 
has increased crystallinity after drawing, heat and/or pressur 
izing and annealing at elevated temperature with or without 
vacuum. In one embodiment, the annealing temperature is 
below the temperature used for orientation of the polymer 
chains of the biodegradable stent material. In another 
embodiment, the annealing temperature is at most 20.degree. 
C. below, preferably at most 15.degree. C. below, more pref 
erably at most 10...degree. C. below the temperature for orien 
tation of the polymer chains of the biodegradable stent mate 
rial. 

0065. In one embodiment, the biodegradable stent mate 
rial after annealing is quenched below Tg of the biodegrad 
able stent material, preferably at least 25.degree. C. below Tg, 
more preferably at least 50.degree. C. below Tg of the biode 
gradable stent material. 
0066. In one embodiment, the biodegradable polymeric 
stent material has increased crystallinity by using a combina 
tion of solvents, with one solvent having solubility parameter 
with in 10% of the solubility parameter of the polymer and the 
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second solvent having solubility parameter at least 10% dif 
ferent than the solubility parameter of the polymer in the 
solvent. 
0067. In one embodiment the biodegradable polymerstent 
material has a crystallinity of greater than 10%, preferably 
greater than 25%, more preferably greater than 50%. 
0068. The invention also provides means to improve con 
sistency of strength, recoil or degradation rate of a biodegrad 
able polymer stent material. 

EXAMPLE 

0069. A tube is made by spraying an amorphous copoly 
mer poly(L-lactide-co-glycolide) with 85% lactide and 15% 
glycolide. The polymer and rapamycin analog can be dis 
Solved in a solvent and can be sprayed together to incorporate 
the rapamycin into the polymer stent. A mandrel is placed 
underneath an ultrasonic spray nozzle (Micromist System 
with Ultrasonic Atomizing Nozzle Sprayer, Sono-Tek, NY) 
which is rotating at 80 rpm and move longitudinally at a rate 
of 0.050 inches/minutes. A solution of 11 to 1 ratio of poly 
(L-lactide-co-glycolide) and rapamycin analog on the man 
drel. The resulting tube has a thickness of 0.17 mm. The tube 
is heated at 45.degree. C. for about 60 hours, annealed at 
90.degree. C. for 2 hours, and cooled to ambient or room 
temperature with in 10 seconds. The annealed tube is then cut 
with a UV laser to the design shown in FIG. 4 (shown in its 
crimped state). The cut stent is annealed at 90.degree. C. and 
slowly cooled from the annealing temperature to ambient 
temperature within eight hours. The stent delivery system is 
then packaged in a pouch and sterilized by gamma radiation. 
0070 The heat treated stent has higher radial strength than 
the non-treated stent (Table 1). TABLE-US-00001 TABLE 1 
Comparison of Radial Strength of Treated and Non-treated 
Stent. No Heat Heat Type Treatment Treatment Radial 
Strength. After Laser Cutting Stent 7 Psi 14 Psi Radial 
Strength. After Crimping Stent 6 Psi 9 Psi Radial Strength 
After 30 kGy Ebeam Sterilization 3 Psi8 Psi Radial Strength 
when expanded at Tg n/a 12.5 Psi. 
0071. Thus, as shown in FIG. 1, methods according to the 
present invention initially provide for a tubular body com 
posed of an amorphous polymer, where the tubular body may 
be formed by extrusion, molding, dipping, or the like, but is 
preferably formed by spraying onto a mandrel. The tubular 
body is annealed to increased crystallinity and strength, usu 
ally by the heating and cooling processes described above. 
The tubular body is then patterned to form a stent or other 
endoprosthesis, typically by laser cutting, usually after at 
least one annealing treatment. Optionally, the tubular body 
may be treated both before and after patterning, and may be 
treated by annealing more than once both before and after the 
patterning. 
0072 Referring now to FIGS. 2A and 2B, a stent 10 suit 
able for modification by the present invention has base pattern 
including a plurality of adjacent serpentine rings 12 joined by 
axial links 14. As illustrated, the stent 10 includes six adjacent 
serpentine rings 12, where each ring includes six serpentine 
segments comprising a pair of axial struts 16 joined by a 
hinge-like crown 18 at one end. The number of rings and 
segments may vary widely depending on the size of the 
desired size of the stent. According to the present invention, a 
Supporting feature 20 is disposed between adjacent axial 
Struts 16 and connected so that it will expand, usually elon 
gate, circumferentially with the struts, as shown in FIG. 3. 
The Supporting features 20 are in a generally closed U-shaped 
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configuration prior to expansion, as shown in FIGS. 2A and 
2B, and open into a shallow V-shape along with the opening 
of the axial struts 16 about the crowns 18 during radial expan 
sion of the serpentine rings 12, as shown in FIG.3. Supporting 
features 20 enhance the hoop strength of the stent after radial 
expansion, help resist recoil after expansion is completed, and 
provide additional area for Supporting the vascular or other 
luminal wall and optionally for delivering drugs into the 
luminal wall. 
(0073. While the above is a complete description of the 
preferred embodiments of the invention, various alternatives, 
modifications, and equivalents may be used. Therefore, the 
above description should not be taken as limiting the scope of 
the invention which is defined by the appended claims. 
What is claimed is: 
1. A method of making a stent prosthesis, comprising: 
a. providing a tubular member comprising a biodegradable 

