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(57) ABSTRACT 

The present disclosure teaches methods of controlling the 
release rate of agents from a polymeric matrix that include 
designing and creating a predetermined initial morphology 
(lM) pro?le in a polymeric matrix. The teachings indicate, 
inter alia, that control over the release rate of agents can 
provide for an improved control over the administration of 
agents as Well as have an effect upon the mechanical integrity 
and absorption rate of the polymeric matrix. 



Patent Application Publication May 29, 2008 Sheet 1 0f 12 US 2008/0124372 Al 

F .0E 83 

$30 43mg $50 



Patent Application Publication May 29, 2008 Sheet 2 0f 12 US 2008/0124372 A1 

201 < 

v 

FIG. 2 



Patent Application Publication May 29, 2008 Sheet 3 0f 12 US 2008/0124372 A1 

3o! @/ @653 

CD ‘~ Q @ ®® 

@ @ Q 

303 “Q @@ 
102, ~\® @ @QO 

FIG. FIG. 
w 



Patent Application Publication May 29, 2008 Sheet 4 0f 12 US 2008/0124372 A1 

51m gm 



Patent Application Publication May 29, 2008 Sheet 5 0f 12 US 2008/0124372 A1 

owHum #23 ' “ ‘i "J V! f " " .2 _ Y Y 

0 Crest -4 , (I i ; é " 01 9 “Rs °<~ Q3: ’; ' J‘ 

. I X “1 r V 9w l " K' ,; 

” p -‘ V ivai Av: 6}. v I 



Patent Application Publication May 29, 2008 Sheet 6 0f 12 US 2008/0124372 A1 

m “4.2% > 

/ a 

‘C; a 

~13 "V N i v “i _ AMER ‘SEI 7.0kV X71100 1pm WD 32.9mm 

FIG. 7(a) 

MW 6 

. ' 4 V r‘; x 

l ' < f, \ H . 

AMER SEI 7.0kV X1200 10pm WD 28.9mm 

FIG. 7(1)) 



Patent Application Publication May 29, 2008 Sheet 7 0f 12 US 2008/0124372 A1 

1pm WD 29.8mm 0 O 0, 6 X w D 7.. SEI 

FIG. 8 



Patent Application Publication May 29, 2008 Sheet 8 0f 12 US 2008/0124372 Al 

x i 
| 

WD 31.8mm AMER 

e S U .0 m M u .m s 
HighHum #1 

1 pm SEI 7.0kV X8,000 

FIG.- 9(a) 

ighHum #1 
imulated Use 

1pm WD 29.5 m m SEI 7.0kV X3300 AMER 

FIG. 9(b) 



Patent Application Publication May 29, 2008 Sheet 9 0f 12 US 2008/0124372 A1 

.8 mm 7.0kV X11300 10pm WD 34 H 5 

FIG. 10(a) 

f .1 . RA. 15x 9 

X900 10pm WD 31.8mm w 0. 7 SEI 

FIG. 10(b) 



Patent Application Publication May 29, 2008 Sheet 10 0f 12 US 2008/0124372 A1 

Release Pro?le of Everolimus from PLA stems in PBS/10%PEG-4OD 

+ High humuclity —I- Low humidity 

WWW, was 33 0322 9.6 vii-EEG 

25 20 15 

Time (hr) 

FIG. 1 1(a) 

30“ 

3.; @322 2:25:30 

Time (days) 

FIG. 11(b) 







US 2008/0124372 A1 

MORPHOLOGY PROFILES FOR CONTROL 
OF AGENT RELEASE RATES FROM 

POLYMER MATRICES 

BACKGROUND 

[0001] 1. Field of the Invention 
[0002] This invention is directed to the control of the mor 
phologies Within polymer matrices in facilitating the design 
of release rate pro?les of agents from Within these matrices. 
[0003] 2. Description of the State of the Art 
[0004] Biomaterials research is continuously striving to 
improve the compositions from Which medical articles, such 
as medical devices and coatings for medical devices, are 
produced. An example of a medical article is an implantable 
medical device. 
[0005] A stent is an example of an implantable medical 
device that can bene?t from improvements, such as a coating 
that can be used as a vehicle for delivering pharmaceutically 
active agents in a predictable manner. Stents can act as a 
mechanical intervention to physically hold open and, if 
desired, expand a passageWay Within a subject. Typically, a 
stent may be compressed, inserted into a small vessel through 
a catheter, and then expanded to a larger diameter once placed 
in a proper location. Examples of patents disclosing stents 
include US. Pat. Nos. 4,733,665, 4,800,882 and 4,886,062. 
[0006] Stents play an important role in a variety of medical 
procedures such as, for example, percutaneous transluminal 
coronary angioplasty (PTCA), Which is a procedure used to 
treat heart disease. In PTCA, a balloon catheter is inserted 
through a brachial or femoral artery, positioned across a coro 
nary artery occlusion, in?ated to compress atherosclerotic 
plaque and open the lumen of the coronary artery, de?ated 
and WithdraWn. Problems With PTCA include formation of 
intimal ?aps or torn arterial linings, both of Which can create 
another occlusion in the lumen of the coronary artery. More 
over, thrombosis and restenosis may occur several months 
after the procedure and create a need for additional angio 
plasty or a surgical by-pass operation. Stents are generally 
implanted to reduce occlusions, inhibit thrombosis and rest 
enosis, and maintain patency Within vascular lumens, such as 
the lumen of a coronary artery. 
[0007] Stents are also being developed to provide a local 
delivery of agents. Local delivery of agents is often preferred 
over systemic delivery of agents, particularly Where high 
systemic doses are necessary to achieve an effect at a particu 
lar site Within a subjectihigh systemic doses of agents can 
often create adverse effects Within the subject. One proposed 
method of local delivery includes coating the surface of a 
medical article With a polymeric carrier and attaching an 
agent to, or blending it With, the polymeric carrier. 
[0008] Agent-coated stents have demonstrated dramatic 
reductions in the rates of stent restenosis by inhibiting tissue 
groWth associated With the restenosis. Restenosis is a very 
complicated process and, agents have been applied, alone and 
in combination, in an attempt to circumvent the process. The 
process of restenosis in coronary artery disease is derived 
from a complex interplay of several implant-centered biologi 
cal parameters. These are thought to be the combination of 
elastic recoil, vascular remodeling, and neointimal hyperpla 
sia. Since restenosis is a multifactorial phenomenon, the local 
delivery of agents from a stent can be improved through the 
design of a release rate pro?le that Would deliver agents as 
needed from the stent in a controlled and predictable manner. 
For example, one method of applying multiple agents 
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involves blending the agents together in one formulation and 
applying the blend to the surface of a stent in a polymer 
matrix. A disadvantage of this method is that the agents are 
released from the matrix through a someWhat variable poly 
meric matrix morphology and, as such, compete With one 
another for release in an unpredictable manner. Other meth 
ods suffer from a sudden initial release of agents in high 
amounts, knoWn as a burst release, Which can prevent a pro 
longed release of agents in su?icient concentrations. 
[0009] In some cases, polymeric matrices that are other 
Wise desirable are unable to meet particular performance 
characteristics that are required by some medical articles. 
Often, the inability to meet particular performance character 
istics results from combining components that are desirable 
independently but form undesirable morphologies that can 
not meet the required performance characteristics When 
formed into a polymeric matrix. 
[0010] In other cases, polymeric matrices that are desirable 
upon manufacture can be unpredictable in performance at the 
time of use. Morphological changes are knoWn to happen to 
medical articles during processing and storage, as Well as 
after application in vivo. Unfortunately, the predictability of a 
medical article can rely on the ability to control these 
changes. 
[0011] Those skilled in the art Will appreciate a reliable Way 
of controlling the performance of medical articles Which 
includes controlling the release of agents, since a controlled 
release of agents can be critical to preventing, inhibiting, 
treating or mitigating a disease process. The ability to select 
and design the morphology of a polymeric matrix can not 
only provide for control over the release rate of agents but can 
also can assist in designing and maintaining the physical and 
mechanical properties of medical devices and coatings. 
Accordingly, control over the morphology of a polymeric 
matrix is an important design consideration and one of the 
next hallmarks in the development of novel medical articles. 

