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ABSTRACT 

A coated implantable medical device includes a structure 
adapted for introduction into the vascular system, esophagus, 
trachea, colon, biliary tract, or urinary tract; at least one 
coating layer posited on one surface of the structure; and at 
least one layer of a bioactive material posited on at least a 
portion of the coating layer. Preferably, the structure is a stent 
graft. 
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COATED IMPLANTABLE MEDICAL DEVICE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation application of co 
pending U.S. patent application Ser. No. 10/218,308, ?led 
Aug. 14, 2002, Which is a continuation of Us. patent appli 
cation Ser. No. 09/027,054, ?led Feb. 20, 1998 (noW U.S. Pat. 
No. 6,774,278, issued Aug. 10, 2004), Which in turn claims 
priority to provisional application Ser. No. 60/038,459, ?led 
Feb. 20, 1997, and Which is also a continuation-in-part appli 
cation of Us. patent application Ser. No. 08/645,646, ?led 
May 16, 1996 (noW U.S. Pat. No. 6,096,070, issued Aug. 1, 
2000), Which Was in turn a continuation-in-part application of 
Us. patent application Ser. No. 08/484,532, ?led Jun. 7, 1995 
(noW U.S. Pat. No. 5,609,629, issued Mar. 11, 1997); this 
application also claims priority to Us. provisional patent 
application Ser. No. 60/811,559, ?led Jun. 7, 2006. All ofthe 
above-referenced patent applications are incorporated herein 
by reference in their entirety. 

TECHNICAL FIELD 

[0002] This invention relates generally to human and vet 
erinary medical devices, and more particularly to devices 
incorporating drugs or bioactive agents. 

BACKGROUND 

[0003] It has become common to treat a variety of medical 
conditions by introducing an implantable medical device 
partly or completely into the esophagus, trachea, colon, bil 
iary tract, urinary tract, vascular system or other location 
Within a human or veterinary patient. For example, many 
treatments of the vascular system entail the introduction of a 
device such as a stent, a catheter, a balloon, a Wire guide, a 
cannula, or the like. HoWever, When such a device is intro 
duced into and manipulated through the vascular system, the 
blood vessel Walls can be disturbed or injured. Clot formation 
or thrombosis often results at the injured site, causing stenosis 
or occlusion of the blood vessel. Moreover, if the medical 
device is left Within the patient for an extended period of time, 
thrombus often forms on the device itself, again causing 
stenosis or occlusion. As a result, the patient is placed at risk 
of a variety of complications, including heart attack, pulmo 
nary embolism, and stroke. Thus, the use of such a medical 
device can entail the risk of precisely the problems that its use 
Was intended to ameliorate. 

[0004] Another Way in Which blood vessels undergo steno 
sis is through disease. Probably the most common disease 
causing stenosis of blood vessels is atherosclerosis. Athero 
sclerosis is a condition Which commonly affects the coronary 
arteries, the aorta, the iliofemoral arteries and the carotid 
arteries. Atherosclerotic plaques of lipids, ?broblasts, and 
?brin proliferate and cause obstruction of an artery or arteries. 
As the obstruction increases, a critical level of stenosis is 
reached, to the point Where the ?oW of blood past the obstruc 
tion is insu?icient to meet the metabolic needs of the tissue 
distal to (doWnstream of) the obstruction. The result is 
ischemia. 
[0005] Many medical devices and therapeutic methods are 
knoWn for the treatment of atherosclerotic disease. One par 
ticularly useful therapy for certain atherosclerotic lesions is 
percutaneous transluminal angioplasty (PTA). During PTA, a 
balloon-tipped catheter is inserted in a patient’s artery, the 
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balloon being de?ated. The tip of the catheter is advanced to 
the site of the atherosclerotic plaque to be dilated. The balloon 
is placed Within or across the stenotic segment of the artery, 
and then in?ated. In?ation of the balloon “cracks” the athero 
sclerotic plaque and expands the vessel, thereby relieving the 
stenosis, at least in part. 
[0006] While PTA presently enjoys Wide use, it suffers 
from tWo major problems. First, the blood vessel may suffer 
acute occlusion immediately after or Within the initial hours 
after the dilation procedure. Such occlusion is referred to as 
“abrupt closure.” Abrupt closure occurs in perhaps ?ve per 
cent or so of the cases in Which PTA is employed, and can 
result in myocardial infarction and death if blood ?oW is not 
restored promptly. The primary mechanisms of abrupt clo 
sures are believed to be elastic recoil, arterial dissection and/ 
or thrombosis. It has been postulated that the delivery of an 
appropriate agent (such as an antithrombic) directly into the 
arterial Wall at the time of angioplasty could reduce the inci 
dence of thrombotic acute closure, but the results of attempts 
to do so have been mixed. 

[0007] A second major problem encountered in PTA is the 
re-narroWing of an artery after an initially successful angio 
plasty. This re-narroWing is referred to as “restenosis” and 
typically occurs Within the ?rst six months after angioplasty. 
Restenosis is believed to arise through the proliferation and 
migration of cellular components from the arterial Wall, as 
Well as through geometric changes in the arterial Wall referred 
to as “remodeling.” It has similarly been postulated that the 
delivery of appropriate agents directly into the arterial Wall 
could interrupt the cellular and/or remodeling events leading 
to restenosis. HoWever, like the attempts to prevent throm 
botic acute closure, the results of attempts to prevent resteno 
sis in this manner have been mixed. 

