007/126902 A2 | I U000 0 000 0 0 O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization Vd”Ij

) IO O OO O O

International Bureau

(43) International Publication Date
8 November 2007 (08.11.2007)

(10) International Publication Number

WO 2007/126902 A2

(51) International Patent Classification:
AG61L 31/08 (2006.01) AG6IL 31/14 (2006.01)

(21) International Application Number:
PCT/US2007/007700

(22) International Filing Date: 29 March 2007 (29.03.2007)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:
11/412,877 28 April 2006 (28.04.2006) US
(71) Applicant (for all designated States except US): BOSTON
SCIENTIFIC SCIMED, INC. [US/US]; One Scimed

Place, Maple Grove, MN 55311-1566 (US).

(72) Inventor; and
(75) Inventor/Applicant (for US only): FLANAGAN, Aiden
[IE/TE]; Caherweelder, Kilcolgan, County Galway (IE).

(74) Agent: RINGEL, Douglas, E.; Kenyon & Kenyon LLP,
1500 K. Street, N.W., Washington, DC 20005 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ, CA, CH,
CN, CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES,
FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID, 1L, IN,
IS, JIP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK, LR,
LS, LT, LU, LY, MA, MD, MG, MK, MN, MW, MX, MY,
MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL, PT, RO, RS,
RU, SC, SD, SE, SG, SK, SL, SM, SV, SY, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL, PL,
PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM,
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
without international search report and to be republished
upon receipt of that report

Fortwo-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations” appearing at the begin-
ning of each regular issue of the PCT Gagzette.

(54) Title: MEDICAL DEVICES COATED WITH POROUS CARBON AND METHODS OF MANUFACTURING THE SAME

o (57) Abstract: A method of creating a porous carbon coating on a medical device by applying a precursor carbon material on
the medical device and then pyrolysing the precursor carbon material by laser irradiation. The laser irradiation may be focused to
carbonize only certain portions of the medical device and any uncarbonized areas can be removed by solvent washing. Also provided
is a medical device having a carbonized coating created according to the method of the present invention.

=



WO 2007/126902 PCT/US2007/007700

MEDICAL DEVICES COATED WITH POROUS CARBON
. AND METHODS OF MANUFACTURING THE SAME

TECHNICAL FIELD

[0001] The present invention relates to porous carbon coatings on a medical device and

methods of manufacturing the same.

BACKGROUND

[0002]  Many implantable medical devices have a coating in which the coating can perform™ .
various functions, such as improving the biocompatibility of the device or serving as a drug
delivery system. Also, certain types of porous coatings have been proposed to encourage the
migration and normal growth of tissue onto the coating. This feature is beneficial in medical
devices because it can enhance its effectiveness and reduce the incidence of unwanted effects

and complications such as thrombosis, infection, scarring, or abnormal tissue growth.

[0003] One type of porous coating is a porous carbon coating, which has been demonstrated
to be highly biocompatible. Porous carbon coatings are able to serve as localized drug delivery
systems, which is beneficial in improving the effectiveness of medical devices. Therapeutic
agents can be loaded into a porous carbon coating on a medical device and released into the

surrounding fluid or tissue after implantation.

[0004] There are various methods for creating a porous carbon coating on a medical device,
including chemical vapor deposition, physical vapor deposition, and sputtering. Porous carbon
can also be created by carbonization in which a carbon-containing precursor material, such as
wood, cellulose, coal, or synthetic polymer is pyrolysed. During pyrolysis, the carbon-
containing precursor material decomposes, with most of the non-carbon elements, such as
hydrogen, nitrogen, and oxygen being removed in tarry or gaseous form. The resulting
carbonization of the carbon-containing precursor material transforms it into a solid porous

carbon mass.
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[0005]  U.S. Patent Publication No. 2005/0079200 (Rathenow et al.), whose entire disclosure
is incorporated by reference herein, describes porous carbon coatings on medical devices created
by C(;ating the medical device with a polymer film and then pyrolysing the polymer film by oven
heating at high temperatures. The oven heating method of Rathenow results in the uniform

carbonization of all parts of the medical device coated with the polymer film.