SUMMARY 

[0012] The present invention describes a method for creat 
ing a medical article. The article comprises a polymeric 
matrix having a predetermined initial morphology (IM) pro 
?le and an agent. The method includes selecting a desired IM 
pro?le; forming a polymeric layer comprising the agent on a 
surface of the medical article; and subjecting the polymeric 
layer to a terminal process step comprising: 
[0013] exposing the polymeric layer to a ?uid While form 
ing the layer, Wherein the composition of the ?uid is prese 
lected to be miscible or immiscible With a component in the 
polymeric layer; 
[0014] applying a pressure to the polymeric layer; 
[0015] applying a combination of heat and pressure to the 
polymeric layer; or 
[0016] a combination thereof; Wherein, the subjecting 
transforms the polymeric layer into a polymeric matrix hav 
ing a predetermined IM pro?le. 
[0017] In some embodiments, the present invention pro 
vides a method of creating a medical article having a desired 
rate of release of an agent, Wherein the method comprises: 
[0018] selecting a rate of release of an agent from a medical 
article having a polymeric matrix comprising the agent; 
[0019] obtaining the agent in a desired form, or a combina 
tion of forms, that provides the selected rate of release 
through dissolution, diffusion, or a combination thereof; 
Wherein, the form, or combination of forms, comprises a 
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component selected from a group consisting of a polymorph, 
a solvate, a hydrate, and an amorphous form of the agent; 
[0020] preparing a composition comprising a polymer and 
the agent; 
[0021] applying the composition on the medical article to 
form a polymeric layer comprising the agent; and 
[0022] forming the polymeric matrix from the polymeric 
layer, Wherein the polymeric matrix has the selected rate of 
release of the agent. 
[0023] In some embodiments, the present invention pro 
vides a medical article comprising a polymeric matrix having 
a ?rst component and a second component; Wherein, the ?rst 
component comprises a ?rst polymer, the second component 
comprises an agent, and the polymeric matrix has a predeter 
mined initial morphology (IM) pro?le. Some exemplary 
agents include, but are not limited to, paclitaxel, docetaxel, 
estradiol, nitric oxide donors, super oxide dismutases, super 
oxide dismutases mimics, 4-amino-2,2,6,6-tetramethylpip 
eridine-l -oxyl(4-amino-TEMPO), biolimus, tacrolimus, 
dexamethasone, rapamycin, rapamycin derivatives, 40-O-(2 
hydroxy)ethyl-rapamycin(everolimus), 40-O-(3-hydroxy) 
propyl-rapamycin, 40-O-[2-(2-hydroxy)ethoxy]ethyl-rapa 
mycin, and 40-O-tetraZole-rapamycin, 40-epi-(Nl - 
tetraZolyl)-rapamycin (ABT-578), clobetasol, pimecrolimus, 
imatinib mesylate, midostaurin, prodrugs thereof, co-drugs 
thereof, or a combination thereof. 
[0024] The coating can be formed on an implantable device 
such as a stent, Which can be implanted in a patient to treat, 
prevent, mitigate, or reduce a vascular medical condition, or 
to provide a pro-healing effect. Examples of these conditions 
include atherosclerosis, thrombosis, restenosis, hemorrhage, 
vascular dissection or perforation, vascular aneurysm, vul 
nerable plaque, chronic total occlusion, claudication, anasto 
motic proliferation (for vein and arti?cial grafts), bile duct 
obstruction, ureter obstruction, tumor obstruction, or combi 
nations of these. 