[0008] Non-atherosclerotic vascular stenosis may also be 
treated by PTA. For example, Takayasu arteritis or neuro? 
bromatosis may cause stenosis by ?brotic thickening of the 
arterial Wall. Restenosis of these lesions occurs at a high rate 
folloWing angioplasty, hoWever, due to the ?brotic nature of 
the diseases. Medical therapies to treat or obviate them have 
been similarly disappointing. 
[0009] A device such as an intravascular stent can be a 
useful adjunct to PTA, particularly in the case of either acute 
or threatened closure after angioplasty. The stent is placed in 
the dilated segment of the artery to mechanically prevent 
abrupt closure and restenosis. Unfortunately, even When the 
implantation of the stent is accompanied by aggressive and 
precise antiplatelet and anticoagulation therapy (typically by 
systemic administration), the incidence of thrombotic vessel 
closure or other thrombotic complication remains signi?cant, 
and the prevention of restenosis is not as successful as 
desired. Furthermore, an undesirable side effect of the sys 
temic antiplatelet and anticoagulation therapy is an increased 
incidence of bleeding complications, most often at the percu 
taneous entry site. 
[0010] Other conditions and diseases are treatable With 
stents, catheters, cannulae and other devices inserted into the 
esophagus, trachea, colon, biliary tract, urinary tract and 
other locations in the body, or With orthopedic devices, 
implants, or replacements. It Would be desirable to develop 
devices and methods for reliably delivering suitable agents, 
drugs or bioactive materials directly into a body portion dur 
ing or folloWing a medical procedure, so as to treat or prevent 
such conditions and diseases, for example, to prevent abrupt 
closure and/ or restenosis of a body portion such as a passage, 
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lumen or blood vessel. As a particular example, it Would be 
desirable to have devices and methods Which can deliver an 
antithrombic or other medication to the region of a blood 
vessel Which has been treated by PTA, or by another inter 
ventional technique such as atherectomy, laser ablation, or the 
like. It Would also be desirable that such devices Would 
deliver their agents over both the short term (that is, the initial 
hours and days after treatment) and the long term (the Weeks 
and months after treatment). It Would also be desirable to 
provide precise control over the delivery rate for the agents, 
drugs orbioactive materials, and to limit systemic exposure to 
them. This Would be particularly advantageous in therapies 
involving the delivery of a chemotherapeutic agent to a par 
ticular organ or site through an intravenous catheter (Which 
itself has the advantage of reducing the amount of agent 
needed for successful treatment), by preventing stenosis both 
along the catheter and at the catheter tip. A Wide variety of 
other therapies could be similarly improved. Of course, it 
Would also be desirable to avoid degradation of the agent, 
drug or bioactive material during its incorporation on or into 
any such device. 

SUMMARY 

[0011] The foregoing problems are solved and a technical 
advance is achieved in an illustrative vascular stent or other 
implantable medical device that provides a controlled release 
of an agent, drug or bioactive material into the vascular or 
other system, or other location in the body, in Which a stent or 
other device is positioned. Applicants have discovered that 
the degradation of an agent, a drug or a bioactive material that 
is applied to such a device can be avoided by positing a 
coating layer on one surface of the device structure. The 
agent, drug or bioactive material is posited over at least a 
portion of the coating layer, Wherein the coating layer pro 
vides for a controlled release of the bioactive material posited 
thereon. Furthermore, the medical device further includes a 
porous layer positioned over the bioactive material Wherein 
the porous layer is composed of a polymer and the polymer 
provides for a controlled release of the bioactive material 
through the porous layer. 
[0012] In one aspect, the coating layer comprises a non 
porous material of for example a parylene derivative. This 
coating layer has a thickness preferably in a range from 50 to 
500,000 Angstroms, more preferably in a range from 100,000 
to 500,000 Angstroms, and illustratively approximately 200, 
000 Angstroms. In another aspect, the non-porous material is 
either an adsorbent or an absorbent material, Where the coat 
ing layer of the adsorbent material has a thickness of approxi 
mately 230,000 Angstroms. 
[0013] In another aspect, the bioactive material layer 
includes a chimeric monoclonal antibody such as an anti 
platelet GP IIb/IIIa antibody. 
[0014] In still another aspect, an adhesive promotion layer 
is posited on one surface of the structure on Which the coating 
layer is posited over at least a portion thereof. Preferably the 
adhesion promotion layer includes silane having a thickness 
in range of 0.5 to 5,000 Angstroms. 
[0015] Applicants have also discovered that the degrada 
tion of an agent, a drug or a bioactive material applied to such 
a device may be avoided by covering the agent, drug or 
bioactive material With a porous layer of a biocompatible 
polymer that is applied Without the use of solvents, catalysts, 
heat or other chemicals or techniques, Which Would otherWise 
be likely to degrade or damage the agent, drug or material. 
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Those biocompatible polymers may be applied preferably by 
vapor deposition or plasma deposition, and may polymeriZe 
and cure merely upon condensation from the vapor phase, or 
may be photolytically polymeriZable and are expected to be 
useful for this purpose. HoWever, it should be recognized that 
other coating techniques may also be employed. 
[001 6] Preferably, When the device is intended for use in the 
vascular system, the bioactive material in the at least one layer 
is heparin or another antiplatelet or antithrombotic agent, or 
dexamethasone, dexamethasone acetate, dexamethasone 
sodium phosphate, or another dexamethasone derivative or 
anti-in?ammatory steroid. Furthermore, a Wide range of other 
bioactive materials can be employed, including, but not lim 
ited to, the folloWing categories of agents: thrombolytics, 
vasodilators, antihypertensive agents, antimicrobials or anti 
biotics, antimitotics, antiproliferatives, antisecretory agents, 
non-steroidal anti-in?ammatory drugs, immunosuppressive 
agents, groWth factors and groWth factor antagonists, antitu 
mor and/ or chemotherapeutic agents, antipolymerases, anti 
viral agents, photodynamic therapy agents, antibody targeted 
therapy agents, prodrugs, sex hormones, free radical scaven 
gers, antioxidants, biologic agents, radiotherapeutic agents, 
radiopaque agents and radiolabelled agents. The major 
restriction is that the bioactive material must be able to With 
stand the coating techniques, for example, the vacuum 
employed during vapor deposition or plasma deposition of 
the at least one porous layer. In other Words, the bioactive 
material must have a relatively loW vapor pressure at the 
deposition temperature, typically, near or at room tempera 
ture. 