SUMMARY OF THE INVENTION

[0006] The present invention is directed to creating a non-uniform porous carbon coating
limited to certain portions of a medical device. In an embodiment, the ﬁresent invention
provides a method of creating a porous carbon coating on a medical device by providing a
medical device coated with a precursor carbon material, wherein the medical device has first and
second portions: The method further comprises heating the precursor carbon material on at least
the first portion of the medical device with a laser to form a carbonized layer. In other
embodiments, the precursor material on both the first and the second portions of the medical
device are heated with a laser, and wherein the pordsity of the carbonized layer in the first
portion 1s different from the porosity of the carbonized layer in the second portion. In these
embodiments, the differing porosities are created by the use of additives in the precursor carbon
material, by various after-treatments to the carbonized layer, or by laser heating under different

sets of heating conditions.

[0007] In certain embodiments, certain areas of the medical device may be cooled by thé use
of streaming gas or fluid, or a cooling element. Any uncarbonized precursor carbon material
may be removed by various methods, including solvent washing. The methods of the present
invention may further comprise the step of incorporating a therapeutic agent into the carbonized

porous carbon layer.

{0008] In another embodiment, the present invention provides a medical device having a
porous carbon coating on a portion of the medical device, wherein the portion is less than the
entire surface of the medical device, and wherein the porous carbon coating carries a therapeutic
agent and provides for directionally controlled release of the therapeutic agent. The porous

carbon coating may be on the outer diameter, inner diameter, or the side walls of a stent.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Fig. l1Aisa perspective view of a bare, uncoated stent which can be coated according

to the methods of the present invention.

[0010] Fig. 1B is a cross-sectional view of the stent of Fig. 1 A taken at line X—X.

[0011] Fig. 2 is a cross-sectional view of the stent of F ig- 1A with a precursor carbon-

containing material coated onto the stent.

-{0012]  Fig. 3 is a cross-sectional view of the stent of Fig. 2 with the portion of the coating on

the outer diameter of the stent having been carbonized, -

[0013] Fig. 4 is a cross-sectional view of the stent of F ig. 3 with the uncarbonized material

removed by solvent washing.

[0014] Fig. 5 is a cross-sectional view of a strut of a stent that is coated according to the

method of the present invention and implanted in a blood vessel.
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DETAILED DESCRIPTION

[0015] Definitions: The term “porosity” as used herein refers to the characteristics of the
pores, inél'uding the size, shape, dimensions, number, density, volume, ratio of the volume of all
the pores in a material to the volume of the whole, structure, organization, and architecture of the
pores, and whether the pores are closed or open. The term “directionally controlled release” as
used herein refers to the ability to release, discharge, or distribute a substance in certain
directions or into certain spaces. The term “precursor carbon material” as used herein refers to
any carbon-based or carbon—contéining material which can become transformed into a solid

porous carbon mass upon pyrolysis and/or carbonization.

[0016] .  The present invention provides methods of coating a medical device with a porous
carbon coating and a medical device coated by such methods. Referring to Figs. 1A and 1B, one
example of a medical device that can be coated according to the methods of the present invention
1s a coronary stent 10 having struts 12 and a central channel 16. While the examples presented in
the disclosure herein are for stents, the present invention can be applied to any medical device
which can be coated: Referring to Fig. 2, precursor carbon-containing material is deposited onto
the surfaces of the stent struts 12 to form a precursor coating 30. The precursor carbon material
may be a polymer, including polymers that are capable of forming vitreous carbon upon
carbonization, such as that are three-dimensionally cross-linked and have a high molecular
weight and high degree of aromaticity. For example, polymers suitable for use as precursor
materials include, but are not limited to, polyfurfuryl alcohol, polyimide, polyvinyl alcohol, and
cellulose. Other polymers that could be used in the present invention include vamish-based
polymer films such as those described in U.S. Patent Publication No. 2005/0079200 (Rathenow

et al.), which is incorporated be reference herein.

[0017] The polymer may also be polymer foams such as phenolic foams, polyolefin foams,
polystyrene foams, polyurethane foams, fluoropolymer foams, or any other foam polymer which
can be converted into porous carbon in a subsequent carbonizing step. In certain embodiments,
foam polymers are preferred because their carbonization results in porous carbon of the type that

is suitable for drug delivery.
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[0018] The medical device may be coated with one or several polymer layers, partially or
fully over the surface of the medical device. For a stent, the polymer coating should preferably
be less than 20 pm thick. The precursor coating can be deposited by any of various methods,
including spraying, dipping, sheet shrinking, plating, sputtering, chemical or physical vapor
deposition, and the like, depending upon the characteristics of the coating material and the

medical device substrate.