BRIEF DESCRIPTION OF THE FIGURES 

[0025] FIG. 1 is a diagram used to illustrate the local phar 
macokinetics of agent release from a stent and its subsequent 
uptake in the coronary vasculature according to some 
embodiments of the present invention. 
[0026] FIG. 2 illustrates a cross-section of a coating on a 
stent strut Within a vascular organ according to some embodi 
ments of the present invention. 
[0027] FIGS. 3a and 3b illustrate a section ofa polymeric 
matrix having a morphology containing an agent-enriched 
phase at a concentration that is beloW about 30% by volume, 
and above about 30% by volume, respectively, according to 
some embodiments of the present invention. 
[0028] FIG. 4 illustrates an example of a three-dimensional 
vieW of a stent according to some embodiments of the present 
invention. 
[0029] FIGS. 5a and 5b illustrate a sandWiched-coating 
design according to some embodiments of the present inven 
tion. 
[0030] FIG. 6 illustrates an SEM of an IM pro?le at high 
magni?cation that Was produced using a loW humidity gas 
phase boundary condition according to some embodiments of 
the present invention. 
[0031] FIGS. 7a and 7b illustrate SEMs ofan IM pro?le at 
high and loW magni?cation that Were produced using a high 
humidity gas phase boundary condition according to some 
embodiments of the present invention. 
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[0032] FIG. 8 illustrates an SEM of an IM pro?le at high 
magni?cation that Was produced after exposing a coating 
produced using loW humidity to a blood ?oW simulationusing 
distilled Water according to some embodiments of the present 
invention. 
[0033] FIGS. 9a and 9b illustrate SEMs of an IM pro?le at 
high and loW magni?cation, respectively, that Were produced 
after exposing a coating produced using high humidity to a 
blood ?oW simulation using distilled Water according to some 
embodiments of the present invention. 
[0034] FIGS. 10a and 10b illustrate SEM photos of IM 
pro?les that Were produced after exposing coatings produced 
using loW humidity conditions and high humidity conditions, 
respectively, to porcine serum for one day according to some 
embodiments of the present invention. 
[0035] FIGS. 11a and 11b illustrate the agent release in a 
PBS/PEG solution and a porcine serum, respectively, from 
coatings produced using loW humidity conditions and high 
humidity conditions, according to some embodiments of the 
present invention. 
[0036] FIGS. 12a and 12b illustrate the effect of pressure 
and mechanical deformation on agent release according to 
some embodiments of the present invention. 
[0037] FIGS. 13a and 13b illustrate the effect of pressure 
and temperature on the release rate of an agent according to 
some embodiments of the present invention. 

DETAILED DESCRIPTION 

[0038] As discussed in more detail beloW, the embodiments 
of the present invention generally encompass controlling the 
morphology of polymeric matrices to control their perfor 
mance characteristics. More particularly, the present inven 
tion provides a method of forming a medical article having 
such a polymeric matrix to provide a controlled release of an 
agent from the medical article. A “medical article” can 
include, but is not limited to, a medical device or a coating for 
a medical device. 

[0039] Examples of medical devices include, but are not 
limited to, stents, stent-grafts, vascular grafts, arti?cial heart 
valves, foramen ovale closure devices, cerebrospinal ?uid 
shunts, pacemaker electrodes, guideWires, ventricular assist 
devices, cardiopulmonary bypass circuits, blood oxygen 
ators, coronary shunts (AXIUSTM, Guidant Corp.), vena cava 
?lters, and endocardial leads (FINELINE® and ENDOTAK®, 
Guidant Corp.). In some embodiments, the stents include, but 
are not limited to, tubular stents, self-expanding stents, coil 
stents, ring stents, multi-design stents, and the like. In other 
embodiments, the stents are metallic; loW-ferromagnetic; 
non-ferromagnetic; biostable polymeric; biodegradable 
polymeric or biodegradable metallic. In some embodiments, 
the stents include, but are not limited to, vascular stents, renal 
stents, biliary stents, pulmonary stents and gastrointestinal 
stents. 

[0040] The medical devices can be comprised of a metal or 
an alloy, including, but not limited to, ELASTINITE® (Guidant 
Corp.), NITINOL® (Nitinol Devices and Components), stain 
less steel, tantalum, tantalum-based alloys, nickel-titanium 
alloy, platinum, platinum-based alloys such as, for example, 
platinum-iridium alloys, iridium, gold, magnesium, titanium, 
titanium-based alloys, Zirconium-based alloys, alloys com 
prising cobalt and chromium (ELGILOY®, Elgiloy Specialty 
Metals, Inc.; MP35N and MP20N, SPS Technologies) or 
combinations thereof. The tradenames “MP35N” and 
“MPZON” describe alloys of cobalt, nickel, chromium and 
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molybdenum. The MP35N consists of 35% cobalt, 35% 
nickel, 20% chromium, and 10% molybdenum. The MP20N 
consists of 50% cobalt, 20% nickel, 20% chromium, and 10% 
molybdenum. Medical devices With structural components 
that are comprised of bioabsorbable polymers or biostable 
polymers are also included Within the scope of the present 
invention. 

[0041] The control over the release of agents provides for 
control over, inter alia, the therapeutic, prophylactic, diagnos 
tic, and ameliorative effects that are realiZed by a patient in 
need of such treatment. The terms “subject” and “patient” can 
be used interchangeably and refer to an animal such as a 
mammal including, but not limited to, non-primates such as, 
for example, a coW, pig, horse, cat, dog, rat, and mouse; and 
primates such as, for example, a monkey or a human. 

[0042] FIG. 1 is a diagram used to illustrate the local phar 
macokinetics of agent release from a stent and its subsequent 
uptake in the coronary vasculature according to some 
embodiments of the present invention. In region 101, the 
agent that Will be released from the stent is a drug. The agent 
can be released and passed through tissue cells Within adjoin 
ing tissue 102, blood 103, or the agent can remain as residual 
agent (“R”) 104 on the stent. The agent can also be metabo 
liZed (“M”) 105 after its delivery to adjoining tissue 102, 
blood 103, other vascular organs 106, or vital organs 107. In 
addition, the control of the release rate of agents also has an 
effect upon the mechanical integrity of the polymeric matrix, 
as Well as a relationship to a subject’s absorption rate of the 
absorbable polymers. 
[0043] FIG. 2 illustrates a cross-section of a coating on a 
stent strut Within a vascular organ according to some embodi 
ments of the present invention. The cross-section of the 
coated stent strut 201 includes a stent 202, an optional primer 
layer 203, a polymer matrix 204 that includes at least one 
agent 205, and an optional top-coat layer 206 that can further 
control the diffusion of the agent 205 out of the polymer 
matrix 204. The coated stent strut 201 is adjoining vascular 
tissue 207 and blood 208. The agent 205 is released from the 
polymer reservoir 204 into the blood 208.and the vascular 
tissue 207. This release of the agent 205 includes a diffusion 
parameter, so design of the polymeric matrix 204 can include 
diffusion considerations in order to further obtain control 
over the release of the agent 205. 