[0017] The at least one porous layer is preferably composed 
of a polyamide, parylene or a parylene derivative applied by 
catalyst-free vapor deposition and is conveniently about 
5,000 to 250,000 Angstroms thick, Which is adequate to pro 
vide a controlled release of the bioactive material. “Parylene” 
is both a generic name for a knoWn group of polymers based 
on p-xylylene and made by vapor phase polymerization, and 
a name for the unsubstituted form of the polymer; the latter 
usage is employed herein. More particularly, parylene or a 
parylene derivative is created by ?rst heating p-xylene or a 
suitable derivative at an appropriate temperature (for 
example, at about 950 EC) to produce the cyclic dimer di-p 
xylylene (or a derivative thereof). The resultant solid can be 
separated in pure form, and then cracked and pyrolyZed at an 
appropriate temperature (for example, at about 680 EC) to 
produce a monomer vapor of p-xylylene (or derivative); the 
monomer vapor is cooled to a suitable temperature (for 
example, beloW 50 EC) and alloWed to condense on the 
desired object, for example, on the at least one layer of bio 
active material. The resultant polymer has the repeating struc 
ture CH2C6H4CH2i)n, With n equal to about 5,000, and a 
molecular Weight in the range of 500,000. 
[0018] As indicated, parylene and parylene derivative coat 
ings applicable by vapor deposition are knoWn for a variety of 
biomedical uses, and are commercially available from or 
through a variety of sources, including Specialty Coating 
Systems (100 Deposition Drive, Clear Lake, Wis. 54005), 
Para Tech Coating, Inc. (35 Argonaut, Aliso Viejo, Calif. 
92656) and Advanced Surface Technology, Inc. (9 Linnel 
Circle, Billerica, Mass. 01821-3902). 
[0019] The at least one porous layer can alternatively be 
applied by plasma deposition. Plasma is an ioniZed gas main 
tained under vacuum and excited by electrical energy, typi 
cally in the radiofrequency range. Because the gas is main 



US 2008/0132992 A1 

tained under vacuum, the plasma deposition process occurs at 
or near room temperature. Plasma can be used to deposit 
polymers such as poly(ethylene oxide), poly(ethylene gly 
col), and poly(propylene oxide), as Well as polymers of sili 
cone, methane, tetra?uoroethylene (including TEFLON 
brand polymers), tetramethyldisiloxane, and others. 
[0020] While the foregoing represents some preferred 
embodiments of certain embodiments of the invention, other 
polymer systems may also be employed, e.g., polymers 
derived from photopolymeriZable monomers. Also, other 
coating techniques may be utiliZed, e.g., dipping, spraying, 
and the like. 

[0021] The device may include tWo or more layers of dif 
ferent bioactive materials atop the structure. HoWever, in 
some embodiments, the same bioactive material Will gener 
ally not be posited on the different surfaces of the device 
Within the same layer. In other Words, each surface of the 
device structure Will carry a different bioactive material or 
materials except Where the bioactive material is the innermost 
or outermost layer, e. g. heparin may form the innermost layer 
or the outermost layer or both. These additional layers may be 
placed directly atop one another or can be separated by addi 
tional porous polymer layers betWeen each of them. Addi 
tionally, the layers of bioactive materials can comprise a 
mixture of different bioactive materials. The porous layers are 
also preferably composed of parylene or a parylene deriva 
tive. Advantageously, the tWo or more bioactive materials can 
have different solubilities, and the layer containing the less 
soluble bioactive material (for example, dexamethasone) is 
preferably posited above the layer containing the more 
soluble bioactive material (for example, heparin). Unexpect 
edly, this has been found to increase the in vitro release rate of 
some relatively less soluble materials such as dexametha 
sone, While simultaneously decreasing the release rate of 
some relatively more soluble materials such as heparin. 

[0022] While the structure included in the device may be 
con?gured in a variety of Ways, the structure is preferably 
con?gured as a vascular stent composed of a biocompatible 
metal such as stainless steel, nickel, silver, platinum, gold, 
titanium, tantalum, iridium, tungsten, Nitinol, inconel, or the 
like. An additional substantially nonporous coating layer of 
parylene or a parylene derivative or other biocompatible poly 
mer of about 50,000 to 500,000 Angstroms thick may be 
posited directly atop the vascular stent, beneath the at least 
one layer of bioactive material. The additional coating layer 
can merely be relatively less porous than the at least one 
porous layer, but preferably is substantially nonporous, that 
is, suf?ciently nonporous to render the stent essentially 
impervious to blood during normal circumstances of use. 
[0023] The device and methods described herein are useful 
in a Wide variety of locations Within a human or veterinary 
patient, such as in the esophagus, trachea, colon, biliary tract, 
urinary tract and vascular system, as Well as for subdural and 
orthopedic devices, implants or replacements. They are par 
ticularly advantageous for reliably delivering suitable bioac 
tive materials during or folloWing an intravascular procedure, 
and ?nd particular use in preventing abrupt closure and/or 
restenosis of a blood vessel. More particularly, they permit, 
for example, the delivery of an antithrombotic, an antiplatelet, 
an anti-in?ammatory steroid, or another medication to the 
region of a blood vessel Which has been opened by PTA. 
LikeWise, it alloWs for the delivery of one bioactive material 
to, for example, the lumen of a blood vessel and another 
bioactive material to the vessel Wall. The use of a porous 
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polymer layer permits the release rate of a bioactive material 
to be carefully controlled over both the short and long terms. 
[0024] These and other aspects Will be appreciated by those 
skilled in the art upon the reading and understanding of the 
speci?cation. 
[0025] In another aspect, the bioactive material is attached 
to the non-porous layer and is advantageously eluted for 
prolonged periods of time. The non-porous layer is attached 
to the base material of the structure. The non-porous layer can 
be any of those previously or subsequently listed herein, and, 
likeWise, the bioactive material can be any of those previously 
or subsequently listed herein. Conveniently, and in a pre 
ferred embodiment, a glycoprotein IIb/IIIa inhibitor such as 
commercially available ReoProJ is attached to a non-porous 
layer of parylene positioned on the outer surface of the medi 
cal device such as a coronary stent. The ReoProJ is advanta 
geously eluted from the surface of the stent for prolonged 
periods of time. 