[0019] The precursor coating material is then subjected to pyrolytic decomposition under

. carbonization conditions to transform the coating into a carbonized layer. In the present
invention, the precursor coating maggdal is locally heated, for example, by laser irradiation using
any conventional laser, including CO; and Nd:YAG lasers. The laser may heat the precursor
cdatiné material directly or indirectly by heat coriduction through the body of the medical device.
Whether the heating is direct or indirect can depend upon the type of laser used. For example, in.
a polymer coated metal stent, a CO, laser would preferably be absorbed by the polymer coating,
while a Nd:Y AG laser would preferably be absorbed by the metal substrate. This preferential
heating capability of different lasers may be used to select or limit the area of carbonization. For
exatriple, a CO2 laser can be used to heat the polymer coating while limiting heat conduction to
portions of the polymer coating unexposed to the laser, such as the opposite face of the stent
struts. On the other hand, an Nd:YAG laser can be used to heat the metal substrate of the stent,
thereby conducting heat to portions of the polymer coating not directly exposed to the laser, such

as the opposite face of the stent struts.

[0020] The laser may heat the precursor coating material to a temperature in the range of
200° C to 2,500° C'to at least partially carbonize the precursor material. In some cases, the
temperature selected is the lowest temperature that will completely carbonize the polymer
materials that may be used in the present invention. In such cases, generally applicable
temperatures for the carbonization step range from 200° C to 1200 ° C, and in the case of certain
embodiments, temperatures in the range of 250° C to 700° C may be used. One of skill in the art
will understand that the rate, temperature, and duration of heating will influence the amount of
carbonization and the porosity of the carbonized layer. Therefore, such factors can be varied to

create a carbonized layer having the desired characteristics. For example, in a stent with a
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polymer coating of 10 um thickness, heating at 300-500° C for a duration of several seconds to

one minute should be sufficient to completely carbonize the polymer.

[0021] The atmosphere during carbonization is essentially free of oxygen, with preferably
less than 10 ppm O,, and even more preferably less than 1 ppm O,. The carbonization can be
performed in a vacuum, in a reducing atmosphere, or in an inert atmosphere, such as an
atmosphere composed of argon, neon, nitrogen, or any other inert gas or gas compounds that do
not react with carboﬁ. One of skill in the art will understand that the composition and pressure of
the atmosphere will influence carbonization, and therefore, such factors can be adjusted to create

.a.carbonized layer having the desired characteristics.

| [0022]! In an embodimént of the pfés‘éht ihﬁrentidn; lz;s%er irradiation may be used.to carbonize
-all the precursor coating on the medical device. In othéf éfnbbc!iments, the laser can be directed
in a pattern over the medical device such that only portidﬁs of 't‘he precursor coating on the
medical device are heated. For example, referring to Fig. 3, the laser may be focused so that
only a portion 32 of precursor coating 30 on the outer diameter surface of stent struts 12 is
carbonized. Altematively, only the precursor coating on the inner diameter or on the side walls

of the stent struts may be carbonized.

[0023] Localized carbonization may be further controlled by cooling certain areas of the
medical device. Cooling can be accomplished by streaming a cooling gas or fluid, or placing a
cooling object onto or in proximity of the desired area of the medical device. For example, in
one embodiment, the precursor coating on the outer diameter of stent 10 may be laser irradiated,
while the surface of the inner diameter is cooled by a stream of gas being passed through the
inside channel 16 of stent 10. Alternatively, the precursor coating on the inner diameter of stent
10 may be laser irradiated, while a cooling gas or fluid is streamed around the outer diameter of
stent 10. In another embodiment, the precursor coating on the outer diameter may be laser
irradiated, while the surface of the inner diameter is cooled by direct contact with or proximity to
a cooling rod inserted through the channel 16 of the stent 10. Alternatively, the precursor
coating on the surface of the inner diameter may be laser irradiated, while the surface of the outer
diameter is cooled by direct contact with or proximity to a hollow cooling cylinder surrounding

the outer diameter of the stent 10.
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[0024] With the appropriate selection of the precursor coating material and the carbonization
conditions, one of skill in the art could create carbonized layers of various types and porosities.
For example, using foam polymer as the precursor coating material would result in a relatively
porous carbonized layer. Also, in certain embodiments of the present invention, the precursor-
coating material also includes additives that enlarge the diameter of the pores or increase the
porosity during carbonization. Examples of suitable additives include phosphoric acid, zinc
cMoﬁde, H,S04, K;S, alkali metal hydroxide, and carbonate and chlorides of Ca2+,. Mg2+, and
Fe*. Other suitable additives and a description of the use of such additives to influence
carbonization and modify the porosity of the carbonized layer are described in U.S. Patent
Publication No. 2005/0079200 (Rathenow et al.), which is incorporated by reference herein.
Sﬁll mo-re additives that influence carbonization, such as bindefs and fillers, are described in U:S.