polymeric material; 
b. subjecting the tubular member to a treatment to control 

the crystallinity so the biodegradable polymeric material 
has a Tg greater than 37° C.; and 

c. patterning the tubular member to form the stent prosthe 
S1S, 

wherein the stent prosthesis at 37° C. is expandable to a 
deployed configuration and has sufficient strength to 
Support a blood vessel in the deployed configuration. 

2. The method of claim 1 wherein the patterned tubular 
member is crimped to a deliverable configuration. 

3. The method of claim 2 wherein the patterned tubular 
member is expandable from a deliverable configuration to a 
deployed configuration at 37°C. 

4. The method of claim 1 wherein the tubular member is 
Subjected to the treatment before patterning. 

5. The method of claim 1 wherein the tubular member is 
Subjected to the treatment after patterning. 

6. The method of claim 1 wherein the treatment comprises 
at least one of heating, cooling, pressurizing, cross-linking, 
exposure to radiation, drawing and addition of additives. 

7. The method of claim 1 wherein the treatment includes 
heating the tubular member above Tg and below a melting 
point of the polymeric material. 

8. The method of claim 7 wherein the treatment includes at 
least one cycle of heating and cooling the tubular member. 

9. The method of claim 1 wherein the tubular member has 
a crystallinity below 10% prior to treatment. 

10. The method of claim 1 wherein the tubular member has 
an initial crystallinity prior to treatment and has an increase in 
crystallinity of at least 20% of the initial crystallinity after 
treatment. 

11. The method of claim 10 wherein the tubular member 
has an increase in crystallinity of at least 100% of the initial 
crystallinity. 

12. The method of claim 1 wherein the tubular member is 
formed by a process selected from the group consisting of 
extruding, molding, dipping and spraying. 

13. The method of claim 12 wherein the tubular member is 
formed by spraying the polymeric material onto a cylindrical 
Surface. 

14. The method of claim 13 wherein the polymeric material 
is dissolved in a solvent. 

15. The method of claim 13 wherein solvent also contains 
an additive. 

16. The method of claim 15 wherein the polymeric material 
is selected from at least one copolymer or blend selected from 
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the group consisting of polylactide and polycaprolactone and 
polylactide and polyglycolide. 

17. The method of claim 1 wherein the polymeric material 
after treatment has one or more properties selected from the 
group consisting of a yield strength of at least 50% of ultimate 
strength, an elastic modulus of at least 0.5 GPa, a yield strain 
of at most 10% and a plastic strain of at least 20%. 

18. The method of claim 1 wherein the tubular member has 
a diameter of about 1 to 1.5 times a deployed diameter. 

19. The method of claim 1 wherein the tubular member has 
a diameter of about 1 to 1.3 times a deployed diameter. 
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20. The method of claim 1 wherein the prosthesis has a 
recoil of less than 10% in the deployed configuration. 

21. The method of claim 1 wherein the tubular member is 
Substantially amorphous after treatment. 

22. The method of claim 1 wherein the tubular member has 
a crystallinity of about 10-30% after treatment. 

23. The method of claim 1 wherein the tubular body com 
prises a drug. 

24. The method of claim 1 wherein the biodegradable 
polymeric material is amorphous prior to treatment. 

c c c c c 