BRIEF DESCRIPTION OF THE DRAWING 

[0026] A better understanding of certain embodiments of 
the invention Will noW be had upon reference to the folloWing 
detailed description, When read in conjunction With the 
accompanying draWing, Wherein like reference characters 
refer to like parts throughout the several vieWs, and in Which: 
[0027] FIG. 1 is a cross-sectional vieW of a ?rst preferred 
embodiment of certain embodiments of the invention; 
[0028] FIG. 2 is a cross-sectional vieW of another preferred 
embodiment of certain embodiments of the invention; 
[0029] FIG. 3 is a cross-sectional vieW of yet another pre 
ferred embodiment of certain embodiments of the invention; 
[0030] FIG. 4 is a cross-sectional vieW of a further pre 
ferred embodiment of certain embodiments of the invention; 
[0031] FIG. 5 is a cross-sectional vieW of an additional 
preferred embodiment of certain embodiments of the inven 
tion; 
[0032] FIGS. 6A and 6B are cross-sectional vieWs of an 
additional preferred embodiment of certain embodiments of 
the invention; 
[0033] FIG. 7 is a cross-sectional vieW of an additional 
preferred embodiment of certain embodiments of the inven 
tion; 
[0034] FIG. 8 is a partial, enlarged top vieW of FIG. 7; 
[0035] FIG. 9 is an enlarged, sectional vieW along lines 9-9 
of FIG. 8; 
[0036] FIGS. 10A-10D are enlarged cross-sectional vieWs 
along lines 10-10 of FIG. 8; 
[0037] FIG. 11 depicts another aspect of the medical device 
of FIG. 1 utiliZing a polymer coating layer With a bioactive 
material attached thereto; and 
[0038] FIG. 12 depicts still another aspect of the medical 
device of FIG. 11 in Which the polymer coating layer is 
adhered to the outer surface of the device base material using 
an adhesive promotion layer. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0039] With reference noW to FIG. 1, an implantable medi 
cal device 10 in accordance With one embodiment is shoWn 
and ?rst comprises a structure 12 adapted for introduction 
into a human or veterinary patient. “Adapted” means that the 
structure 12 is shaped and siZed for such introduction. For 
clarity, only a portion of the structure 12 is shoWn in FIG. 1. 
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[0040] By Way of example, the structure 12 is con?gured as 
a vascular stent particularly adapted for insertion into the 
vascular system of the patient. However, this stent structure 
can be used in other systems and sites such as the esophagus, 
trachea, colon, biliary ducts, urethra and ureters, subdural 
among others. Indeed, the structure 12 can alternatively be 
con?gured as any conventional vascular or other medical 
device, and can include any of a variety of conventional stents 
or other adjuncts, such as helical Wound strands, perforated 
cylinders, or the like. Moreover, the inserted structure 12 need 
not be an entire device, but can merely be that portion of a 
vascular or other device Which is intended to be introduced 
into the patient. Accordingly, the structure 12 can be con?g 
ured as at least one of, or any portion of, a catheter, a Wire 
guide, a cannula, a stent, a vascular or other graft, a cardiac 
pacemaker lead or lead tip, a cardiac de?brillator lead or lead 
tip, a heart valve, or an orthopedic device, appliance, implant, 
or replacement. The structure 12 can also be con?gured as a 
combination of portions of any of these. 
[0041] Most preferably, hoWever, the structure 12 is con 
?gured as a vascular stent such as the commercially available 
Gianturco-Roubin FLEX-STENT7 or GR IIJ coronary stent 
from Cook Incorporated, Bloomington, Ind. Such stents are 
typically about 10 to about 60 mm in length and designed to 
expand to a diameter of about 2 to about 6 mm When inserted 
into the vascular system of the patient. The Gianturco-Roubin 
stent in particular is typically about 12 to about 25 mm in 
length and designed to expand to a diameter of about 2 to 
about 4 mm When so inserted. 

[0042] These stent dimensions are, of course, applicable to 
exemplary stents employed in the coronary arteries. Struc 
tures such as stents or catheter portions intended to be 
employed at other sites in the patient, such as in the aorta, 
esophagus, trachea, colon, biliary tract, or urinary tract Will 
have different dimensions more suited to such use. For 
example, aortic, esophageal, tracheal and colonic stents may 
have diameters up to about 25 mm and lengths about 100 mm 
or longer. 
[0043] The structure 12 is composed of a base material 14 
suitable for the intended use of the structure 12. The base 
material 14 is preferably biocompatible, although cytotoxic 
or other poisonous base materials may be employed if they 
are adequately isolated from the patient. Such incompatible 
materials may be useful in, for example, radiation treatments 
in Which a radioactive material is positioned by catheter in or 
close to the speci?c tissues to be treated. Under most circum 
stances, hoWever, the base material 14 of the structure 12 
should be biocompatible. 
[0044] A variety of conventional materials can be 
employed as the base material 14. Some materials may be 
more useful for structures other than the coronary stent exem 
plifying the structure 12. The base material 14 may be either 
elastic or inelastic, depending upon the ?exibility or elasticity 
of the polymer layers to be applied over it. The base material 
may be either biodegradable or non-biodegradable, and a 
variety of biodegradable polymers are knoWn. Moreover, 
some biologic agents have suf?cient strength to serve as the 
base material 14 of some useful structures 12, even if not 
especially useful in the exemplary coronary stent. 
[0045] Accordingly, the base material 14 can include at 
least one of stainless steel, tantalum, titanium, nitinol, gold, 
platinum, inconel, iridium, silver, tungsten, or another bio 
compatible metal, or alloys of any of these; carbon or carbon 
?ber; cellulose acetate, cellulose nitrate, silicone, polyethyl 
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ene terephthalate, polyurethane, polyamide, polyester, poly 
orthoester, polyanhydride, polyether sulfone, polycarbonate, 
polypropylene, high molecular Weight polyethylene, polytet 
ra?uoroethylene, or another biocompatible polymeric mate 
rial, or mixtures or copolymers of these; polylactic acid, 
polyglycolic acid or copolymers thereof, a polyanhydride, 
polycaprolactone, polyhydroxybutyrate valerate or another 
biodegradable polymer, or mixtures or copolymers of these; a 
protein, an extracellular matrix component, collagen, ?brin or 
another biologic agent; or a suitable mixture of any of these. 
Stainless steel is particularly useful as the base material 14 
When the structure 12 is con?gured as a vascular stent. 