Patent No. 5,820,967 (Gadkaree), which is incorporated by reference herein.

[0025] The carbonized layer can also be subjected to after-treatments such as oxidation,
reduction, or incorporation of additives or fillers or other materials to further modify the porosity
of the carbonized layer. Such after-treatments are described in Rathenow, which is incorporated
by reference herein. For example, the hydrophilicity of the carbonized layer can be adjusted by
the addition of inorganic nanoparticles into the carbonized layer. In another example, the
porosify of the carbonized layer can be modified by oxidation steps or by chemical vapor

deposition (CVD) processes.

[0026] The precursor carbon material and carbonization conditions may be selected to create
carbonized layers having porosity suitable for promoting endothelial cell growth or migration.
For example, the literature indicates that pores sizes of 200 nm to 50 um can influence

endothelial cell growth.

[0027] In certain embodiments, different portions of the precursor coating can be subjected
to different carbonization conditions in order to create different porosities in different portions of
the resulting carbonized layer. In one embodiment, the rate, duration, and temperature of laser
heating is varied in different portions of the precursor coating, resulting in different porosities in
different portions of the resulting carbonized layer. In another embodiment, different portions of
the precursor coating are subjected to different modi fications or treatments described above,

resulting in different porosities in different portions of the resulting carbonized layer. In still
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other embodiments, the above approaches are combined to create different porosities in different

portions of the resulting carbonized layer.

[0028] For example, in a stent, a polymer foaming agent can be applied. to the precursor
polymer coating on the inner diameter, while another additive or no additive can be applied to
the precursor polymer coating on the outer diameter of the stent. In another example, the
precursor polymer coating on the inner diameter of the stent can be subjected to laser irradiation
under one set of heating conditions, while the precursor polymer coating on the outer diameter of

the stent is subjected to laser irradiation under a different set of heating conditions.

[0029] - - :After carboenization, the carbonized. layer on the inner diameter of the stent would
have porosity characteristics different from the carbonized layer on the outer diamctér. Having. -
on the inner diameterv surface one type of carbonized layer designed for endothelial cell growth,
and on the outer diameter surface another type of carbonized layér designed for drug delivery,

could improve the effectiveness of the stent.

[0030] Referring to Fig. 4, once the desired areas of the precursor coating are carbonized,
any uncarbonized precursor coating material can be removed from the medical device by
chemical or physical means. Chemical removal can be performed by washing or soaking the
‘medical device in a solvent. The solvent may be any solvent that dissolves the uncarbonized
precursor coating material, including methanol, ethanol, N-propanol, isopropanol,
butoxydiglycol, butoxyethanol, butoxyisopropanol, butoxypropanol, n-butyl alcohol, t-butyl
alcohol, butylene glycol, butyl octanol, diethylene glycol, dimethoxydiglycol, dimethyl ether,
dipropylene glycol, ethoxydiglycol, ethoxyethanol, ethy! hexane diol, glycol, hexane diol, 1,2,6-
hexane triol, hexyl alcohol, hexylene glycol, isobutoxy propanol, isopentyl diol, 3-
methoxybutanol, methoxydiglycol, methoxyethanol, methoxyisopropanol,
methoxymethylbutanol, methoxy PEG-10, methylal, methyl hexyl ether, methyl propane diol,
neopentyl glycol, PEG-4, PEG-6, PEG-7, PEG-8, PEG-9, PEG-6-methyl ether, pentylene glycol,
PPG-7, PPG-2-buteth-3, PPG-2 butyl ether, PPG-3 butyl ether, PPG-2 methyl ether, PPG-3
methyl ether, PPG-2 propyl ether, propane diol, propylene glycol, propylene glycol butyl ether,
propylene glycol propyl ether, tetrahydrofuran, trimethyl hexanol, phenol, benzene, toluene,
xylene; as well as water, if necessary in mixture with dispersants and mixtures of the above-

named substances. In mechanical removal, physical movement of the medical device, such as

8
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ultrasonic vibration, flexing, or bending of the medical device can remove the uncarbonized

precursor material.