[0044] In some embodiments, the invention is a method for 
creating a medical article, Wherein the medical article 
includes a polymeric matrix having a predetermined initial 
morphology pro?le and an agent. The medical article can 
include a polymeric matrix having a predetermined initial 
morphology pro?le (“IM pro?le”), i.e. a predetermined 
arrangement of the components Within the matrix, Wherein at 
least one of these components includes an agent. It has been 
discovered that these predetermined IM pro?les can be 
designed to provide a controllable release rate of agents from 
the polymeric matrix. The term “initial morphology” refers to 
the morphology of the polymeric matrix in its initial state 
after the medical article has been manufactured but before 
implantation. 
[0045] The morphology of a polymeric matrix refers the 
Way that the components of the matrix are arranged. In some 
embodiments, the morphology can include, for example, by 
the presence and characteristics of phase separations betWeen 
components Within the polymeric matrix, Where the phase 
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separation can exist betWeen polymers, an agent and a poly 
mer, betWeen agents, or betWeen other components in the 
polymeric matrix. 
[0046] FIGS. 3a and 3b illustrate a section ofa polymeric 
matrix having a morphology containing an agent-enriched 
phase at a concentration that is beloW about 30% by volume, 
and above about 30% by volume, respectively, according to 
some embodiments of the present invention. FIG. 3a illus 
trates a section of a polymeric matrix containing an agent 
enriched phase at a concentration that is beloW about 30% by 
volume. The section 301 of the polymeric matrix is beloW the 
percolation threshold, since the agent-enriched phase 302 has 
not yet reached the concentration required to begin forming 
an interconnected netWork Within the bulk phase 303 of the 
polymeric matrix. The “percolation threshold” is the point at 
Which the agent-enriched phase begins to connect With itself 
and form an interconnected netWork of the agent-enriched 
phase Within the polymeric matrix. The percolation threshold 
is the point at Which the agent-enriched phase forms its oWn 
channel for diffusion. 
[0047] FIG. 3b illustrates a section of a polymeric matrix 
containing an agent-enriched phase at a concentration that is 
above about 30% by volume. The section 304 of the poly 
meric matrix is above the percolation threshold, since the 
agent-enriched phase 305 has reached the concentration 
required to begin forming an interconnected netWork Within 
the bulk phase 306 of the polymeric matrix. 
[0048] In some embodiments, the morphology design can 
include control over the characteristics of the Zone of phase 
separation betWeen phases in a polymeric matrix, Where the 
Zone of phase separation can be thin, thick, continuous, non 
continuous, hydrophobic, hydrophilic, porous, intercon 
nected, dispersed, and the like. In some embodiments, the 
morphology can include, for example, other physical charac 
teristics of a polymeric matrix including, but not limited to, 
the presence of pores, crystalline regions, amorphous regions, 
polymorphism of agents, the presence of metals, the presence 
of ceramics, and the like. The variations possible in the design 
of the morphology of a polymeric matrix can be extraordi 
narily large in number. The invention includes any polymeric 
matrix design that can be preselected and created to have an 
arrangement of components that provides a predictable per 
formance characteristic. 

[0049] The methods of the present invention include select 
ing a desired IM pro?le; forming a polymeric layer compris 
ing the agent on a surface of the medical article; and subject 
ing the polymeric layer to a terminal process step to create the 
desired polymeric matrix. In most embodiments, the poly 
meric matrices may be selected to have a predetermined IM 
pro?le having at least a ?rst component and a second com 
ponent, Where the ?rst component can comprise a ?rst poly 
mer, and the second component can comprise an agent. In 
some embodiments, the second component can optionally 
comprise a second polymer. 
[0050] In many embodiments, the morphology of the poly 
meric matrix can be selected to include a dispersed phase 
among the components of the matrix, and the dispersed phase 
may contain an agent. In some embodiments, the agent can be 
selected such that it dissolves in a polymer phase Without a 
phase separation, or it can form a dispersed phase or a perco 
lated phase. This dissolution can depend on factors including, 
but not limited to, the thermodynamic relationships betWeen 
the agents and the polymers as Well as the concentration of the 
agent in the polymeric matrix. One of skill Will appreciate, for 
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example, that the solubility parameters of the polymeric com 
ponents of the matrix, as Well as the miscibility of the com 
bination of the polymers and agents, are design consider 
ations that can assist in controlling the formation of phases in 
the polymeric matrix. 
[0051] The polymeric matrix can be selected to include a 
morphology that includes a combination of polymers. In 
some embodiments, an agent can be selected that is more 
thermodynamically stable in a ?rst polymer than in a second 
polymer, preferentially dissolve in the ?rst polymer, and cre 
ate a ?rst polymer/agent combination as a dispersed phase 
that can be substantially or completely immiscible With the 
second polymer. In these embodiments, the second polymer 
can be referred to as a “bulk phase,” and the ?rst polymer/ 
agent combination can be referred to as an “agent-enriched 
phase.” The IM pro?le can refer to a morphology pro?le in 
any direction or combination of directions, or in any region or 
combination of regions, Within a polymeric matrix. The 
emphasis of the present invention is that virtually any IM 
pro?le or combination of IM pro?les can be preselected and 
created upon demand. 