[0046] Of course, When the structure 12 is composed of a 
radiolucent material such as polypropylene, polyethylene, or 
others above, a conventional radiopaque coating may and 
preferably should be applied to it. The radiopaque coating 
provides a means for identifying the location of the structure 
12 by X-ray or ?uoroscopy during or after its introduction 
into the patient’s vascular system. 
[0047] With continued reference to FIG. 1, the vascular 
device 10 can comprise at least one layer 18 of a bioactive 
material posited on one surface of the structure 12. In some 
embodiments, at least one bioactive material is posited on one 
surface of the structure 12, and the other surface Will either 
contain no bioactive material or one or more different bioac 

tive materials. In this manner, one or more bioactive materials 

or drugs may be delivered, for example, With a vascular stent, 
to the blood stream from the lumen surface of the stent, and a 
different treatment may be delivered on the vessel surface of 
the stent. A vast range of drugs, medicaments and materials 
may be employed as the bioactive material in the layer 18, so 
long as the selected material can survive exposure to the 
vacuum draWn during vapor deposition or plasma deposition. 
Particularly useful in the practice of certain embodiments of 
the invention are materials Which prevent or ameliorate 
abrupt closure and restenosis of blood vessels previously 
opened by stenting surgery or other procedures. Thrombolyt 
ics (Which dissolve, break up or disperse thrombi) and anti 
thrombogenics (Which interfere With or prevent the formation 
of thrombi) are especially useful bioactive materials When the 
structure 12 is a vascular stent. Particularly preferred throm 
bolytics are urokinase, streptokinase, and the tissue plasmi 
nogen activators. Particularly preferred antithrombogenics 
are heparin, hirudin, and the antiplatelets. 
[0048] Urokinase is a plasminogen activating enZyme typi 
cally obtained from human kidney cell cultures. Urokinase 
catalyZes the conversion of plasminogen into the ?brinolytic 
plasmin, Which breaks doWn ?brin thrombi. 
[0049] Heparin is a mucopolysaccharide anticoagulant 
typically obtained from porcine intestinal mucosa or bovine 
lung. Heparin acts as a thrombin inhibitor by greatly enhanc 
ing the effects of the blood’s endogenous antithrombin III. 
Thrombin, a potent enZyme in the coagulation cascade, is key 
in catalyZing the formation of ?brin. Therefore, by inhibiting 
thrombin, heparin inhibits the formation of ?brin thrombi. 
Alternatively, heparin may be covalently bound to the outer 
layer of structure 12. Thus, heparin Would form the outermost 
layer of structure 12 and Would not be readily degraded enZy 
matically, and Would remain active as a thrombin inhibitor. 

[0050] Of course, bioactive materials having other func 
tions can also be successfully delivered by the device 10 of 
certain embodiments of the invention. For example, an anti 
proliferative agent such as methotrexate Will inhibit over 
proliferation of smooth muscle cells and thus inhibit resteno 
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sis of the dilated segment of the blood vessel. The 
antiproliferative is desirably supplied for this purpose over a 
period of about four to six months. Additionally, localiZed 
delivery of an antiproliferative agent is also useful for the 
treatment of a variety of malignant conditions characterized 
by highly vascular groWth. In such cases, the device 10 of 
certain embodiments of the invention could be placed in the 
arterial supply of the tumor to provide a means of delivering 
a relatively high dose of the antiproliferative agent directly to 
the tumor. 

[0051] A vasodilator such as a calcium channel blocker or 
a nitrate Will suppress vasospasm, Which is common folloW 
ing angioplasty procedures. Vasospasm occurs as a response 
to injury of a blood vessel, and the tendency toWard vasos 
pasm decreases as the vessel heals. Accordingly, the vasodi 
lator is desirably supplied over a period of about tWo to three 
Weeks. Of course, trauma from angioplasty is not the only 
vessel injury Which can cause vasospasm, and the device 10 
may be introduced into vessels other than the coronary arter 
ies, such as the aorta, carotid arteries, renal arteries, iliac 
arteries or peripheral arteries for the prevention of vaso spasm 
in them. 