[0031] The precursor carbon material and carbonization conditions may be selected to create
carbonized layers-having porosity suitable for binding or carrying therapeutic agents within the
pores and releasing them in a controlled fashion. One of skill in the art can vary the porosity of
the carbonized layer to control the release rate. For example, decreasing the sizes of the pores to
smaller than 200 nm will slow the rate at which the therapeutic agents diffuse out of the pores.
The therapeutic agent may also be combined with any pharmaceutically-acceptable excipient
known in the art, such as the polymers used n drug delwery, n order to further control the
_release rate. Usmg an exmplent to further control drug release may be advantageous where the

pores sizes are relatwely large, such as pores sizes greater than 500 nm.

[0032] Therapeutic agents may be added to the carbonized layer by any of various methods
including spray coating, roll coating, absorption, adsorption, vacuum impregnation,
electrophoretic transfer, and the like. The manner in which the therapeutic agents are applied
will depend upon the characteristics of the carbonized layer, dimensions of the area to be coated,
and the type of therapeutic agent to be applied. For example, if the carbonized layer is limited to
the outer diameter, roll coating or spray coating can be used. If the carbonized area is small,
inkjet methods can be used. If the sizes of the pores are too small to allow efficient penetration

of therapeutic agents, vacuum impregnation or electrophoretic transfer may be suitable.

[00633] The method of the present invention can be used to make a medical device having a
porous carbon coating limited to certain portions on the medical device, wherein the porous
carbon coating carries a therapeutic agent and provides for directionally controlled release of the
therapeutic agent. Thus, in a medical device having multiple surfaces or aspects, the porous
carbon coating can be limited to certain surfaces or aspects in order to release the therapeutic
-agent with directional control. For example, Fig. 5 shows a stent strut 12 having a therapeutic
agent-loaded porous carbon coating 32 limited to the outer surface 14 (facing the vessel wall) of
the stent strut 12. Therapeutic agent released (indicated by the arrows) from porous carbon
coating 32 would be distributed into the tunica media layer of the arterial wall, preferentially
exposing the smooth muscle cells 20 to the therapeutic agent. Alternatively, the therapeutic

agent-loaded porous carbon coating may be limited to the inner surface 18 (facing the lumen) of

9
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the stent strut 12 so that the therapeutic agent would be distributed into the.tunica intima layer of
the arterial wall, preferentially exposing the endothelial cells 22 to the therapéu'tic agent. A stent
having this type of directionally controlled drug release would be beneficial in improving the

effectiveness of stent.

{0034]  The medical device of the present invention is not limited to the coronary stents in the
disclosed embodiments. Non-limiting examples of other medical devices that can be coated
according to the methods of the present invention include catheters, guide wires, balloons, filters
(e.g., vena cava filters), stents, stent grafts, vascular grafts, intraluminal paving systems,
pacemakers, electrodes, leads, defibrillators; joint and bone implants, spinal implants, vascular
access ports, intra-aortic balloon pumps, heart -\}alveé; -sutlirés; artiﬁ_cial .héarts, neurological
stimulators, cochlear implants, retinal implants, and other devices that can be used in connection
with therapeutic coatings. Such medical devices are implanted or otherwise used in body’
structures or cavities such as the vasculature, gastrointestinal tract, abdomen, peritoneum,
airways, esophagus, btrachéa, colon, rectum, biliary tract, urinary tract, prostate, brain, spine,
lung, liver, heart, skeletal muscle, kidney, bladder, intestines, stomach, pancreas, ovary, uterus,

cartilage, eye, bone, and the like.

{0035] Such medical devices may be made of any type of material in which implanted
medical devices are generally made, including amorphous and/or (partially) crystalline carbon,
complete carbon material, porous carbon, graphite, composite carbon matenals, carbon fibres,
ceramics such as e.g. zeolites, silicates, aluminium oxides, aluminosilicates, silicon carbide,
silicon nitride; metal carbides, metal oxides, metal nitrides, metal carbonitrides, metal
oxycarbides, metal oxynitrides and metal oxycarbonitrides of the transition metals such as
titanium, zirconium, hafnium, vanadium, niobium, tantalum, chromium, molybdenum, tungsten,
manganese, rhenium, iron, cobalt, nickel; metals and metal alloys, in particular the noble metals
gold, silver, ruthenium, rhodium, palladim, osmium, iridium, platinum; metals and metal alloys
of titanium, zircon, hafnium, vanadium, niobium, tantalum, chromium, molybdenum, tungsten,
manganese, rhenium, iron, cobalt, nickel, copper; steel, in particular stainless steel, shape
memory alloys such as nitinol, nickel-titanium alloys, glass, stone, glass fibres, minerals, natural

or synthetic bone substance bone, imitates based on alkaline earth metal carbonates such as

10
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calcium carbonate, magnesium carbonate, strontium carbonate and any desired combinations of

the above-mentioned materals.