[0052] The predetermined IM pro?les can be selected to 
provide a desired physical, mechanical, chemical, or biologi 
cal characteristic of the polymeric matrix. Examples of physi 
cal characteristics include an increased or decreased Water 
uptake, a dispersed-phase morphology, a percolated-phase 
morphology, a solid-solution morphology, and a porous mor 
phology Within the matrix. Examples of mechanical charac 
teristics include an increased or decreased toughness, an 
increased elasticity, an increased or decreasedYoung’s modu 
lus, an increased tensile strength, and an increased tear 
strength of the matrix. Examples of chemical characteristics 
include an increased agent loading capacity, an increased 
durability, and an increased hydrophilicity of the matrix. 
Examples of biological characteristics include an increased 
biocompatibility, a desired bioactivity, an increased bioben 
e?ciality, and a controllable rate of biodegradation and elimi 
nation of the matrix from a subject. Biobene?ciality is the 
attribute of a biobene?cial material Which enhances the bio 
compatibility of the particles or device by being non-fouling, 
hemocompatible, actively non-thrombogenic, or antiin?am 
matory, all Without depending on the release of a pharmaceu 
tically active agent. 
[0053] Water uptake by a polymeric matrix can be an 
important characteristic in the design of the matrix. Water can 
act as a plasticiZer, diffusion medium, and can also hydrolyZe 
chemical bonds Within the matrix. Accordingly, control of 
Water uptake can provide additional control over the 
mechanical properties of the matrix as Well as the degradation 
rate, absorption rate, and the agent release rate of a medical 
article in vivo. In some embodiments, an increase in hydroly 
sis can also increase the in vivo release rate of an agent by 
creating channels Within a medical article that can serve as 
transport pathWays for diffusion of the agents from the com 
position Within a subject. Moreover, Water uptake can affect 
the storage life of a medical device by causing premature 
hydrolysis of the matrix, agent migration, and/or agent 
release. 

[0054] The ability of the medical article to Withstand 
stresses in vivo that can cause mechanical failure include, but 
are not limited to, cracking, ?aking, peeling, fracturing, and 
perhaps a change in the modulus of the material that may 
affect, for example, the rigidity and toughness of the medical 
article. An example of a chemical property that can affect 
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performance of a biodegradable composition in vivo is the 
rate of absorption of the composition by a subject. An 
example of a biological property that can affect performance 
of a composition in vivo is the bioactive and/or biobene?cial 
nature of the composition, both of Which are described beloW. 

[0055] It should be appreciated that the polymeric matrix 
can include other components, such as encapsulated agents 
that can be liposomally-encapsulated or polymer-encapsu 
lated agents as part of the morphology; or a carrier, organic or 
inorganic, such as a porous calcium phosphate microparticle, 
Where the carrier assists in obtaining a given loading of an 
agent needed for a localiZed treatment of a disease. Moreover, 
a polymeric matrix can comprise biodegradable components, 
and these components may be biodegradable due to the labile 
nature of chemical functionalities, such as ester groups 
betWeen chemical moieties. Accordingly, the polymeric 
matrices can be designed to be biodegradable, such that they 
can be broken doWn, absorbed, resorbed and eliminated by a 
mammal. 

[0056] In some embodiments, the polymeric matrix can 
release agents Without biodegradation of the matrix, Where 
the agent-release is at least partially independent of biodeg 
radation. In other embodiments, the agents release during 
biodegradation of the matrix, such that the agent-release is at 
least partially dependent on biodegradation. In other 
examples, the polymeric matrix releases agents according to 
a combination of designs, Wherein the combination can 
include agent release rates that are at least partially indepen 
dent of, or at least partially dependent on, biodegradation of 
the polymeric matrix. 
[0057] For the purposes of the present invention, a material 
is “biodegradable” When all or a portion of it is capable of 
being completely or substantially degraded or eroded When 
exposed to an in vivo environment or a representative in vitro 
environment. A polymer or polymeric matrix, for example, is 
capable of being degraded or eroded When it can be gradually 
broken-doWn, resorbed, absorbed and/or eliminated by, for 
example, hydrolysis, enZymolysis, oxidation, metabolic pro 
cesses, bulk or surface erosion, and the like Within a subject. 
It should be appreciated that traces or residue of polymer may 
remain on the device, near the site of the device, or near the 
site of a biodegradable device, folloWing biodegradation. The 
terms “bioabsorbable” and “biodegradable” are used inter 
changeably in this application. 
[0058] The methods of the present invention include form 
ing a polymer layer comprising an agent on a surface of a 
medical article. In each of the embodiments, the term “layer” 
describes a thickness of a polymeric material Within Which an 
agent must pass through to be released into a subject. This 
term can refer, for example, to any individual polymeric 
material that may be used to form a medical device or a 
coating for a medical device. A layer can include, but is not 
limited to, polymeric material from a single-pass application 
or multiple-pass application, Where a “pass” can be any single 
process step, or combination of steps, used to apply a material 
such as, for example, a pass of a spray coating device, a pass 
of an electrostatic coating device, a pass of a controlled 
volume ejector, a dipping, an extrusion, a mold, a single dip in 
a layered manufacturing process, or a combination thereof. In 
general, a pass includes any single process step knoWn to one 
of skill in the art that can be used to apply materials in the 
formation of a medical device or coating using a composition 
comprising a polymeric material. A layer can consist of a 
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single pass or multiple passes. In some embodiments, the 
coating can be applied to an entire medical device or select 
regions of the medical device. 

[0059] The term “thickness” of a layer can refer to the 
distance betWeen opposite surfaces of a polymeric material 
that is used in the production of a medical device or coating. 
The thickness can refer to that of a single layer, a single layer 
Within a combination of layers, or a combination layers. In 
some embodiments, the thickness of a polymeric material can 
be the thickness of a component Within the structure of a 
medical device, such as, for example, the thickness of a strut 
Within a stent. In other embodiments, the thickness of a poly 
meric material can be the thickness of a layer of coating 
applied to a medical device, such as a stent. In other embodi 
ments, the thickness of a polymeric material can be the thick 
ness of a combination of layers applied as a coating for a 
medical device. 

[0060] In many embodiments, the thickness of a polymeric 
material can range from about 0.1 nm to about 1.0 cm, from 
about 0.1 nm to about 1.0 mm, from about 0.1 nm to about 100 
pm, from about 0.1 nm to about 1 pm, from about 0.1 nm to 
about 100 nm, from about 0.1 nm to about 10 nm, from about 
10 nm to about 100 nm, from about 10 um to about 50 pm, 
from about 50 pm to about 100 pm, or any range therein. In 
other embodiments, the thickness of a polymeric matrix can 
range from about 1 um to about 10 pm, which can be found, 
for example, in some of the current drug-eluting stent (DES) 
systems. In other embodiments, the thickness of the poly 
meric matrices can be regionally distributed throughout a 
device to create a variation in thicknesses such as, for 
example, the variation in thicknesses that can be found in an 
abluminally-coated DES stent. 