[0052] A variety of other bioactive materials are particu 
larly suitable for use When the structure 12 is con?gured as 
something other than a coronary stent. For example, an anti 
cancer chemotherapeutic agent can be delivered by the device 
10 to a localiZed tumor. More particularly, the device 10 can 
be placed in an artery supplying blood to the tumor or else 
Where to deliver a relatively high and prolonged dose of the 
agent directly to the tumor, While limiting systemic expo sure 
and toxicity. The agent may be a curative, a pre-operative 
debulker reducing the siZe of the tumor, or a palliative Which 
eases the symptoms of the disease. It should be noted that the 
bioactive material in certain embodiments of the invention is 
delivered across the device 10, and not by passage from an 
outside source through any lumen de?ned in the device 10, 
such as through a catheter employed for conventional chemo 
therapy. The bioactive material of certain embodiments of the 
invention may, of course, be released from the device 10 into 
any lumen de?ned in the device, or to tissue in contact With 
the device and that the lumen may carry some other agent to 
be delivered through it. For example, tamoxifen citrate, 
Taxol7 or derivatives thereof. Proscar7, Hytrin7, or Eulexin7 
may be applied to the tissue-exposed surface of the device for 
delivery to a tumor located, for example, in breast tissue or the 
prostate. 
[0053] Dopamine or a dopamine agonist such as bro 
mocriptine mesylate or pergolide mesylate is useful for the 
treatment of neurological disorders such as Parkinson’s dis 
ease. The device 10 could be placed in the vascular supply of 
the thalamic substantia nigra for this purpose, or elseWhere, 
localiZing treatment in the thalamus. 
[0054] A Wide range of other bioactive materials can be 
delivered by the device 10. Accordingly, it is preferred that the 
bioactive material contained in the layer 18 includes at least 
one of heparin, covalent heparin, or another thrombin inhibi 
tor, hirudin, hirulog, argatroban, D-phenylalanyl-L-poly-L 
arginyl chloromethyl ketone, or another antithrombogenic 
agent, or mixtures thereof; urokinase, streptokinase, a tissue 
plasminogen activator, or another thrombolytic agent, or mix 
tures thereof; a ?brinolytic agent; a vasospasm inhibitor; a 
calcium channel blocker, a nitrate, nitric oxide, a nitric oxide 
promoter or another vasodilator; Hytrin7 or other antihyper 
tensive agents; an antimicrobial agent or antibiotic; aspirin, 
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ticlopidine, a glycoprotein IIb/IIIa inhibitor or another inhibi 
tor of surface glycoprotein receptors, or another antiplatelet 
agent; colchicine or another antimitotic, or another microtu 
bule inhibitor, dimethyl sulfoxide (DMSO), a retinoid or 
another antisecretory agent; cytochalasin or another actin 
inhibitor; or a remodeling inhibitor; deoxyribonucleic acid, 
an antisense nucleotide or another agent for molecular 
genetic intervention; methotrexate or another antimetabolite 
or antiproliferative agent; tamoxifen citrate, Taxol7 or the 
derivatives thereof, or other anti-cancer chemotherapeutic 
agents; dexamethasone, dexamethasone sodium phosphate, 
dexamethasone acetate or another dexamethasone derivative, 
or another anti-in?ammatory steroid or non-steroidal anti 
in?ammatory agent; cyclo sporin or another immunosuppres 
sive agent; trapidal (a PDGF antagonist), angiopeptin (a 
groWth hormone antagonist), angiogenin, a groWth factor or 
an anti-groWth factor antibody, or another groWth factor 
antagonist; dopamine, bromocriptine mesylate, pergolide 
mesylate or another dopamine agonist; 60Co (5.3 year half 
life), 192Ir (73.8 days), 32P (14.3 days), 111In (68 hours), 90Y 
(64 hours), 99'"Tc (6 hours) or another radiotherapeutic agent; 
iodine-containing compounds, barium-containing com 
pounds, gold, tantalum, platinum, tungsten or another heavy 
metal functioning as a radiopaque agent; a peptide, a protein, 
an enzyme, an extracellular matrix component, a cellular 
component or another biologic agent; captopril, enalapril or 
another angiotensin converting enZyme (ACE) inhibitor; 
ascorbic acid, alpha tocopherol, superoxide dismutase, def 
eroxyamine, a 21-aminosteroid (lasaroid) or another free 
radical scavenger, iron chelator or antioxidant; a 14C-, 3H-, 
131I-, 32P- or 36S-radiolabelled form or other radiolabelled 
form of any of the foregoing; estrogen or another sex hor 
mone; AZT or other antipolymerases; acyclovir, famciclovir, 
rimantadine hydrochloride, ganciclovir sodium, Norvir, 
Crixivan, or other antiviral agents; 5-aminolevulinic acid, 
meta-tetrahydroxyphenylchlorin, hexadeca?uoro Zinc phtha 
locyanine, tetramethyl hematoporphyrin, rhodamine 123 or 
other photodynamic therapy agents; an lgG2 Kappa antibody 
against Pseudomonas aeruginosa exotoxin A and reactive 
WithA431 epider'moid carcinoma cells, monoclonal antibody 
against the noradrenergic enZyme dopamine beta-hydroxy 
lase conjugated to saporin or other antibody targeted therapy 
agents; gene therapy agents; and enalapril and other pro 
drugs; Proscar7, Hytrin7 or other agents for treating benign 
prostatic hyperplasia (BHP) or a mixture of any of these; and 
various forms of small intestine submucosa (SIS). 
[0055] In a particularly preferred aspect, the layer of bio 
active material contains preferably from about 0.01 mg to 
about 10 mg and more preferably from about 0.1 mg to about 
4 mg of the bioactive material per cm5 of the gross surface 
area of the structure. “Gross surface area” refers to the area 
calculated from the gross or overall extent of the structure, 
and not necessarily to the actual surface area of the particular 
shape or individual parts of the structure. In other terms, about 
100 pg to about 300 pg of drug per 0.001 inch of coating 
thickness may be contained on the device surface. 

[0056] When the structure 12 is con?gured as a vascular 
stent, hoWever, particularly preferred materials for the bioac 
tive material of the layer 18 are heparin, anti-in?ammatory 
steroids including but not limited to dexamethasone and its 
derivatives, and mixtures of heparin and such steroids. 
[0057] Still With reference to FIG. 1, the device 10 of cer 
tain embodiments of the invention also comprises at least one 
porous layer 20 posited over the layer 18 of bioactive material 
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and the bioactive-material-free surface. The purpose of the 
porous layer 20 is to provide a controlled release of the 
bioactive material When the device 10 is positioned in the 
vascular system of a patient. The thickness of the porous layer 
20 is chosen so as to provide such control. 

[0058] More particularly, the porous layer 20 is composed 
of a polymer deposited on the bioactive material layer 18, 
preferably by vapor deposition. Plasma deposition may also 
be useful for this purpose. Preferably, the layer 20 is one that 
is polymerized from a vapor Which is free of any solvent, 
catalysts or similar polymerization promoters. Also prefer 
ably, the polymer in the porous layer 20 is one Which auto 
matically polymeriZes upon condensation from the vapor 
phase, Without the action of any curative agent or activity such 
as heating, the application of visible or ultraviolet light, radia 
tion, ultrasound, or the like. Most preferably, the polymer in 
the porous layer 20 is polyimide, parylene or a parylene 
derivative. 
[0059] When ?rst deposited, the parylene or parylene 
derivative is thought to form a netWork resembling a ?brous 
mesh, With relatively large pores. As more is deposited, the 
porous layer 20 not only becomes thicker, but it is believed 
that parylene or parylene derivative is also deposited in the 
previously formed pores, making the existing pores smaller. 
Careful and precise control over the deposition of the 
parylene or parylene derivative therefore permits close con 
trol over the release rate of material from the at least one layer 
18 of bioactive material. It is for this reason that the bioactive 
material lies under the at least one porous layer 20, rather than 
being dispersed Within or throughout it. The porous layer 20, 
hoWever, also protects the bioactive material layer 18 during 
deployment of the device 10, for example, during insertion of 
the device 10 through a catheter and into the vascular system 
or elseWhere in the patient. 