[0036] The precursor carbon-containing material can be a polymer such as homopolymers or
copolymers of aliphatic or aromatic polyolefins such as polyethylene, polypropylene,
polybutene, polyisobutene, polypentene; polybutadiene; polyvinyls such as polyvinyl chloride or
polyvinyl alcohol, poly(meth)acrylic acid, polyacrylocyano acrylate; polyacrylonitril, polyamide,
_“polyester, polyurethane, polystyrene, polytetrafluoroethylene; polymers such as collagen,
albumin, gelatine, hyaluronic acid, starch, celluloses such as methylcellulose, hydroxypropyl
cellulose, hydroxypropyl methylcellulose;, ‘carbox»ymeth).'lcel.lulqse phthalate; waxes, paraffin
-waxes, Fischer-Tropsch waxes; basein,.dextmns,‘polyéaéchaﬁdeé, fibrinogen, poly(D,L-lactides),
poly(D,L-lactide co gly’coﬁdes), polyglycolidés, polyhydroxybutylates, polyalkyl carbonatés,
polyorthoesters, polyesters, polyhydroxyvaleric acid, polydioxanones, polyethylene
terephthalates, polymaleate acid, polytartronic acid, polyanhydrides, polyphosphazenes,
polyamino acids; polyethylene vinyl acetate, silicones; poly(ester urethanes), poly(ether
urethanes), poly(ester ureas), polyethers such as polyethylene oxide, polypropylene oxide,
pluronics, polytetramethylene glycol; polyvinylpyrrolidone, poly(vinyl acetate phthalate) as well

as their copolymers, mixtures and combinations of these homopolymers or copolymers.

{0037] The therapeutic agent in a coating of a medical device of the present invention may
be any pharmaceutically acceptable agent such as a non-genetic therapeutic agent, a biomolecule,

a small molecule, or cells.

[0038] Exemplary non-genetic therapeutic agents include anti-thrombogenic agents such
heparin, heparin derivatives, prostaglandin (including micellar prostaglandin E1), urokinase, and
PPack (dextrophenylalanine proline arginine chloromethylketone); anti-proliferative agents such
as enoxaparin, angiopeptin, sirolimus (rapamycin), tacrolimus, everolimus, zotarolimus,
monoclonal antibodies capable of blocking smooth muscle cell proliferation, hirudin, and
acetylsalicylic acid; anti-inflammatory agents such as dexamethasone, rosiglitazone,
prednisolone, corticosterone, budesonide, estrogen, estrodiol, sulfasalazine, acetylsalicylic acid,
mycophenolic acid, and mesalamine; anti-neoplastic/anti-proliferative/anti-mitotic agents such as
paclitaxel, epothilone, cladribine, 5-fluorouracil, methotrexate, doxorubicin, daunorubicin,