[0061] The methods of forming a polymeric layer include, 
essentially, Wet dispensing and dry dispensing, Where the Wet 
dispensing methods are dispensing a liquid. Wet dispensing 
methods can include, but are not limited to, spraying; dipping; 
constant volume applications such as, for example, a syringe 
pump; and constant pressure applications such as, for 
example, pneumatic dispensers. In some embodiments, the 
spraying can include, for example air atomization, ultrasound 
atomization, or a combination thereof. In some embodiments, 
the spray deposition can include, for example, direct deposi 
tion by acoustic ejection or piezoelectric droplet generation. 
In some embodiments, dipping can include lithographic tech 
niques such as, for example, layered manufacturing. 
[0062] Dry dispensing methods can include but are not 
limited to, chemical vapor deposition (CVD) methods such 
as, for example, plasma deposition, and physical vapor depo 
sition (PVD) methods such as, for example, ion-beam 
assisted deposition (IBAD). Other methods of dry deposition 
can include, for example, ink-j et type depositions, Which can 
include the deposition of charged particles. 
[0063] In many embodiments, each layer can be applied to 
an implantable substrate by any method of dispensing a com 
position from any dispenser including, but not limited to, 
dipping, spraying, pouring, brushing, spin-coating, roller 
coating, meniscus coating, poWder coating, inkj et-type appli 
cation, controlled-volume application such as drop-on-de 
mand, or a combination thereof. In these embodiments, a dry 
coating containing a biodegradable polymer may be formed 
on the stent When the solvent evaporates. In some embodi 
ments, at least one of the layers can be formed on a stent by 
dissolving one or more biodegradable polymers, optionally 
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With a non-biodegradable polymer, in one or more solvents, 
and either (i) spraying the solution on the stent or (ii) dipping 
the stent in the solution. 

[0064] In other embodiments, a coating can be applied to a 
medical article, such as a stent, using methods that may 
include sputtering and gas-phase polymerization. Sputtering 
is a method that includes placing a polymeric material target 
in an environment that is conducive to applying energy to the 
polymeric material and sputtering the polymeric material 
from the target to the device to form a coating of the poly 
meric material on the device. Similarly, a gas-phase polymer 
ization method includes applying energy to a monomer in the 
gas phase Within an environment that is conducive to forma 
tion of a polymer from the monomer in the gas phase, and 
Wherein the polymer formed coats the device. 

[0065] The dispensing of the polymer layers may require 
the selection and use of solvents to assist in creating and using 
the compositions of the present invention. Since many appli 
cations of the present invention include “casting” of the com 
positions, the solvents Will be referred to as “casting sol 
vents.” The casting solvent used to form polymer layers may 
be chosen based on several criteria including, for example, its 
polarity, ability to hydrogen bond, molecular size, volatility, 
biocompatibility, reactivity and purity. It is recognized that 
process conditions can affect the chemical structure of the 
underlying materials and, thus, affect their solubility in a 
casting solvent. It is also recognized that the kinetics of dis 
solution are a factor to consider When selecting a casting 
solvent, because a sloW dissolution of an underlying material, 
for example, may not affect the performance characteristics 
of a product Where the product is produced relatively quickly. 
[0066] Exemplary casting solvents for use in the present 
invention include, but are not limited to, DMAC, DMF, THF, 
cyclohexanone, xylene, toluene, acetone, i-propanol, methyl 
ethyl ketone, propylene glycol monomethyl ether, methyl 
butyl ketone, ethyl acetate, n-butyl acetate, and dioxane. Sol 
vent mixtures can be used as Well. Representative examples 
of the mixtures include, but are not limited to, DMAC and 
methanol (50:50 W/W); Water, i-propanol, and DMAC (10:3: 
87 W/W); i-propanol and DMAC (80:20, 50:50, or 20:80 
W/W); acetone and cyclohexanone (80:20, 50:50, or 20:80 
W/W); acetone and xylene (50:50 W/W); acetone, xylene and 
FLUX REMovER AMS® (93.7% 3,3-dichloro-1,1,1,2,2-pen 
ta?uoropropane and 1,3-dichloro-1,1,2,2,3-penta?uoropro 
pane, and the balance is methanol With trace amounts of 
nitromethane; Tech Spray, Inc.) (10:40:50 W/W); and 1,1,2 
trichloroethane and chloroform (80:20 W/W). 
[0067] The polymeric layer that is formed is subjected to a 
terminal process step to form the predetermined IM pro?les 
of the present invention. The application of a terminal step can 
be used to change the arrangement of components Within a 
polymeric matrix, for example, by promoting or inhibiting 
the migration of agents Within a matrix; creating concentra 
tion pro?les of agents Within a matrix, promoting or inhibit 
ing structural changes such as pores and channels Within a 
matrix. A “terminal process step” is any step added subse 
quent to applying a polymeric material to a surface of a 
medical article, any step added subsequent to drying the poly 
meric material, any step added concurrent to applying the 
polymeric material to the surface of the medical article, any 
step added concurrent to the drying of the medical article, or 
any combination thereof. Examples of such steps are pro 
vided herein. 
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[0068] An agent that migrates With a solvent canbe pro?led 
by controlling the rate of solvent migration. The rate of sol 
vent migration can be controlled, for example, by exposing 
the polymeric layer to a ?uid While forming the layer, and by 
altering the pres sure and/ or temperature in the environment of 
a solvent removal process such as, for example, drying. Such 
control of the pressure and/or temperature can alloW for indi 
rect control of the initial morphology relative to position in a 
polymeric matrix. The IM pro?les can then be designed to 
take on virtually any pro?le desired such as, for example, a 
predetermined Wave pro?le that can provide a pulsed admin 
istration of a desired agent. Accordingly, in some embodi 
ments, the terminal process step includes exposing the poly 
meric layer to a ?uid While forming the layer, Wherein the 
composition of the ?uid is preselected to be miscible or 
immiscible With a component in the polymeric layer. The 
?uid phase can be a liquid phase, a gas phase, a combination 
thereof, or a phase consisting essentially of a gas phase. 