[0060] As shoWn in FIG. 1, the device 10 ofcertain embodi 
ments of the invention can further comprise at least one addi 
tional coating layer 16 posited betWeen the structure 12 and 
the at least one layer 18 of bioactive material. While the 
additional coating layer 16 can simply be a medical grade 
primer, the additional coating layer 16 is preferably com 
posed of the same polymer as the at least one porous layer 20. 
HoWever, the additional coating layer 16 is also preferably 
less porous than the at least one porous layer 20, and is more 
preferably substantially nonporous. “Substantially nonpo 
rous” means that the additional coating layer 16 is suf?ciently 
impervious to prevent any appreciable interaction betWeen 
the base material 14 of the structure 12 and the blood to Which 
the device 10 Will be exposed during use. The use of an 
additional coating layer 16 Which is substantially nonporous 
Would permit the use of a toxic orpoisonous base material 14, 
as mentioned above. Even if the base material 14 of the 
structure 12 is biocompatible, hoWever, it may be advanta 
geous to isolate it from the blood by use of a substantially 
nonporous coating layer 16. 
[0061] Other polymer systems that may ?nd application 
Within the scope of the invention include polymers derived 
from photopolymeriZable monomers such as liquid mono 
mers preferably having at least tWo cross linkable C4C 
(Carbon to Carbon) double bonds and being a non-gaseous 
addition polymeriZable ethylenically unsaturated compound, 
having a boiling point above 100° C., at atmospheric pressure, 
a molecular Weight of about 100-1500 and being capable of 
forming high molecular Weight addition polymers readily. 
More preferably, the monomer is preferably an addition pho 
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topolymeriZable polyethylenically unsaturated acrylic or 
methacrylic acid ester containing tWo or more acrylate or 
methacrylate groups per molecule or mixtures thereof. A feW 
illustrative examples of such multifunctional acrylates are 
ethylene glycol diacrylate, ethylene glycol dimethacrylate, 
trimethylopropane triacrylate, trimethylopropane tri 
methacrylate, pentaerythritol tetraacrylate or pentaerythritol 
tetramethacrylate, 1,6-hexanediol dimethacrylate, and dieth 
yleneglycol dimethacrylate. 
[0062] Also useful in some special instances are monoacry 
lates such as n-butyl-acrylate, n-butyl methacrylate, 2-ethyl 
hexyl acrylate, lauryl-acrylate, and 2-hydroxy-propyl acry 
late. Small quantities of amides of (meth)acrylic acid such as 
N-methylol methacrylamide butyl ether are also suitable, 
N-vinyl compounds such as N-vinyl pyrrolidone, vinyl esters 
of aliphatic monocarboxylic acids such as vinyl oleate, vinyl 
ethers of diols such as butanediol-l ,4-divinyl ether and allyl 
ether and allyl ester are also suitable. Also included Would be 
other monomers such as the reaction products of di- or poly 
epoxides such as butanediol-l,4-diglycidyl ether or bisphe 
nol A diglycidyl ether With (meth)acrylic acid. The charac 
teristics of the photopolymeriZable liquid dispersing medium 
can be modi?ed for the speci?c purpose by a suitable selec 
tion of monomers or mixtures thereof. 

[0063] Other useful polymer systems include a polymer 
that is biocompatible and minimiZes irritation to the vessel 
Wall When the stent is implanted. The polymer may be either 
a biostable or a bioabsorbable polymer depending on the 
desired rate of release or the desired degree of polymer sta 
bility, but a bioabsorbable polymer is preferred for this 
embodiment since, unlike a biostable polymer, it Will not be 
present long after implantation to cause any adverse, chronic 
local response. Bioabsorbable polymers that could be used 
include poly(L-lactic acid), polycaprolactone, poly(lactide 
co-glycolide), poly(hydroxybutyrate), poly(hydroxybu 
tyrate-co-valerate), polydioxanone, polyorthoester, polyan 
hydride, poly(glycolic acid), poly(D,L-lactic acid), poly 
(glycolic acid-co-trimethylene carbonate), 
polyphosphoester, polyphosphoester urethane, poly(amino 
acids), cyanoacrylates, poly(trimethylene carbonate), poly 
(iminocarbonate), copoly(ether-esters) (e.g., PEO/PLA), 
polyalkylene oxalates, polyphosphaZenes and biomolecules 
such as ?brin, ?brinogen, cellulose, starch, collagen and 
hyaluronic acid. Also, biostable polymers With a relatively 
loW chronic tissue response such as polyurethanes, silicones, 
and polyesters could be used and otherpolymers could also be 
used if they can be dissolved and cured or polymeriZed on the 
stent such as polyole?ns, polyisobutylene and ethylene-al 
phaole?n copolymers; acrylic polymers and copolymers, 
vinyl halide polymers and copolymers, such as polyvinyl 
chloride; polyvinyl ethers, such as polyvinyl methyl ether; 
polyvinylidene halides, such as polyvinylidene ?uoride and 
polyvinylidene chloride; polyacrylonitrile, polyvinyl 
ketones; polyvinyl aromatics, such as polystyrene, polyvinyl 
esters, such as polyvinyl acetate; copolymers of vinyl mono 
mers With each other and ole?ns, such as ethylene-methyl 
methacrylate copolymers, acrylonitrile-styrene copolymers, 
ABS resins, and ethylene-vinyl acetate copolymers; polya 
mides, such as Nylon 66 and polycaprolactam; alkyd resins, 
polycarbonates; polyoxymethylenes; polyimides; poly 
ethers; epoxy resins, polyurethanes; rayon; rayon-triacetate; 
cellulose, cellulose acetate, cellulose butyrate; cellulose 
acetate butyrate; cellophane; cellulose nitrate; cellulose pro 
pionate; cellulose ethers; and carboxymethyl cellulose. 
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[0064] While plasma deposition and vapor phase deposi 
tion may be a preferred method for applying the various 
coatings on the stent surfaces, other techniques may be 
employed. For example, a polymer solution may be applied to 
the stent and the solvent alloWed to evaporate, thereby leaving 
on the stent surface a coating of the polymer and the thera 
peutic substance. Typically, the solution can be applied to the 
stent by either spraying the solution onto the stent or immers 
ing the stent in the solution. Whether one chooses application 
by immersion or application by spraying depends principally 
on the viscosity and surface tension of the solution; hoWever, 
it has been found that spraying in a ?ne spray such as that 
available from an airbrush Will provide a coating With the 
greatest uniformity and Will provide the greatest control over 
the amount of coating material to be applied to the stent. In 
either a coating applied by spraying or by immersion, mul 
tiple application steps are generally desirable to provide 
improved coating uniformity and improved control over the 
amount of therapeutic substance to be applied to the stent. 