cyclosporine, cisplatin, vinblastine, vincristine, epothilones, endostatin, trapidil, halofuginone,
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and angiostatin; anti-cancer agents such as antisense inhibitors of c-myc oncogene; anti-
microbial agents such as triclosan, cephalosporins, aminoglycosides, nitrofurantoin, silver ions,
compounds, or salts; biofilm synthesis inhibitors such as non-steroidal anti-inflammatory agents
and chelating agents such as ethylenediaminetetraacetic acid, O,0’-bis (2-aminoethyl)
ethyleneglycol-N,N,N',N'-tetraacetic acid and mixtures thereof; antibiotics such as gentamycin,
rifampin, minocyclin, and ciprofloxacin; antibodies inclu'ding chimeric antibodies and antibody
fragments; anesthetic agents such as lidocaine, bupivacaine, and ropivacaine; nitric oxide; nitric
oxide (NO) donors such as linsidomine, molsidomine, L—arginine, NO-carbohydrate adducts,
polymeric or oligomeric NO adducts; antifqoagulanﬁg"sﬁéh as D—_Phq-Pro-Arg thoromethyl
.l‘{eto.ne, an RGD peptide—containiné comppuﬁd, heparm, '%;iiiihroﬁ{bin compounds, platelet
rebgbtor #ﬁfégonisté, anti-thrombin antibodics, hﬁti.-;;lét'e.l'et iéééptof antibodies, enoxaparin, .
hirudinl, warfarin sodium, Dicumarol, aspirin, prostaglandin inhibitors, platelet aggregation
inhibitors such as cilostazol and tick antiplatelet factors; vascular cell growth promdtors such as
growth factors, transcriptional activators, and translational promotors; vascular cell growth
inhibitors such as growth factor inhibitors, growth factor receptor antagonists, transcriptional
repressors, translational repressors, replication inhibitors, inhibitory antibodies, antibodies
directed against growth factors, bifunctional molecules consisting of a growth factor and a
cytotoxin, bifunctional molecules consisting of an antibody and a cytotoxin; cholesterol-lowering
agents; vasodilating agents; agents which interfere with endogenous vascoactive mechanisms;
inhibitors of heat shock proteins such as geldanamycin; angiotensin converting enzyme (ACE)
inhibitors; beta-blockers; BAR kinase (BARK) inhibitors; phospholamban inhibitors; protein-
bound particle drugs such as ABRAXANET™; and any combinations and prodrugs of the above.

[0039] Exemplary biomolecules include peptides, polypeptides and proteins;
oligonucleotides; nucleic acids such as double or single stranded DNA (including naked and
cDNA), RNA, antisense nucleic acids such as antisense DNA and RNA, small interfering RNA
(siRNA), and ribozymes; genes; carbohydrates; angiogenic factors inciuding growth factors; cell
cycle inhibitors; and anti-rcsténosis agents. Nucleic acids may be incorporated into delivery

systems such as, for example, vectors (including viral vectors), plasmids or liposomes.

[0040] Non-limiting examples of proteins include serca-2 protein, monocyte chemoattractant

proteins (MCP-1) and bone morphogenic proteins (“BMP’s™), such as, for example, BMP-2,
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~ BMP-3, BMP-4, BMP-5, BMP-6 (VGR-1), BMP-7 (OP-1), BMP-8, BMP-9, BMP-10, BMP-11,
‘ BMP-12, BMP-13, BMP-14, BMP-15. Preferred BMP’s are any of BMP-2, BMP-3, BMP-4,
BMP-5, BMP-6, and BMP-7. These BMPs can be provided as homodimers, heterodimers, or
combinations thereof, alone or together with other molecules. Alternatively, or in addition,
molecules capable of inducing an upstream or downstream effect of a BMP can be provided.
Such molecules include any of the “hedghog” proteins, or the DNA’s encoding them. Non-
limiting examples of genes include survival genes that protect against cell death, such as anti-
apoptotic Bcl-2 family factors and Akt kinase; serca 2 gene; and combinations thereof. Non-
limiting examples of angiogenic factors include acndlc and basnc ﬁbroblast growth factors,
vascular endothelial growth factor, epidermal- growth factOr transfo‘rmmg growth factors o and
B, platelet-denved endothelial growth factor, platelet-denved growth factor, tumor necrosis
factor a, hepatocyte growth factor, and insulin-like growth factor. A non-limiting example of a
cell cycle inhibitor is a cathespin D (CD) inhibitor. Non-limiting examples of anti-restenosis
agents include p15, p16, p18, pl19, p21, p27, p53, p57, Rb, nFkB and E2F decoys, thymidine

kinase and combinations thereof and other agents useful for interfering with cell proliferation.

[0041] Exemplary small molecules include hormones, nucleotides, amino écids, sugars, and

lipids and compounds have a molecular weight of less than 100kD.

[0042] Exemplary cells include stem cells, progenitor cells, endothelial cells, adult
cardiomyocytes, and smooth muscle cells. Cells can be of human origin (autologous or
allogenic) or from an animal source (xenogenic), or genetically engineered. Non-limiting
examples of cells include side population (SP) cells, lineage negative (Lin") cells including Lin~
CD34-, Lin"CD34%, Lin-cKit *, mesenchymal stem cells including mesenchymal stem cells with
S5-aza, cord blood cells, cardiac or other tissue derived stem cells, whole bone marrow, bone
marrow mononuclear cells, endothelial orogenitor cells, skeletal myoblasts or satellite cells,
muscle derived cells, go cells, endothelial cells, adult cardiomyocytes, fibroblasts, smooth
muscle cells, adult cardiac fibroblasts + 5-aza, genetically modified cells, tissue engineered
grafts, MyoD scar fibroblasts, pacing cells, embryonic stem cell clones, embryonic stem cells,

fetal or neonatal cells, immunologically masked cells, and teratoma derived cells.
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[0043]) Any of the therapeutic agents may be combined to the extent such combination is

biologically compatible.