[0069] In some embodiments, the gas phase contains Water, 
Where an increase or decrease in Water concentration is 
referred to as an increase or decrease in humidity. In some 

embodiments, the gas phase is preferentially adsorbed by the 
agent. In some embodiments, the gas phase is preferentially 
adsorbed by one or more polymers in the polymeric matrix, 
Wherein the polymer may or may not contain agent. In some 
embodiments, the solvents can be highly volatile solvents that 
are poor solvents such as, for example, Freon or a hydrocar 
bon. In some embodiments, the gas phase can selectively 
hydrolyZe the polymeric matrix and/or create an intentional 
surface leaching or enrichment of an agent. In some embodi 
ments, a liquid phase can selectively hydrolyZe the polymeric 
matrix and/or create an intentional surface leaching or enrich 
ment of an agent. 

[0070] The surface energy relationship betWeen the ?uid 
phase and polymer layer can be a design parameter. The ?uids 
miscibility With the polymer layer and its relative ability to 
Wet or spread the polymer layer can control the effect of the 
?uid on the predetermined IM pro?le of the polymeric matrix. 
In some embodiments, the ?uid phase is miscible With the 
polymer layer. In some embodiments, the ?uid is polar, non 
polar, or a combination thereof. In some embodiments, the 
?uid is hydrophilic, hydrophobic, amphiphilic, or a combi 
nation thereof. In some embodiments, the ?uid comprises 
Water to provide a desired humidity While forming the poly 
mer layer. The ?uid may also include a solvent used in form 
ing the polymer layer. 
[0071] In some embodiments, the terminal process step 
includes applying a pressure to the polymeric layer, or poly 
meric matrix formed from the layer, Wherein the pressure can 
create a mechanical deformation in the polymer material. The 
pressure canbe appliedusing any source of pressure knoWn to 
one of skill in the art. In many embodiments, the pressure can 
be ambient pressure, a pressure higher than ambient pressure, 
a pressure loWer than ambient pressure, or a variation in 
pressures that can include a pulsing of pressures. In some 
embodiments, the pressure can be isotropic or anisotropic. In 
these embodiments, the pressure can be a high isotropic pres 
sure. In many embodiments, pressure can be applied to the 
polymer layer before the polymer layer is dried, after the 
polymer layer is dried, or a combination thereof. The pres sure 
can be appliedusing any means knoWn to one of skill in the art 
including, but not limited to a pressure vessel, or a mechanical 
pressure. Examples of a means for applying a mechanical 
pressure to a stent can be found in Us. Pat. Nos. 6,510,722; 
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6,481,262; 6,277,110; 6,240,615; 6,202,272; 6,141,855; 
6,125,523; 6,092,273; 6,082,990; 6,051,002; 6,024,737; 
5,974,652; 5,972,016; 5,920,975; 5,893,852; 5,810,873; each 
of Which is hereby incorporated herein by reference. 
[0072] In some embodiments, the pressure can be a point 
source of pressure for localiZing a desired IM pro?le in select 
areas to provide additional control over the rate of release of 
an agent from these select areas. This method of localiZing the 
point source of pressure can also assist in providing a poly 
meric matrix having desired physical, mechanical, and 
chemical characteristics. 

[0073] In some embodiments, the pressure canbe applied at 
any time during the formation of a polymer layer as a negative 
pressure, and this pressure may also be pulsed during forma 
tion of the polymer layer to, for example, control the local 
iZation of agent across the thickness of the polymer layer so as 
to create a concentration pro?le. The concentration pro?le 
can be a constant, linear or non-linear to provide a rate of 
release that is tailored to a particular treatment design. Fur 
thermore, the resulting polymeric matrix can be composed of 
multiple layers, Wherein each layer can have any one or any 
combination of an independently formed concentration pro 
?le, an independently formed morphology pro?le, and an 
independently selected agent or agents to provide for a cus 
tomiZed agent delivery. 
[0074] In some embodiments, the pressure can be applied 
radially inWard using a crimping device for collapsing an 
expandable stent onto a balloon catheter, a pressing device for 
pressing a collapsed stent onto a balloon catheter While heat 
ing the stent and the balloon catheter, or a combination 
thereof. In some embodiments, the pressure is applied only to 
an abluminal surface of a stent. In some embodiments, the 
pressure comprises pressure from in?ation of the balloon on 
the balloon catheter. The pressure can range from about 10 psi 
to about 1000 psi, from about 50 psi to about 500 psi, from 
about 100 psi to about 300 psi, or any range therein. 

[0075] In some embodiments, the pressure can be applied 
With an accompanying source of energy such as, for example, 
heat. In many embodiments, the energy can include, but is not 
limited to, heat, electromagnetic radiation, electron beam, ion 
or charged particle beam, neutral-atom beam, chemical 
energy, or a combination thereof. In some embodiments, the 
application of energy can result in a coating composition 
temperature that ranges from about 35° C. to about 100° C., 
from about 35° C. to about 80° C., from about 35° C. to about 
55° C., or any range therein. In many embodiments, the 
temperature can be a temperature higher than ambient tem 
perature, a temperature loWer than ambient temperature, or a 
variation in temperatures that can include a pulsing of tem 
peratures. In some embodiments, the pressure and tempera 
ture can be applied for a period of time ranging from about 1 
second to about 3 minutes, from about 10 seconds to about 2 
minutes, from about 15 seconds to about 90 seconds, from 
about 30 seconds to about 90 seconds, or any range therein. 