[0065] When the layer 18 of bioactive material contains a 
relatively soluble material such as heparin, and When the at 
least one porous layer 20 is composed of parylene or a 
parylene derivative, the at least one porous layer 20 is pref 
erably about 5,000 to 250,000 Angstroms thick, more prefer 
ably about 5,000 to 100,000 Angstroms thick, and optimally 
about 50,000 Angstroms thick. When the at least one addi 
tional coating layer 16 is composed of parylene or a parylene 
derivative, the at least one additional coating is preferably 
about 50,000 to 500,000 Angstroms thick, more preferably 
about 100,000 to 500,000 Angstroms thick, and optimally 
about 200,000 Angstroms thick. 
[0066] When the at least one layer 18 of bioactive material 
contains a relatively soluble material such as heparin, the at 
least one layer 18 preferably contains a total of about 0.1 to 4 
mg of bioactive material per cm5 of the gross surface area of 
the structure 12. This provides a release rate for the heparin 
(measured in vitro) Which is desirably in the range of 0.1 to 
0.5 mg/cm5 per day, and preferably about 0.25 mg/cm5 per 
day, under typical blood ?oWs through vascular stents. It 
should be noted that the solubility of dexamethasone can be 
adjusted as desired, With or Without the inclusion of heparin, 
by mixing it With one or more of its relatively more soluble 
derivatives, such as dexamethasone sodium phosphate. 
[0067] FIG. 11 depicts another aspect of device 10 of cer 
tain embodiments of the invention in Which coating layer 16 
is applied directly to the outer surface of base material 14 of 
structure 12. In this con?guration, coating layer 16 is prefer 
ably a non-porous coating layer as previously described. 
When coating layer 16 comprises a parylene derivative, non 
porous coating layer 16 ranges in thickness from 50,000 to 
500,000 A, more preferably in the range of 100,000 to 500, 
000 A, and optimally about 200,000 A. In this aspect, non 
porous coating layer 16 is also an adsorbent in Which an 
adsorbent is de?ned as an agent that attracts other materials or 
particles to its surface as indicated in Dorland’s Illustrated 
Medical Dictionary 26th Edition by W.B. Saunders Co., 
Philadelphia, Pa. Bioactive material 18 is then attached to the 
surface of coating layer 16. An additional coating layer 20 can 
be applied over bioactive material layer 18. Alternatively, 
alternating layers of coating material and the same or differ 
ent bioactive materials can be applied to the surface of bio 
active material layer 18. HoWever, in this particular aspect, 
the outer layer of structure 12 is a bioactive material layer 18. 
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[0068] In still another aspect of certain embodiments of the 
invention as depicted in FIG. 11, coating layer 16 can be 
considered an adsorbent layer and/or an absorbent layer in 
Which a bioactive material is attached thereto. In one particu 
lar example, device 10 is a stainless steel GR IIJ stent in Which 
the stainless steel base material 14 of structure 12 is coated 
With a polymer and, in particular, parylene. This adsorbent 
polymer layer 16 of parylene is approximately 230,000 Ang 
stroms thick. Bioactive material layer 18 of the antiplatelet 
GP IIb/IIIa antibody (AZ1) Was passively loaded on adsor 
bent polymer layer 16. The polymer coated stainless steel 
stents Were immersed for approximately 24 hours in a buff 
ered aqueous solution of AZ1 antibody (1 mg/ml, pH:7.2) at 
375 C. AZ1 is a monoclonal anti-rabbit platelet glycoprotein 
(GP) IIb/IIIa antibody. Using radio-labeled AZ1, it Was dem 
onstrated that approximately 0.02 CI>g antibody Was loaded 
per mm2 stent surface area (approximately 2 CI>g total for a 
3x20 mm GR IIJ stent). It Was also demonstrated that in an 
in-vitro ?oW system (10 ml/min, 1% BSA in PBS) approxi 
mately half the loaded antibody remained on the stent after 
approximately 10 days perfusion. 
[0069] The mechanism by Which the stent is loaded With 
drug is thought to include adsorption onto the surface of the 
polymer layer and/ or absorption into the polymer. 
[0070] Previous studies With similar loading and release of 
AZ1 from cellulose coated stainless steel stents shoWed inhi 
bition of platelet aggregation and reduced thrombosis rates in 
a rabbit model of deep arterial injury. (AggarWal et al., Anti 
Zhrombolic Potential ofPolymer-Coaled Stems Eluling Plate 
let Glycoprolein [lb/[Ha ReceplorAnlibody, American Heart 
Association Circulation Vol. 94 No. 12, Dec. 15, 1996, pp 
331 1 -33 17). 
[0071] In another example, c7E3 Fab as bioactive material 
layer 18 is attached to polymer coating layer 16. Bioactive 
material c7E3 Fab is a chimeric monoclonal antibody that 
acts upon the Gp IIa/IIIb integrin on platelets to inhibit their 
aggregation. This antibody or receptor blocker can be used in 
humans intravenously to prevent thrombosis during coronary 
angioplasty. This receptor blocker is also knoWn as ReoProJ 
available from Eli Lilly, Indianapolis, Ind. Bioactive material 
layer 18 of the antiplatelet GP IIb/IIIa antibody (c7E3 Fab) 
Was passively loaded on adsorbent polymer layer 16. The 
polymer coated stainless steel stents Were immersed for 
approximately 24 hours in a buffered aqueous solution of 
c7E3 Fab antibody (1 mg/ml, pH:7.2) at 375 C. c7E3 Fab is 
an inhibitor of platelet thrombus in humans. Using radio 
labeled c7E3 Fab, it Was demonstrated that approximately 
0.010 CI>g antibody Was loaded per mm2 stent surface area 
(approximately 10 CI>g total for a 3x20 mm GR IIJ stent). It 
Was also demonstrated that in an in-vitro ?oW system (10 
ml/min, 1% BSA in PBS) approximately half the loaded 
antibody remained on the stent after approximately 10 days 
perfusion. 
[0072] FIG. 12 depicts still another aspect of device 10 of 
FIG. 11. In this embodiment, a parylene adhesion promotion 
layer 30 is ?rst applied to stainless steel base material 14 of 
structure 12. By Way of example, adhesion promotion layer 
30 is a thin layer of silane having a thickness in the range of, 
for example, 0.5 to 5,000 Angstroms and preferably, 2 to 50 A. 
This silane promotion layer is preferablyA-174 silane includ 
ing a gamma-methacryloxypropyltrimethoxysilane, Which is 
available from Specialty Coating Systems Inc., Indianapolis, 
Ind. In preparing the outer surface of base material 14, it is 
?rst cleaned With isopropyl alcohol. The stent is then dipped 