[0044] The foregoing description and examples have been set forth merely to illustrate the
invention and are not intended to be limiting. Each of the disclosed aspects and embodiments of
the present invention may be considered individually or in combination with other aspects,
embodiments, and variations of the invention. In addition, unless otherwise specified, none of ‘
the steps of the methods of the present invention are confined to any particular order of .
performance Modiﬁcations of the disclosed embodiments incdrporatihg the spirit and substance
of the mventlon may occur to persons skilled in the art a.nd such modlﬁcatlons are thhm the

7

scope of the present invention. Furthermore all references ci ted herem are mcorporated by i.

reference in thelr entirety.
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What Is Claimed Is:

1. A method of coating a medical device, comprising the steps of:

(a) providing a medical device at least partially coated with a precursor carbon

material, wherein the medical device has a first portion and a second portion; and

(b) heating the precursor carbon material on at least the first portion of the medical

device with a laser, wherein the heating causes carbonization of the precursor carbon material.

o 2.._ .. The method of claim 1, wherein the medical device is a stent.

3.~ The method of claim 2, wherein the first portion is the outer:diarhéter surface of the stent. .’

4. The method of claim 2, wherein the first portion is the inner diameter surface of the stent.
5. The method of claim 2, wherein the first portion is the side walls of the stent.

6. The method of claim 1, wherein the precursor carbon material is a polymer.

7. The method of claim 6, wherein the poiymer is a foam polymer.

8. The method of claim 1, wherein the precursor carbon material on both the first and

second portions of the medical device are heated with a laser, and wherein the porosity of the
carbonized layer in the first portion is different from the porosity of the carbonized layer in the

second portion.

9. The method of claim 8, wherein the di ffering porosities are created by the use of

additives in the precursor carbon material.

10. The method of claim 8, wherein the differing porosities are created by after-treatments to

the carbonized layer.

11.  The method of claim 8, wherein the differing porosities are created by heating the
precursor carbon material on the first portion under one set of heating conditions, and heating the

precursor carbon material on the second portion under a different set of heating conditions.
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12. The method of claim 1, further comprising cooling a third portion of the medical device

before, during, or after heating the precursor carbon material on the first portion.

13. The method of claim 3, further comprising cooling a third portion of the stent before,
during, or after heating the precursor carbon material on the first portion, and wherein cooling

the third portion comprises inserting a cooling rod through a channel of the stent.

14. The method of claim 3, further comprising cooling a third portion of the stent before,
during, or after heating the precursor carbon material on the first portion, and wherein cooling of

the third portion comprises streaming a cooling fluid through a channel of the stent..

15. . The method of claim 4, further comprising cooling a tlii;g'i-‘p.értion of th§ stem.,b_eforc,
during, or after heating the precursor carbon material on the first portion, and wherein cooling of

the third portion comprises surrounding the stent with a cooling element.

16. The method of claim 4, further comprising cooling a third portion of the stent before,
during, or after heating the precursor carbon material on the first portion, and wherein cooling of

the third portion comprises streaming a cooling fluid around the stent.

17. The method of claim 1, further comprising removing any uncarbonized precursor

material from the medical device.

18. The method of claim 17, wherein removing any uncarbonized precursor material

comprises washing with a solvent.

19. The method of claim 1, further comprising incorporating a therapeutic agent into the

carbonized layer.

20. The method of claim 1, wherein providing a medical device coated with a precursor

carbon material comprises applying a precursor carbon material onto the medical device.

21. A medical device with a porous carbon coating on a portion of the medical device,
wherein the portion is less than the entire surface of the medical device, and wherein the porous
carbon coating carries a therapeutic agent and provides for directionally controlled release of the

therapeutic agent.
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22. The medical device of claim 21, wherein the medical device is a stent.

23. The medical device of claim 22, wherein the portion is the outer diameter surface of the
stent. '

24. The medical device of claim 22, wherein the portion is the inner diameter surface of the
stent.
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