Diffusion Coef?cients 

[0076] As described above, the release of the agent from a 
medical article Will most often include a diffusion parameter, 
such that the design of a polymeric matrix can include diffu 
sion considerations in obtaining control over the release of the 
agent. The process of diffusion of an agent from a polymeric 
matrix in the form of a coating can be affected by the folloW 
ing four controllable factors: (1) coating parameters, (2) coat 
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ing process, (3) polymer physicochemical properties, and (4) 
agent physicochemical properties. 
[0077] The coating parameters can include, but are not 
limited to, the initial solid phase concentration distribution, 
Which includes the drug to polymer (D/P) ratio, the thickness 
of an agent-free polymer top-coating, the total drug content, 
the dispersed phase microstructure, and the like. The coating 
process can include, but is not limited to, the selection of 
solvents, the thermal history of processing, the thermody 
namics of phase separation, the solution thermodynamics, 
and kinetics, to name a feW. Polymer physicochemical prop 
erties can include, but are not limited to, glass transition 
temperature (Tg), melting temperature (Tm), heat of fusion 
(AHf), percent crystallinity, Water absorption, lipid-induced 
sWelling, and the like. Agent physicochemical properties 
include, but are not limited to, the degree and type of dis 
persed phase parameters, the extent of solid solution, and the 
polymorphism of the agent (e.g. different crystalline forms of 
a drug). 
[0078] The diffusion coe?icient that is measured across a 
polymer matrix having multiple components can be 
described as an “effective-diffusion coe?icient.” This is 
because the effective-diffusion coe?icient depends, at least in 
part, on the often complex morphology of the polymer matrix 
Within Which the agent passes. Without intending to be bound 
by any theory or mechanism of action, the effective-diffusion 
coe?icient can be divided into at least tWo modes that can be 
referred to as “biphasic modesz” 

[0079] (l) in a ?rst mode, the effective diffusivity corre 
sponds to the transport of an agent dissolved in a polymeric 
matrix Without phase separation; or, an agent that primarily 
transports out of a dispersed agent phase into a surrounding 
polymeric matrix and then diffuses out of the surrounding 
polymeric matrix; and, 
[0080] (2) in a second mode, the effective diffusivity cor 
responds to the transport of an agent through a dispersed 
agent phase, for example, a dispersed agent phase Within a 
polymeric matrix that has interconnected to create a closely 
connected netWork (i.e. a “percolated” phase) by virtue of 
being densely distributed throughout the polymeric matrix; 
accordingly, the effective diffusivity can include an intrinsic 
diffusivity of the agent through a Water medium in the poly 
meric matrix in addition to the tortuosity and porosity of a 
percolated-phase passage that has formed throughout the 
polymeric matrix. 
[0081] In some embodiments, the overall mass transport 
can be considered as dependent on one or a combination of 
the biphasic modes. Since the diffusion coe?icient can be 
proportional to the rate of release, it can be measured experi 
mentally for each polymeric matrix and used as a de?ning 
characteristic for the release of a particular agent from that 
system. Using this methodology, one of skill can characteriZe 
polymeric matrices and design predetermined IM pro?les 
that are knoWn to provide an agent release that, although may 
be variable in rate over the life of a medical article, is rela 
tively controllable and predictable. 
[0082] The creation of an interconnected agent-enriched 
dispersed phase morphology provides a means for controlling 
the diffusion coef?cient. In many embodiments, an agent 
enriched phase Will reach a percolation threshold at a concen 
tration of about 30% by volume Within the combined volume 
of the polymer matrix and agent. In some embodiments, 
diffusion of an agent through an interconnected, agent-rich 
dispersed phase can result in either a faster or sloWer release 
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of an agent, and the result depends on the relationship 
betWeen the agent and the agent-enriched phase. In some 
embodiments, the agent exists in both the interconnected, 
agent-enriched dispersed phase and the bulk phase, such that 
release of the agent occurs through diffusion across both 
phases. In some embodiments, the agent has to diffuse 
through the phase boundary betWeen the dispersed phase and 
the bulk phase, and the amount and characteristics of the 
phase boundary can affect the rate of release of the agent. 

Effects of IM Pro?les on Physical and Mechanical Properties 

[0083] Designing predetermined IM pro?les of the agents 
Within the polymeric matrices can assist in obtaining and 
maintaining desirable physical and mechanical properties 
and, thus, aid in preventing structural failure Within medical 
articles. Many medical implants, such as stents, can undergo 
a great deal of strain and stress during their manufacture and 
use Which can result in structural failure. Structural failure 
can occur, for example, as a result of manipulating an implant 
in preparation for placing the implant in a subject and While 
placing the implant in a desired location in a subject. As a 
result, the ability to identify desirable polymeric matrices 
With morphologies that can Withstand such stress and strain 
can be invaluable to the success of a medical procedure. 

[0084] A stent is an example of an implant that can undergo 
a great deal of physical and mechanical stress. A stent may be 
compressed, inserted into a small vessel through a catheter, 
and then expanded to a larger diameter in a subject. FIG. 4 
illustrates an example of a three-dimensional vieW of a stent 
according to some embodiments of the present invention. The 
stent 401 may be made up of a pattern of a number of inter 
connecting structural elements or struts 402. As described 
herein, the embodiments disclosed are not limited to stents or 
to the stent pattern illustrated in FIG. 4 and are easily appli 
cable to other patterns and other devices. The variations in the 
structure of patterns are virtually unlimited. Controlled appli 
cation of particular agents in loW strain areas 403 and high 
strain areas 404, 405, and 406 of a stent, for example, can help 
to avoid problems, such as cracking and ?aking, that can 
occur during implantation of the stent. Controlled application 
of the agents can also be obtained through control of the 
morphology of a polymeric matrix that forms after the appli 
cation. 

The Polymers 

[0085] The polymers used in the present invention may 
include, but are not limited to, condensation polymers and 
copolymers, and should be chosen according to a desired 
performance parameter of a product that Will be formed from 
the composition. Such performance parameters may include, 
for example, the toughness of a medical article, the capacity 
for the loading concentration of an agent, and the rate of 
biodegradation and elimination of the composition from a 
subject. If the other polymers in a composition are non 
biodegradable, they should be siZed to produce polymer frag 
ments that can clear from the subject folloWing biodegrada 
tion of the composition. 
[0086] In most embodiments, the polymers that can be used 
include natural or synthetic polymers; homopolymers and 
copolymers, such as, for example, copolymers that are ran 
dom, alternating, block, graft, and/or crosslinked; or any 
combination and/or blend thereof. The copolymers include 
polymers With more than tWo different types of repeating 






















